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ABSTRACT

In the present era of human civilization, electronic components have become
indispensible in every sphere of life from industrial process control, automation to consumer
electronics/wireless communication. In the last few decades, this excessive dependence on process
automation and people’s desire for lavish lifestyle, increased safety, security and high speed real-
time interconnectivity have been propelling the technology boon in industrial automation and
state of the art consumer electronics. This rapid growth in the field of electronics has been
accompanied by constant device miniaturization in accordance to Moore’s law. Reduction of
circuit dimension reduces the overall circuit area, allowing more devices on a single die
increasing circuit speed, integration density and reducing the cost and power without negatively
impacting the cost of manufacturing. Ever increasing trend of device dimension down-scaling to
deep sub-nanometer range allows the researchers to explore complex integrated systems on a
single chip which drastically reduce their volume and power consumption per function, thereby
resulting in a tremendous increase in the speed of operation and increases functionality of
electronic devices. However, this fanatic pace of device dimension down scaling cannot continue
indefinitely. A series of daunting challenges crop up in the areas of device fabrication combined
with some inevitable performance degrading short channel effects which limit further
miniaturization of CMOS devices unless these practical challenges are taken care of. Researchers
have been working persistently to come up with some innovative non-conventional device
structures as possible solutions to the challenges associated with sub-nano device operations.
Silicon-on-Insulator (SOI) MOSFET can efficiently replace age old bulk MOSFET by exhibiting
superior performance expected from next generation Si technology. Introduction of a buried oxide
layer under the channel layer in a SOI structure reduces parasitic capacitances, thereby
mitigating several performance deteriorating factors while simultaneously reducing propagation
delay ensuring SOI to be a faster device. Moving one step further, the buried oxide of simple SOI
structure can be replaced with air having a lower dielectric permittivity than oxide realizing a
new Silicon-on-Nothing (SON) structure. SON 1is practically an improvised version of basic SOI
capable of exhibiting momentous improvement in device operating speed and performance by
further reducing the capacitive effects of parasitic junctions. Moreover, strain may also be
incorporated in the channel region of a conventional MOS structure to enhance carrier mobility
and realize notable increase in current drive and operating speed. Apart from the SOI/SON
technologies, another research avenue is to realize ‘multiple’ gate MOSFETSs exhibiting better
control of gate electrode over the conducting channel capable of enhancing current drivability,
mitigating SCEs, improving sub-threshold slope, thus ensuring better scalability. Gate material
engineering can be also considered as an emerging research area where the vertical gate electric

field and subsequently the overall electric field in the channel region of nano scale devices can be



adjusted by placing two or more metals with dissimilar work functions adjacently as a single gate
electrode and the potential profile shows a sudden step due to work function disparity which is
particularly effective to mollify Drain Induced Barrier Lowering (DIBL) related issues. The
concept of gate material engineering can be extended to a further extent by considering binary
metal alloy as gate electrode material where the individual work functions of the constituent
metals are continuously varied spatially so that the gate electrode has different values of
effective work function at different positions along channel direction. This unique feature of
spatially varied work function reduces surface potential profile asymmetry in short channel
devices, thereby improving the performance due to DIBL attenuation. Moreover, the most critical
issue of precisely sharp source/drain junction formation in every nano dimensional junction based
devices can be dealt with by employing dJunctionless (JL) devices where the type and
concentration of source and drain doping are essentially same as that in the channel region,
thereby eliminating the formation of any junction, and consequently annihilating impurity
dopant diffusion associated with severe concentration gradient across the junction. In spite of a
number of endeavours to develop innovative MOSFETSs, one of the basic drawback of MOS
technology is the limiting value of subthreshold slope achievable impeding the use of MOSFETs
in applications where power consumption is a crucial issue. The principle of carrier tunnelling
enables Tunneling Field Effect Transistor (TFET) to overcome MOSFET’s thermal limit of 60
mV/dec and to achieve much reduced value of subthreshold slope. Thus, TFET can be regarded as
a potential candidate for next generation ultra low power, ultra low voltage applications.
Developing an accurate analytical model is mandatory for gaining in depth knowledge about the
operation of these newly emerging devices.

In view of this, the thesis presents a comprehensive analytical study of the improved
characteristics of several hetero-material gate Field Effect Transistors by embodying the extreme
exploration of the pioneering concept of gate material engineering. The analytical results
obtained from different proposed device structures studied throughout this dissertation are
compared with relevant simulation results to establish the supremacy of these devices as possible

alternatives for future semiconductor industry.
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1.1 Introduction:

Modern semiconductor industry is showing tremendous progress to quench the ever
increasing technological needs of today’s tech savvy generation in every possible domains starting
from industrial process control, automotive improvisations to day-to-day consumer electronics
gadgets like personal computers, smart phones, high definition television, high speed internet
connectivity, wireless communication and so on. The unwarranted dependence on automation for a
better lifestyle, safety, security and high speed real time connectivity has been the major driving
force behind the present boon in VLSI/ULSI industry. Increasing need of smart electronic gadgets
requires the realization of a whole host of complex functionalities from a single electronic device
which entail the conglomeration of a gigantic number of circuit components into a single
semiconductor chip so as to propel the Integrated Circuits (ICs) from the domain of Very Large Scale
Integration (VLSI) to contemporary Ultra Large Scale Integration (ULSI) domain. This accrescent
demand of complex ICs can only be satisfied by continuously down scaling the dimension of
individual device components allowing the manufacture of more number of devices on a single piece
of semiconductor wafer, thereby reducing the overall circuit area without negatively impacting the
cost of fabrication while simultaneously enhancing the achievable circuit speed, package density and
reducing fabrication cost and circuit power consumption [1.1]. This unique feature of device
dimensions scalability of Complementary Metal Oxide Semiconductor (CMOS) transistors acts as a
catalyst behind the boon in microelectronics industry. Continuous down scaling of device dimension
to quasi-nanometer regime allows the realization of more complex ICs which drastically reduce the
circuit volume and power consumed by each operating functional unit, thereby resulting in a

momentous circuit speed enhancement [1.2-1.4].

The gradual shift of the developing microelectronics industry to nano-electronics 1is

attributed bz the aggressive miniaturization of the phzsical dimension of semiconductor devices
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which doubles the number of transistors per chip in 24 months as predicted by Gordon Moore. Since
the late 1960s, the number of transistors on a silicon chip has followed an exponential dependence.
The Moore’s law dates back to 19 April 1965 and it was presented in the article “Cramming more
components onto integrated circuits” published in the Electronics magazine [1.5], by McGraw-Hill
editors. The author himself, Gordon E. Moore envisaged that the number of individual transistors
per integrated circuit chip (the so-called microprocessor performance) would continue to double every
24 months. Ten years after this prediction, a memory with a density of 65000 components was in
production at Intel in agreement with Moore’s prediction. Depending on Moore’s law, the feature size
is continuously shrinking as the transistor number increases and this trend continues until a value

of 14 nm in 2020, as it is depicted in Fig. 1.1 below.
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Fig. 1.1 Roadmap for feature size

This observation has been later categorized as the Moore's law [1.5]. Moore’s prediction has
been set as the benchmark in semiconductor industry which being followed over four long decades
till date dominated by the persistent demand for increased device performance. The natural
advantages of an ultra scaled device in nano meter regime is high current drivability and densely
packed chips, resulting in high speed circuit operations and implementation of a variety of complex
functions in a single IC chip thereby producing high end consumer products at much reduced cost
[1.6]. Following Moore’s trend, the International Technology Roadmap for Semiconductors (ITRS)
2013 [1.17] predicts that the physical dimension of individual transistor will go down around 10nm
threshold by the year 2020-2025. As a consequence, the physical gate length will be scaled down
from 32nm(2008) to 5nm (2028). The MPU/ASIC half pitch and gate length trends in ITRS 2013 are
depicted in Fig. 1.2.
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Fig. 1.2. MPU/ASIC half pitch and gate length trends in ITRS 2013

This insistent scaling demand as predicted by ITRS, has now left semiconductor industry at a cross

road. Plenty of challenges crop up in many areas of nano dimensional device fabrication along with

the issues related to leakage current which turn out to be the main deterrent in continuing the

explosive growth in CMOS devices in near future. Fig:1.3 illustrates the progression of the transistor

performance as the transistor technology continues to advance.
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Fig: 1.3: Transistor evolution of structure and performance with size scaling

Traditional scaling technique involves a reduction in channel length and thickness of the MOS gate

oxide along with simultaneous increase in channel doping concentration. The frantic scaling pace in
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accordance with Moore’s prediction as evident from Fig.1.3 above is impossible to be achieved by
continuing the traditional scaling technique indefinitely. However, the unrelenting need for low
power consuming, cost effective and high speed devices is continuously motivating the semiconductor
researchers to explore innovative device structures with new material system to sustain the
performance requirements described by ITRS. Further miniaturization without sacrificing functional
efficiency can only be possible by combining the joint efforts of device miniaturization, innovative
device structures and improved material property, which is again limited by the fundamental

physical constraints in order to meet the aggressive specifications of the ITRS.

Operation of the down sized devices in sub-micrometer and nanometer regime is continuously
affected by several unavoidable factors cumulatively termed as Short Channel Effects (SCEs) which
are solely responsible for degrading the short channel device performance, thereby limiting pace of
device dimension miniaturization as foreseen by Moore. Some of the major performance deterrents
are reliability issues, direct tunneling, gate depletion, boron penetration and most importantly the
short-channel effects (SCEs) such as Threshold Voltage roll Off (TVRO), Drain-Induced Barrier
Lowering (DIBL), Hot carrier effect (HCE), Sub threshold conduction and junction leakage currents.

In order to be commensurate with the ongoing trend of device dimension miniaturization shown in
Fig. 1.1, researchers are being continuously motivated to adopt several non-conventional geometry
device structures which can eliminate the tribulations associated with conventional planar MOS

structure. The schematic roadmap of future non-conventional devices is shown in Fig. 1.4 below.
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‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 4



According to the report published by ITRS in 2009, few probable candidates as alternative MOS
structure of 22 nm or 16 nm nodes are Carbon Nanotube FETs, Graphene Nanoribbon FETSs,
Nanowire Field-Effect Transistors (NWFETs), III-V channel replacement devices, Ge channel
replacement devices etc. Moreover, several unconventional geometry MOS structures like devices
with strain induced silicon channel, Multiple Gate devices and Silicon-on-Insulator (SOI) MOS
structures have been considered experimentally as well as theoretically in recent times and they
have exhibited improved performance in presence of several performance deterring SCEs while

operating in nano dimensional region.

Out of several possible non-conventional MOS structures, Silicon-on-Insulator (SOI)
MOSFET can be well thought-out as a potential alternative to conventional long channel MOSFETSs
by virtue of its superior performance as expected from next generation Si technology. Incorporation
of a buried oxide layer under the channel layer in a SOI structure results in reduced SCEs,
improved sub-threshold characteristics, reduced parasitic junction capacitances resulting in lower
propagation delay, ideal device isolation due to reduced coupling effect, high radiation tolerance,
reduced layout area, reduced junction leakage currents and latch-up prevention. In spite of providing
so much improvement over the conventional bulk MOS, SOI structure, however, is not completely
immune from the unavoidable short channel effects in nano regime [1.8-1.10]. These shortcomings of
conventional SOI undoubtedly necessitate the incorporation of some additional improvisations on the
basic nano dimensional SOI structure to alleviate the associated SCEs. Some the different proposed
improved SOI structures are FD SOI having ultra thin body with raised source and drain, FDSOI
MOSFET with Metal Source and Drain, Metal gate FDSOI, Multiple-Gate FDSOI MOSFET,
Ground-Plane FDSOI MOSFET, HALO Doped SOI and buried oxide engineered SOI.

Recently, remarkable research activities are been experimented on an improvised SOI
structure where the simple buried oxide layer is replaced with air having a lower dielectric
permittivity than oxide resulting in the new Silicon-On-Nothing (SON) structure which effectively
lessen the parasitic source-channel and drain-channel capacitances leading to significant
improvement in circuit speed. By virtue of this BOX permittivity engineering technique, the SON
structure reduces fringing field related DIBL or 2D charge sharing effect, indicating quasi-total
suppression of SCEs compared to conventional SOI counterpart [1.11-1.16].

Furthermore, in the search of structural improvisations, ‘strain engineering’ can also be
another prospective option with enhanced functionalities. Introduction of a layer of SiGe over the
bulk silicon substrate of a MOSFET incorporates strain into the silicon channel which generates
significant stress on the strained channel, resulting in considerable energy shifts and distortions in

energy band spectrum of the channel. This in turn enhances the mobility of channel carriers, thereby
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improving device threshold voltage characteristics indicating that strained devices achieve high

operational speed rendering them as suitable alternatives for high speed circuits [1.17].

Having explored several structural modifications on the basic MOSFET structure by introducing a
BOX layer, buried oxide engineering and strain engineering, one more area of innovation is possibly
in altering the gate properties. For nanoscale devices, the dimension of device channel length is in
sub 100 nm range resulting in the unwanted infringement of electric field lines from the drain into
the channel region, which can be understood by lowering of potential barrier by the drain bias. This
shortcoming can be answered by adopting ‘gate engineering’ technique where multiple gates are
used to direct the flow of carriers through the channel resulting in what we call ‘multi gate’ devices.
By using multiple gates, the conducting channel region (also known as ‘finger’ or ‘fin’) is wrapped by
the gate electrode increasing the gate-to-channel coupling, which effectively increases the overall
control of gate electrode on the silicon channel providing better scalability, improved sub-threshold
slope and higher current drivability [1.18-1.26]. Some of the popular multi gate structures gaining
research significance comprise of double-gate transistors, triple-gate transistors, quadruple-gate
transistors, gate-all-around transistors, m-gate transistors, Q-gate transistors, DELTA transistors

and vertical pillar MOSFETsS etc.

Till now, the different improvised device structures discussed are primarily some structural
modifications on the basic conventional junction-based MOS transistors. The performance
improvements realized by exploring modifications on the basic MOS structure are somehow limited
by the major drawback of ultra sharp source-to-channel and drain-to-channel p-n junctions
associated with any junction based device. If the channel length is considered to be as small as
around 10 nm, ultra-sharp source and drain junctions will be formed where highly doped source and
drain regions are separated from the low doped channel by a very sharp junction having significant
difference in doping concentration over a separation of a few nano-meters. This drastic concentration
gradient imposes stringent conditions on techniques associated with impurity doping and thermal
estimations [1.27]. One possible way to surmount this restraint is to adopt a completely new
alternative device structure, namely Junctionless (JL) transistor where the type and concentration of
source and drain doping are essentially same as that of the channel region, thereby eliminating any
junction and impurity dopant diffusion associated with severe concentration gradient across the
junction [1.28-1.29]. This relaxes the thermal budget and realizes superior turn-on and output
characteristics, near ideal sub-threshold swing, sufficiently high ON-current, and interesting
temperature behaviour in the Junctionless devices mainly due to the fact that as the impurity
concentration becomes significantly high, the mobilities of channel carriers exhibit average

sensitivity on temperature [1.28].
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Aggressive device dimension miniaturization has become crucial in order to equiponderate Moore’s
frantic scaling trend to sustain the escalation of semiconductor industry. The above discussion
suggests that continuous down scaling is getting limited by the performance deterring factors in
nanometer regime. The unhindered pace of Moore’s scaling trend can only be maintained through a
calculated permutation of device scaling, innovative device structures and improved material
property, which is again limited by the fundamental physical limits to assure the aggressive
specifications of the ITRS. Another approach to achieve better device performance is by introducing

the idea of the ‘gate material engineering’.

From the basic study of MOSFETS, it is well understood that polysilicon has been an obvious choice
as the material of gate electrode. However, poly-Si gates were seen to be affected by some
unavoidable short channel effects, boron penetration and formation of depletion regions in
polysilicon preventing poly-Si from being a natural choice for gate electrode [1.30], which are
gradually being replaced by metal gates [1.30]. The metal gates in turn have some stringent
limitations such as chemical or thermal instability with high-k dielectric, work function sufficiency,
passivation of interface charges, plasma damage due to reactive ion etching or material deposition or
cross contamination issue [1.31]. This opens up quite a few research opportunities on ‘gate material
engineering’. The basic motivation behind this is the fact that in low dimensional devices, electric
field at any point within the channel has two factors: one is the vertical field (controlled by gate bias)
and the other is the horizontal field (controlled by drain bias). Thus the overall electric field can be
modulated by suitably adjusting the vertical gate electric field by the incorporation of dual or triple
materials, with different work functions, side by side as a single gate electrode, altering the overall
field and consequently improving performance [1.32]. Numerous research outcomes on this concept
suggest that the use of Dual Material Gate (DMG) or Triple Material Gate (TMG) results in a step-
like feature in the channel potential profile screening or protecting the source-channel junction from
any random variation in drain bias, thereby mitigating several short channel effects and enhancing
device scalability.

This concept of ‘gate material engineering’ can be further extended to an altogether different level by
considering a binary metal alloy (A« B1.a) as gate electrode where the mole fraction concentrations of
individual pure constituent metals are continuously varied from being 100% A at the source side to
100% B at drain side establishing the concept of ‘work function engineered gate’ or ‘binary
metal alloy gate’ or ‘linearly graded gate’. The vertical field and consequently the overall field in
this system will be adjusted by the incessant variation of work function to reduce the asymmetry in
the profile of surface potential in an ultra low dimensional device [1.33-1.42]. This in turn controls
the DIBL significantly and improves the device performance by removing the uneven transition of

surface potential and surface electric field.
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Apart from the various unwanted short channel effects related with the operation of ultra scaled
conventional MOSFETSs, one of the most significant drawbacks of MOS technology which makes it
unsuitable for application requiring low power consumption is the limitation to achieve subthreshold
slope below thermal limit. At room temperature MOSFET requires minimum gate voltage of 60 mV
to increase the current by magnitude of one order [1.34] limiting the value of minimum attainable
subthreshold slope to be 60 mV/dec. Tunneling Field Effect Transistors (TFETs) exhibit significant
improvement over MOSFETSs in terms of reliable device operation, reduced leakage current during
OFF state, inherent ability to achieve subthreshold slope below the limiting value of 60mV/dec and
reduced SCEs (due to built-in tunneling of electrons). By virtue of above mentioned improved
characteristics, TFETSs can be regarded as an appropriate alternative device to MOSFETs for circuit
applications driven by very low voltage and requiring very low power consumption. Several
improvisations on TFET structure (for example, based on ‘gate engineering’ and ‘gate material

engineering’ techniques) are also being proposed by contemporary researchers.

From the discussion presented above, it appears that there are plenty of opportunities for
innovations in the area of semiconductor devices urging researchers to develop new alternative
devices with superior performance in terms of lower power consumption, high package density and

high speed operations in order to cope up with the ever expanding technological demand.

1.2 Literature Survey

The last few decades have witnessed tremendous boost in the development of nanoscale
semiconductor devices. Instead of simple scaling, SOI MOSFET has been recognized as a possible
choice for increasing the performance of MOSFET [1.35]. Although the development processes have
begun in early eighties, the IBM Research Division launched a new program in 1989 on the device
design of SOI based CMOS and related material research [1.36]. The development of SOI was
initiated in the early 1990s at the Advanced Silicon Technology Center (ASTC) of the IBM
Microelectronics Division. The year 1994 saw the development of a “fully” functional Power PC [1.37]
using CMOS SOI technology as an outcome of those research efforts.

Following this significant development, the current-voltage characteristics of the SOI device
has been studied based on exhaustive analytical modeling considering the front channel to be in
strong inversion region of operation while the back channel was considered to be either in
accumulation or in depletion [1.38-1.39]. Extremely small device dimension requires that the device

threshold voltage should also scale down for low voltage operation [1.40]. The dependence of the
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threshold voltage of SOS (silicon on sapphire) MOSFET on the epitaxial film thickness has been
considered by Sasaki and Togei [1.41] in 1979.

A rigorous two dimensional numerical model for threshold voltage (Vin) has been developed
by Sano et. al.[1.42] in 1980 by including its dependence on back gate bias. Concurrently, an
analytical calculation based threshold voltage model for an SOS MOSFET was developed by Worley
[1.43] considering coupling of induced charges between the front and the back gates in the same way
as seen in SOI MOSFET excepting the fact that only the back surface of the silicon channel was
assumed to be depleted in this case. A model for threshold voltage was proposed by H. K. Lim et. al.
and Depletion approximation I-V model was developed by P. W. Barth et. al. in 1983 [1.44]. Lim and
Fossum [1.45] in 1983 studied charge coupling between the front and back gate by considering a
general steady state analysis which eventually developed closed form expressions for threshold
voltage under every possible steady state charge conditions. A current-voltage model (1984) and a
charge-based large-signal model (1985) was developed by H. K Lim et. al. [1.46-1.47]. The variation
of the linear region channel conductance on the applied back gate voltage and other device
parameters was also discussed. Ballestra et. al. [1.48] in 1985 considered both n-SOI and p-SOI
MOSFETSs to study the effects of the interface parameters on the back and the front threshold
voltages [1.49].

The requirement of the ultra low dimensional devices to consume ultra low voltages

mandated research initiatives to explore device subthreshold characteristics. The subthreshold
swing is a figure of merit which gives an idea about the subthreshold behavior of a MOSFET. A low
value of this subthreshold slope indicates reduced leakage current and enhanced overdrive voltage
required for high speed. The dependence of the subthreshold swing (S-factor)* with current
drivability of the MOSFET has been studied for the device dimension down to 0.1 um [1.50].
In the subthreshold regime, the presence of a floating body (of PD SOI device) results in a reduction
in the subthreshold slope lower than the theoretical value of 60 mV / decade for an ideal MOS
transistor at room temperature. In 1986, it was further observed by Davis et. al.[1.51] that an n-
channel SOI MOSFET exhibited a better subthreshold slope of about 50 mV/ decade. Vivid
understanding of the subthreshold characteristics of floating body SOI MOSFET is very much
crucial to design and model circuits. The previous S-factor studies were carried out considering a
simplified potential profile variation along only one direction of the SOI MOSFET and thus cannot
be applied to short channel devices where the potential profile varies in both vertical and horizontal
directions. Double Gate FD SOI MOSFETs require two-dimensional analysis of subthreshold
behavior based on numerical analysis as reported in [1.52-1.53].

In 1987, a subthreshold current-voltage model for a submicrometer FD SOI MOSFET was
proposed by Fossum [1.54]. It was observed by Fossum [1.55] that the device current was abnormally

large while operating in subthreshold regime and the above study related this current behavior to
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the floating body effects initiated by high field impact ionization near the drain end. Again in 1987
only, the Green’s function technique was implemented to solve 2D Poisson’s equation by Lin and Wu
[1.56] for a bulk MOSFET.

In 1987, a novel device structure called Volume Inversion Double Gate SOI MOSFET was reported
by Balestra and Cristoloveanu. Here, a thin Si film was sandwiched between a thin gate oxide and a
comparatively thicker buried oxide and bias was applied simultaneously to both the gates. Device
operation was considered to be a blend of two MOSFETs working simultaneously in parallel. The
concept of “Volume Inversion” was applied here to achieve enhancement in current drive and to
reduce the impact of surface-induced scattering events and interface defects [1.57]. In the very next
year, Susan Edwards and Kevin Yallup analyzed the floating region of SOI MOSFET using two
dimensional numerical simulations. In their work, the floating region formed in the bulk silicon film
was highlighted in the simulation. As this region is not connected to any external electrode, they can
act as a trap for charge generated by avalanche ionization and the trapped charges inside the
floating body can influence the device output characteristic which is termed as kink phenomenon
[1.58].

Later in that year, a model based on charge sharing was formulated by Veerraghavan and
Fossum al. [1.59] which predicted a L-! threshold voltage dependence considering surface potential to
be constant and independent of drain bias variation. However, this model does not include the
important issue of Drain Induced Barrier Lowering (DIBL) and coupling between the front and the
back gates remain. So this model must use a priori charge sharing model, which requires empirical
fitting parameters. These parameters, being difficult to compute, are not suited for modeling.

In 1989, K. K. Young proposed an analytical model for the formulation of threshold voltage of
a short-channel FD SOI MOSFET based on the solution of 2D Poisson's [1.60]. That model has
included both vertical and lateral electric field effects under parabolic potential profile
approximation. At the same time in that year only, an innovative concept of split-gate structure was
proposed by Shur et. al. [1.61]. Later on, the Dual Material Gate structure had its roots from this
particular concept of a split-gate connected to different gate-voltages. But, this concept had the
limitation of handling noticeable fringing field capacitance between the two amalgamated metal
gates, which increases with the decrease of separation between the two gates. Some asymmetric
structures were also investigated [1.62-1.63] in which the distribution of electric field in the channel
was considered to be continuous.

In 1990, Jason C. S. Woo et. al. adopted a new technique based on infinite series method to
numerically solve the Poisson’s equation of a SOI MOSFET [1.64]. The said model included both the
thin silicon channel along with the gate and buried oxide regions. Later in that year, Francis
Balestra et. al. proposed a reliable model based on analytical calculations for thin-film and ultra-

thin-film SOI MOSFET considering two or three interfaces [1.65]. This model considered the linear
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variation of channel potential in the Si film, which has been inferred by standard simulation results.
This model also initiated the concept of Compact Capacitive Model which has been considerably
studied by some other researches later on. Simultaneously, the temperature dependence of ultra thin
n-channel SOI MOSFET threshold voltage was studied by Groeseneken [1.66]. Studies by
Matloubian et. al. [1.67], on the other hand, established that measurable shift in threshold voltage
with an improvement in subthreshold slope can be observed in n-channel SOI MOSFETs with
floating bodies considering higher drain biases. This improvement was brought by the positive
feedback between the body potential and the channel current of the transistor.

Tokunaga et. al. [1.68], in 1991, considered an n-channel FD SOI MOSFET in submicron
regime and exhibited the variation of subthreshold slopes with applied substrate bias, operating
temperature and drain bias. The results of measurement show that for a low drain voltage, the
experimental results can be illustrated by the model of a simple capacitor. It was seen that if the
drain voltage was large, the subthreshold characteristics were anomalously sharp for a high value of
applied negative voltage at the substrate. The results also suggested a qualitative model based on
the charge state of the lower SOI interface to elaborate the anomalous effect of substrate bias.

Fully depleted devices exhibit significantly smaller variation of threshold voltage with
temperature as compared to bulk devices. The dependence of threshold voltage on the depletion level
was also discussed. The variation of Vih resulting from the randomness in the distribution of doped
impurities considering both conventional and SOI MOSFET was discussed by Chen and Li [1.69] in
1992. It was evident from their study that the threshold voltage of a Double Gate FD SOI MOSFET
is much more immune to inevitable fluctuations in dopant atom distribution. The design
considerations required to minimize the statistical threshold voltage variation was also discussed.

For many years, the basic limitation for IC designers has been the conglomeration of an ever
increasing number of devices with high yield and reliability. With the device physical size
approaching deep submicron regime, the behaviour of a conventional MOSFET approaches that of a
resistor [1.70]. Increasing the concentration of dopants leads to an increase in device threshold
voltage which therefore solves this problem. However, this in turn requires an increase in the supply
voltage and a higher capacitance, which thereby results in higher power dissipation and low speed
which are naturally undesirable. So, a trade off is required. Depending on Brew’s empirical scaling
rule [1.71], some guidelines for designing SOI MOSFETs were advocated by Yan et. al. [1.72] in
1992. Several structural variations of conventional SOI structure were proposed in terms of natural
length scaling. 1992 was also significant for the inception of a technique to solve two dimensional
Poisson’s equation for short channel MESFETs using Green’s function, as contemplated by Chin and
Wu [1.73].

In 1993, Guo and Yu [1.74] proposed a scheme for evaluating an exact solution of the two

dimensional Poisson’s equation of a FD SOI MOSFET based on three zone Green’s function
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technique. Again in 1993, subthreshold slope was investigated for ultrathin fully depleted SOI
MOSFET considering different channel lengths starting from the long channel region down to 0.1
pm. This study inferred that the S factor degradation in short channel devices is governed mainly by

three factors [1.75]:

e An increase in the source-channel and drain-channel capacitances resulting from the two
dimensional distribution of the channel potential profile

e the unwanted subthreshold conduction at the interface of back-gate and channel and

e the modulation of effective thickness of the channel through which current flows during the

gate voltage swing in the subthreshold region

In 1994, Tommy C. Hsiao et. al. presented an analytic current-voltage model for sub-micrometer
fully-depleted SOI MOSFET [1.76]. One year later the same research group has presented an
analytic current-voltage model in sub-threshold regime [1.77]. The drain voltage dependence of the
effective depleted charges, substrate region voltage drop just beneath the buried oxide layer,
enhancement in current conduction induced by drain bias, source-drain series resistances,
Threshold Voltage Roll-Off and Drain-Induced Barrier Lowering effects have been incorporated in
these models.

In the same year, 1995, Srinivasa R. Banna et. al. developed a threshold voltage model for
short channel SOI using a quasi-two-dimensional approach similar to the models used for evaluating
the current in the substrate, threshold voltage and other hot-electron phenomena in low dimensional
bulk type MOSFET’s [1.78] describing the Threshold Voltage Roll-Off (TVRO) phenomenon. This
model has not included a priori charge partitioning or constant surface potential making it suitable
for application in circuit simulation. The threshold voltage shift was found to be identical to that of
its bulk MOSFET equivalent. With the effective channel length being fixed, threshold voltage roll-off
in FDSOI was evidently reduced than bulk MOSFET.

An year later, in 1996, Yuhua Cheng et. al. developed an improved physical I-V model for a
fully depleted SOI MOSFET with channel length in deep sub-micrometer range [1.79]. This model
used a single expression and has successfully demonstrated a continuous and smooth transition of I-
V and C-V characteristics from the sub-threshold to near-threshold and above-threshold regimes of
operation. The said model also included various important short channel effects. Accuracy of this
model is greatly improved by including various important short channel effects such as velocity
saturation, Drain Induced Barrier Lowering (DIBL), Drain Induced Conductivity Enhancement
(DICE), Channel Length Modulation (CLM), gate bias dependent mobility and floating body effect.
Later in the same year, the same research group presented another I-V model of SOI MOSFET
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incorporating self heating effect which is an important issue with the SOI MOSFET in deep sub-
micrometer range [1.80].

Later, in 1997, following the studies of Shur et. al., Long et. al. [1.81] came up with a new
device structure termed Dual Material Gate Field Effect Transistor (DMGFET) where the gate was
constituted of two separate materials having different work functions amalgamated side by side
touching each other. In this newly proposed structure, the threshold voltage near drain end was
found to be more negative than that in the source end ensuring a shielding effect which effectively
reduces the SCEs. The presence of two different materials in the gate electrode results in a
discontinuous channel electric field distribution, which subsequently increases carrier transport
along with simultaneous suppression of the SCEs.

In 1998, a fully continuous compact model was developed by dJeffrey W. Sleight et. al. for
circuit simulations considering the correct body depletion condition [1.82]. The uniqueness of this
model lies in the fact that it provides the flexibility of transition between fully-depleted (FD) or
partially-depleted (PD) behavior during device operation unlike the previous models which
considered either FD or PD operation but not both.

In 2000, J. B. Rold4n et. al. developed an analytical current-voltage model for ultra-short
channel SOI MOSFET intended for circuit simulation. This model includes the velocity overshoot,
series resistance and self-heating effects [1.83]. Again in the same year, Zhou et. al. [1.84] suggested
a novel structure called Hetero-Material Gate (HMG) MOSFET which can be easily fabricated by
introducing one additional mask in the bulk CMOS technology.

In 2001, M. Youssef Hammad et. al. proposed yet another analytical model for the partially-
depleted (PD) Silicon-on-Insulator (SOI) MOSFET above threshold incorporating front-back interface
coupling with all the possibilities of accumulated, neutral, and depleted back interface [1.85]. This
model was extremely physical and highly predictive, and hence has been applied to both tied-body
and floating-body devices. Later in that year, Keunwoo Kim and Jerry G. Fossum [1.86] presented an
asymmetrical double-gate (DG) CMOS utilizing n+ and p+ polysilicon gates. The study established
that the structure can be superior to symmetrical-gate counterparts. The most significant result
obtained was an asymmetrical Double Gate MOSFET, optimally designed and having only one
dominant channel, are capable to yield comparable and even enhanced device currents at low supply
voltages.

T. Ernst et. al., in 2002, suggested an original compact model for lateral field penetration in
the buried oxide layer and underlying substrate of fully depleted SOI MOSFET [1.87].

In 2003, Kunihiro Suzuki et. al have proposed a new model for threshold voltage formulation
for fully depleted single-gate SOI MOSFETs taking into account the effects of two-dimensional
charge sharing in both SOI and buried-oxide layers [1.88]. This model shows the dependence of
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short-channel effects on the device parameters like channel-doping concentration, gate oxide and
buried-oxide thickness.

The next year saw the development of another new model for Silicon-on-Nothing (SON)
transistors with thin fully depleted Si film and ultrathin buried oxide established by Jérémy Pretet
and Stephane Monfray et. al.. The proposed model incorporated several intrinsic mechanisms in the
SON MOSFET operation such as substrate depletion by source and drain via doping modulation,
significantly reduced coupling between the front and back gates and role of ultrathin buried oxide
[1.89].

Guruprasad Katti et. al. have presented a three-dimensional Poisson’s equation solution
based analytical threshold voltage model for a mesa-isolated FD SOI MOSFET [1.90]. This model
presents accurate analytical expressions for the threshold voltages of both front and the back gates
enabling the model to predict short channel as well as narrow width effects.

Anurag Chaudhry et. al., in 2004, published a review article on the undesirable short-
channel effects induced performance degradation of a SOI MOS device [1.91]. In another study, they
have proposed a Dual-Material Gate (DMG) SOI MOSFET [1.92] and have presented the efficiency of
their proposed device structure in suppressing various SCEs such as gate depletion, Drain-Induced
Barrier Lowering (DIBL), Hot-Carrier Effects (HCEs) and Channel Length Modulation (CLM). Later
in that year, Wei Ma and Savas Kaya [1.93] studied a Double Gate SOI MOSFET structure and
investigated the impact of device physics on the structure to compare the performances of the said
structure with that of bulk MOSFET considering drain-to-source current, device transconductance
and output or drain conductance.

Next year, in 2005, G.V. Reddy and M.J. Kumar incorporated the merits of the DMG and DG
structures developed earlier to present another novel structure called Dual Material Double Gate
(DMDG) Fully Depleted SOI MOSFET [1.94] and it was clearly evident from the results that the
newly proposed DMDG SOI MOSFET was superior to the earlier structures.

In 2005, Giorgio Mugnaini et. al. developed a physics-based analytical model in two parts for
nano-scale MOSFET which covers the whole range of regimes from drift-diffusion to ballistic
transport, considering quantum confinement effect in the silicon channel [1.95].

A contemporary work by Adelmo Ortiz-Conde et al. [1.96] presented an explicit expression of
the surface potential of an undoped symmetric dual-gate device based on analytical formulations.
The error involved in the solution compared to exact results is quite negligible for typical device
dimensions and bias conditions.

In 2006, Norio Sadachika et. al. reported a HiSIM-SOI circuit simulation model based on a
complete surface-potential description [1.97]. In that model, the channel surface potential is solved
iteratively along with the front and back potentials at both surfaces of the buried oxide, including all

relevant device features of the SOl MOSFET explicitly.
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In 2008, Guohe Zhang et. al. proposed a novel approximation of vertical 2-D potential
function in the FD SOI MOSFET channel with vertical Gaussian profile [1.98]. This approach
enables one to calculate the threshold voltage for non-uniform FD-SOI devices.

Te-Kuang Chiang, in 2009, developed a model to study the sub-threshold behavior of short-
channel tri-material gate-stack SOI MOSFET consisting of the two-dimensional potential, threshold
voltage and sub-threshold current [1.99].

Next year, W. Wu et. al. developed a surface potential based model for partially depleted
(PD) SOI MOSFET [1.100] following the outline of the latest industry standard bulk MOSFET
model. This physics-based model also includes some special effects like floating body simulation
capability, parasitic body currents and capacitances and nonlinear body resistance which are
typically seen in SOI devices.

Taking another step ahead, Weimin Wu et. al., in 2010, presented a complete surface-
potential-based compact analytical model of dynamically depleted SOI MOSFET [1.101]. The surface
potential equation avoids the unphysical behaviors near the flat-band voltage. Therefore, the
coupling equations for the front and back surface potentials have been modified to capture the
dynamic depletion effect by incorporating the effect of back gate bias. A new method has been
proposed based on symmetric linearization with an aim to obtain accurate explicit expressions for
drain current and charges at the device terminals.

Apart from the above mentioned theoretical models, there are numerous other models which
have made significant contribution to the development in the theoretical modeling of SOl MOSFETs.
Few of them are listed below:

Sub-threshold slope model by J. P. Colinge et. al. in 1986 [1.102]

Self-heating effects by D. Yachou et. al. in 1993 [1.103]

Quantum mechanical model by Y. Omura et al. in 1993 [1.104]

Monte Carlo simulation model by F. Gamiz et. al. 1998 [1.105]

Electron mobility model by F. Gamiz et al. in 1999 [1.106]

Threshold voltage model with Gaussian profile by C. Ravariu et al. in 2000 [1.107]
HiSIM SOI model by D. Kitamaru in 2003 [1.108]

vV V .V V V V¥V V V

Compact charge and capacitance model by O. Moldovan et al in 2008 [1.109]

Although SOI features significant performance improvements over conventional MOSFETSs,
SOI is not fully immune to SCEs. Hence, some improvised SOI MOSFET structure like Silicon-On-
Nothing (SON) MOSFET has received considerable attention in recent times [1.110-1.112]. Different
technological solutions to fabricate SON MOSFETs have been invented in recent years like Silicon-
On-Nothing process from ST-Microelectronics [1.113], Empty Space in Si (ESS) from Toshiba
Electronics [2.78], Silicon-On-Void (SOV) created by Chinese Institute of Microelectronics [1.114]. A
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new and more efficient SON structure has proposed and developed by V. Kilchytska et.al.[1.115], by
Silicon layer transfer over a pre-etched cavity through wafer bonding technique.

Jurczak et. al. [1.116] suggested a new architecture called Silicon-on-Nothing which is
competent enough to reduce SCEs by fabricating extremely thin layers of oxides and silicon films.
SON devices exhibit excellent threshold voltage roll-off and Ion/Ior trade-off .They are also immune to
the drawbacks like self-heating, high S/D series resistance etc. found in conventional SOI devices. By
dint of the above mentioned advantages, SON is gradually becoming the fundamental technology for
the next generation ULSI era.

Although there are considerable numbers of experimental reports available in literature but
there is lack of theoretical investigations related to the modeling of SON MOSFET. First time in
2004, Jérémy Pretet, et. al. developed a compact capacitive model to formulate the threshold voltage
of SON which has SOI like architecture [1.117]. This model incorporates different short-channel
effects like charge sharing, DIBL and fringing field model and investigates threshold voltage and
sub-threshold swing behavior of SOI and SON MOSFET.

In 2008 B. Svilic'ic et. al. have presented another threshold voltage model for a novel vertical
fully-depleted Silicon-on-Nothing MOSFET based on compact capacitance equivalent circuit [1.118].
The channel region is considered to be coupled to the source and drain through the buried oxide by
the obvious fringing fields which have been considered in their model.

The discussions presented so far consider junction based devices which operate basically in
the inversion mode. Despite of a host of advantages, the most significant deterring factor of any
junction based device is the formation of ultra-sharp source-channel and drain-channel junctions
when the device dimension reduces to nanoscale. This shortcoming can be alleviated by new device
“Junctionless” transistors proposed by Colinge et. al. in 2010 [1.119]. Because of this junctionless
architecture, the type and concentration of channel doping are identical to that of the source and
drain extensions, thus eliminating the creation of doping concentration gradient. This prevents the
possibility of impurity diffusion during thermal processing steps, thereby sufficiently relaxing the
thermal budget.

Exploring the popular idea of multiple metal gate electrode, Deb et. al. developed a novel
concept of considering a binary metal alloy (A« B1.a) gate electrode having continuously varying mole
fraction from source side (100% A) to drain side (100% B) in a FD SOI MOSFET [1.120].

The concept of binary metal alloy as gate electrode was first coined by Tsui et. al. in 2003
[1.121]. To characterize the binary alloy systems, (100)-oriented phosphorus doped Si wafer was
chosen as starting material to fabricate MOS structure. Standard RCA process was adopted to clean
the wafer where a 2-nm thick gate oxide was subsequently grown thermally. Patterning of the gate
electrodes was done using the liftoff process. Ta Pt alloys were co-sputtered simultaneously upto a

thickness of 10 nm on patterned photoresist. The deposition conditions and the atomic composition
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were monitored using Rutherford Backscattering Spectroscopy (RBS). After patterning, the samples
had to be annealed in nitrogen ambient at temperatures of 400, 500, and 600 degree Celsius for
about 30 min, after which aluminium was deposited at the back. Subsequently, the approximate
work-function of the annealed samples was found out by performing a comparative analysis of the
measured C-V characteristics curve with theoretical C-V curve. The true essence of this concept lies
in the fact that the effective work function of the alloy can be precisely adjusted by cleverly
modulating the atomic composition of the alloy. Normally, the work function requirement of a fully-
depleted SOI is approximately around 4.6 eV which can be easily achieved by using the Ta/Pt alloy
ratio close to 0.74/0.26.

A more recent study by A. Pan et. al. in 2010 combines spatial source reagent gradient with a
temperature gradient in order to realize continuous mole fraction variation of a ZnCdSSe alloy
nanowire on a single substrate, thereby establishing the fabrication feasibility of such alloy system
[1.122-1.123]. Earlier study by Christen et. al. in 2003 proposed a suitable method for continuous
compositional spread (CCS) thin film based on pulsed laser deposition (PLD) [1.124-1.125]. In their
work, a CCS—PLD apparatus was developed and implemented to fabricate as-grown epitaxial CCS
thin film on substrates having long dimension. These studies establish that the compositions at each
and every position of the CCS film are in good agreement with the analytical/designed values. Thus,

the recent fabrication trend discussed so far indicates fabrication of binary metal alloy gate electrode
(AaBl—a) with continuous lateral concentration variation from source (100% A) to drain side (100%

B) is certainly feasible in near future. Motivated by the fabrication feasibility of such binary metal
alloy gate electrode, Sarkar et. al. has incorporated this unique concept of using a binary metal alloy
as gate electrode in several nanoscale device structures to investigate the advantages of using such
spatial composition graded work function engineered gate electrode over conventional single metal
gate electrode in terms of surface potential, electric field distributions, subthreshold slope, current
driving capacity and output voltage gain [1.126-1.130].

In spite of several improvisations on the basic MOSFET suggested by ongoing research in the
domain of semiconductor devices, one of the primary deterrent factors in the path of unhindered
progress in MOS technology lies in the limitation of minimum achievable subthreshold slope of 60
mV/dec. As already stated, at room temperature MOSFET requires minimum gate voltage of 60 mV
to increase the current by magnitude of one order [1.131] limiting the value of minimum attainable
subthreshold slope to be 60 mV/dec. Tunneling Field Effect Transistors (TFETs) have the potential
to replace MOSFETSs for low power consuming low voltage applications by their intrinsic virtues of
reliability, low leakage current in OFF state, ability to achieve subthreshold slope value below the

limiting value of 60mV/dec and significantly reduced SCEs (due to built-in tunneling of electrons).
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A Tunnel field effect transistor is basically a simple gated reverse biased p-i-n diode where the
device source and drain regions are heavily doped with opposite impurities and the channel region is
ideally intrinsic [1.132]. The device structure operates on the principle of band-to-band tunneling of
carriers. In spite of having several aforementioned operational advantages, TFETSs too have several
limitations. The operating principle of TFETSs indicates that the device current originates principally
due to tunneling of carriers from the source side valence band to the channel conduction band which
results in low OFF state current on one hand, whereas reducing the ON state current on the other
hand [1.133] making sufficiently lower than the required ON current specified by ITRS. This
necessitates the search for several improvisations on the basic TFET structure in order to deal with
this limitation of ON current. Studies by different groups of researchers are available in
contemporary literature on TFETs. Vanderberghe et. al proposed different modifications on gate
positioning by placing the gate covering the area near source region only to mitigate point tunneling
current [1.134]. A similar structure with gate only on the source region has also been studied [1.135]

showing considerable improvements.

The concept of ‘gate engineering’ popular with MOSFETs may very well be applied in TFETs
also with the purpose of reaping the benefits of enhanced device current and increased package
density in multi gate device structures. Several researchers have endeavoured to incorporate gate
engineering technique in TFETSs to achieve higher ON current which forms the major bottleneck for
simple conventional TFET structures. Several groups of researchers have presented various research
attempts to institute a physics based analytical model of Double Gate TFETs with a view to obtain a
clear insight to the internal physics associated with the device operations. A generic analytical model
was developed by Verhulst et. al [1.136] to explore a comparative performance analysis among single
gate, double gate and gate all around TFET structures with special emphasis on the dependence of
tunneling current on various device parameters. Another research group (Vandenberghe et. al.
[1.137]) attempted to present an analytical model of a novel Double Gate TFET where the gate
electrode covers the source region only. Again, in another approach, a new model for TFET has been
presented by Shen et. al. [1.138] implementing the idea of non-linear Poisson’s Equation (normally

used for MOSFETSs) in TFETs.

Just like gate engineering, the much discussed concept of ‘gate material engineering’ may
also be incorporated into the basic TFET structure with an intention to increase the normally low
ON current in simple TFETs by lowering the barrier at the junction between the source and channel
regions, whereas the drain-channel barrier is maintained to be high in order to suppress the OFF-
current by properly choosing the workfunctions of the gate metals. M. J. Kumar et. al. [1.139]
reported a Dual Material Gate (DMG) TFET where two metals having different work functions are

amalgamated adjacently forming the single gate electrode. The variation in gate metal work
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function modulates and effectively enhances the electric field in the channel near the source to
channel junction so that an increased number of carriers effectively tunnel from the source side into
the channel and reaches the drain end, resulting in a sharp rise in ON current. Furthermore, the
dual concepts of ‘multi gate’ TFETs and ‘gate material engineered’ TFETs can be compounded
together to explore improved device functionalities in some improvised TFET structures like Dual
Material Double Gate TFETSs (proposed by Balamurugan et. al. [1.140]) and Dual Material Gate all
around TFETs (proposed by M.J.Kumar et.al [1.141]). Placing three metals adjacently will result in a
Triple Material Gate TFET structure (recently proposed by Bagga et. al. [1.142])

Taking one step further, the perception of gate material engineering can be explored to an
extreme level by using a ‘binary metal alloy gate’ in TFETs also where the mole fractions of the
individual metals of that alloy is continuously varied from source side (100% A) to drain side (100%
B). Motivated by the fabrication viability of such binary metal alloy gate electrode as already
discussed in sufficient details, some research endeavors are currently available in literature which
attempt to incorporate this unique concept of ‘work function engineered’ gate electrode into the basic
TFET structure [1.143-1.144] with an aim to realize some improvised TFET structures which can

alleviate the short comings of a simple TFET.

1.3 Organization of the thesis

The thesis has been organized as different chapters focusing on different non conventional
nano device structures for improved performance along with a concise introduction of nano devices
and relevant literature survey and ends with a concluding chapter. Continuous progress in the VLSI
industry is dominated mainly by the design and implementation of low power nanoscale devices to
meet the growing demands of human beings which can be accomplished by down scaling the
dimensions of each constituent transistor. This trend of aggressive down scaling of conventional
field-effect transistors is limited by the quantum mechanical laws, the limitations of available
fabrication facilities and fabrication costs and results in inevitable performance degradation due to
several detrimental short channel effects which mandates the quest for alternative non conventional
devices beyond CMOS. The dictum of this thesis is to present the analytical modeling based
performance study of several such non conventional ultra low dimensional device structures to

provide a solution for future nanodevices.

®,
*

Chapter 2 presents an in depth overview on the basic concepts of nano dimensional devices
starting from the journey of conventional long channel MOSFETSs to present short channel
MOSFETS, the problems associated with device dimension miniaturization and the possible non

conventional devices to alleviate the inadequacy of short channel devices.
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Chapter 3 presents a detailed analytical two dimensional Poisson’s equation based surface
potential and device current behavior of a Dual Material Gate SOI/SON MOSFET with strained

channel. Two gate metals Ma and Ms of different work functions ¢, and ¢y are placed together

adjacently as a single gate electrode which increases trans-conductance and mitigates the SCEs
due to the formation of a step like feature in the surface potential profile which practically
screens the potential in the channel region under the gate material on the source side (Ma) from
any random variations in the drain bias, giving effective protection from DIBL. Initially, the
variation of carrier mobility in the strain incorporated silicon channel has been studied in details
against mole fraction variation, impurity concentration and transverse electric field. Then a
Poisson’s equation based two dimensional analytical model for threshold voltage has been

evaluated from the surface potential minimum and various drain characteristics are studied.

Chapter 4 exhibits an overview of some better MOSFETSs based on improved gate structure by
incorporating the dual concepts of ‘gate engineering’ by adopting multiple gate MOSFETSs
(Double Gate, Cylindrical Gate and Quadruple Gate) and ‘gate material engineering’ by using a
binary metal alloy gate electrode with linearly graded mole fraction and comprises of three
sections. The first section investigates the attributes of an asymmetric Double Gate MOSFET
incorporating the novel theory of ‘work function engineered gate’ by continuously varying the
mole fraction in a binary metal alloy gate from source side to drain side in a fully depleted
Double Gate MOSFET. The second section presents the performance analysis of a Cylindrical
Gate MOSFET incorporating the ‘work function engineered gate’ concept and finally the last
section explores the performance analysis of a Quadruple Gate MOSFET with Work Function

Engineered Gate electrode.

Chapter 5 focuses on the novel idea of nanoscale work function engineered gate Junctionless
devices as better alternative to conventional MOSFETs. The first section of this chapter will
investigate the analytical modelling based relative performance investigation of a Junctionless
Work Function Engineered Gate Double Gate (JLL WFEG DG) MOS structure with respect to
simple JL. DG MOS. The next section presents similar analytical modelling based performance
study of Junctionless Work Function Engineered Gate Cylindrical Gate (JL. WFEG CG) MOS
structure compared to its simple JL. CG MOS equivalent. Both the studies exhibit superior
performance of the WFEG JL structures compared to their simple JL counterparts in terms of

Threshold Voltage Roll-Off (TVRO), Drain Induced Barrier Lowering (DIBL) and voltage gain.

Chapter 6 aims to investigate improvised ‘gate material engineered’ Tunnel Field Effect

Transistors (TFETs) as possible alternatives to MOSFETSs for future low power, low voltage
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applications. The first section of this chapter investigates the analytical modelling based
comparative performance investigation of a Work Function Engineered Gate Double Gate
(WFEG DG) TFET structure compared to normal DG TFET. The next section presents similar
analytical modelling based performance analysis of a Binary Metal Alloy Silicon-on-Nothing
(BMA SON) TFET compared to its simple SON TFET equivalent highlighting the effects of
interface trapped charges near the source region on the performance of the device under
consideration. Both the studies will exhibit superior performance of the work function
engineered/binary metal alloy gate structures compared to their normal single material gate

counterparts.

The outcomes of all the presented works and the conclusion are summarized in Chapter 7.
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Chapter 2

An overview on Nano devices

CHAPTER I

2.1 Introduction
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2.1. Introduction

The continuous progress in the microelectronics industry is dominated mainly by the design and
implementation of low power nanoscale devices to meet the tremendously escalating technology
needs of this tech savvy generation. Significant performance improvement of contemporary ULSI
circuits can be realized with simultaneous increase in operating speed and decrease in device power
consumption in addition to proportional device dimension down scaling in accordance to Moore’s
scaling principle [2.1]. Aggressive reduction in the size of conventional field-effect transistors is
expected to be limited by the quantum mechanical laws, the limitations of fabrication techniques and

associated excessive costs [2.2]. Moreover, such small scale devices integrated on a single chip may
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not be able to function properly to realize the operation of the circuit comprised by them. Continuing
with this frantic pace of device miniaturization without sacrificing any functional competence can
only be achieved by combining different non-conventional approaches of device down sizing,
innovating alternative device structures with simultaneously improvising material properties.
However, device performance in sub-micron regime is severely affected by reliability issues, direct
tunnelling, gate depletion, boron penetration and most importantly the inevitable short-channel
effects (SCEs) which can be briefly categorized as Threshold Voltage Roll off (TVRO), Drain-Induced
Barrier Lowering (DIBL), Hot Carrier Effect (HCE), unwanted conduction in sub threshold region,
leakage currents associated with several parasitic junctions etc [2.2]. Continuing with Moore’s
scaling trend is being possible primarily due to persistent research endeavour in pursuit of non-

conventional devices capable of replacing the conventional ones without any loss in performance.

These alternative devices are either based on the quantum mechanical phenomena that crops up in
the nanometer regime or incorporate some structural or material modifications [2.3]. The non-
conventional devices based on the principle of different quantum mechanical phenomena are referred
to as revolutionary nano electronic devices (quantum well, quantum wire and quantum dot
based devices, e.g., RTD, HEMT, Spintronics, SET etc.). In parallel, the continuous structural
improvisations in existing semiconductor technology realize modified devices termed as
evolutionary nano electronic devices (Carbon Nanotube FETs, Graphene Nanoribbon FETS,
Nanowire Field-Effect Transistors (NWFETSs), III-V channel replacement devices, Ge channel
replacement devices, Unconventional Geometries for FET devices etc.). The structures, operating
principles and modelling techniques of such devices are drastically different from conventional bulk
mode devices. The advantages of these non-conventional devices over bulk devices, options of further
scaling and parameter optimization are some primary issues which have been focussed in the

present thesis work.
2.2. Nano Devices

The Metal Oxide Semiconductor Field Effect Transistors (MOSFETSs) have been the most promising
semiconductor device since 1970s by virtue of their simple structure, low power consumption, low
cost of fabrication, inherent property of high input impedance, superior noise immunity etc.
Combined with these basic advantages, the superior scalability of MOSFETSs leads to the extreme
device dimension down scaling as predicted by Moore’s law, which in turn increases the transistor
count per chip almost exponentially resulting in the evolution of semiconductor industry from sub-
micron to today’s sub-nano regime. MOSFETs are the basic building blocks of both digital and
analog integrated circuits. Device operations in such sub 100 nm regime again gives rise to various

unwanted short channel effects which play an important role in deteriorating performance of such
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nano dimensional devices motivating the researchers to explore new innovative non-conventional
device structures defining the future of nano devices. This chapter aims to present an in depth
insight on the journey of semiconductors from bulk MOSFETs to ultra scaled non conventional nano

devices.
2.2.1. Metal Oxide Semiconductor Field Effect Transistor (MOSFET): an overview

The Metal Oxide Semiconductor Field Effect Transistor was initially proposed by Julius Edgar
Lilienfeld in 1925 and performs the basic transistor functions of signal amplification and switching
of electronic signals. The name MOSFET gives the clue to its construction indicating that the
working principle of the device is based on the MOS capacitor structure arising due to a dielectric
silicon dioxide oxide (SiO2) layer sandwiched between the metal gate electrode and the underlying

bulk silicon substrate. Fig. 2.1 below describes a basic MOSFET structure.
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Fig. 2.1. A basic MOSFET

It can be seen from the figure above that MOSFET is a four terminal device with the source (S),
drain (D), gate (G) and substrate (SS) terminals. A conducting channel connects the two heavily
doped source and the drain regions through which charge carriers actually flow from the source
towards the drain region depending on suitable drain bias applied. This conducting channel is
actually a layer of inversion charge formed at the interface region of oxide-semiconductor having
opposite nature than that of the fundamental silicon substrate. MOSFET can be categorized as n-
channel and p-channel variants based on the type of impurities used to dope the source and the
drain regions which determine the type of the produced channel. Considering a MOSFET with p-type
substrate, if the source and drain regions are doped with n* impurities, the induced channel is n-type
in nature having electrons as the majority carriers and the resulting MOSFET is called an n-channel
MOSFET. Similarly, in a MOSFET with n-type substrate and with p* source and drain regions, a p-
type channel is formed and the MOSFET is said to be a p-channel MOSFET where holes are the

majority carriers. The figure below shows the basic structure of an n-channel MOSFET.
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Fig.2.2: Basic n-channel MOSFET Structure and Symbol

For n-channel MOSFET, as mentioned above, the source and the drain regions are two heavily doped
n+ regions diffused into the p-type substrate. A layer of silicon-di-oxide is grown on the surface of the
semiconductor substrate between the two heavily doped regions of source and drain and the metal
(or polysilicon) layer is subsequently deposited over this gate dielectric creating the MOS structure.
The dielectric layer existing between the metal gate and the silicon serves the purpose of
dielectrically insulating the gate from the main device which prevents the flow of any charge/current
from the gate into the device itself, thereby ensuring the high input impedance (in Mega ohms or
almost infinite) in MOSFETs. The device is completely symmetrical with respect to the drain and
source terminals; the different roles of these two terminals are identified only in conjunction with the
direction of device current flowing through the channel depending on the voltages applied to the
these two terminals. The dimension of the region of semiconductor existing between heavily doped
source and drain regions represents channel length L. Similarly, lateral extention of channel

(perpendicular to the direction of channel) represents channel width W.

A conducting channel connecting the source with the drain regions will be formed by applying
suitable voltage on the gate terminal. MOSFETs have the inherent advantage of very high input
impedance (in orders of Mega-ohms) attributed by the presence of gate oxide dielectric which ensures
a near ideal isolation of the substrate from the gate electrode. This induces a capacitive action by
shielding the conducting channel from the controlling gate terminal, thereby blocking any current
from flowing into the gate making MOSFET a simple voltage controlled resistor identical to JFET
[2.4]. Very high input impedance in MOSFETSs poses a limitation of unwanted accumulation of
reasonable amount of static charges which may damage the MOSFET unless it is protected or
handled cautiously. The limitation of another kind of FET (i.e. JFET) is that the gate biasing has to
be properly chosen so as not to forward bias the gate-channel junction in order to ensure the basic

JFET operation. However, in MOSFET, there is no such limitation and bias voltage of either polarity
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(positive or negative) can be applied [2.5]. This makes MOSFET a viable alternative for being used

as digital switches or logic gates.

2.2.1.1 Types of MOSFET:

Both the p-channel and the n-channel MOSFET can again be operated either in Depletion mode or in

Enhancement mode depending on the process of channel formation [2.4, 2.6].
2.2.1.1.1. Depletion-mode MOSFET:

The existence of a preformed channel connecting the source with the drain regions distinguishes the
depletion mode MOSFETSs from the widely used enhancement mode counterpart. The prior existence
of this conducting channel makes the depletion mode MOSFET a normally switched "ON" device
even without gate bias. A gate to source voltage (Vgs) must be applied to switch the device into "OFF"
state. Considering an n-channel depletion mode MOSFET for example, application of a +ve gate
voltage enhances the effective number of charge carriers in the channel, widening the channel and
resulting in an enhanced current flow. On the contrary, on applying a —ve gate voltage, the channel
gets more and more depleted of charge carriers resulting in an effective reduction in drain current.

P-channel MOSFETSs show the opposite behavior.

Basic construction of depletion-mode MOSFET bear close resemblance with that of JFETs as in both
devices, the channel region extending between the source and drain terminals is pre-doped with
charge carriers i.e. electrons or holes depending on the type (n-channel or p-channel respectively).
This results in the existence of a low-resistance path between drain and source terminals facilitating
current conduction subjected to application of proper drain bias even if no bias is applied to the gate

terminal.

- ___________________________________________________________________________________________]
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Fig. 2.3 An n-channel Depletion MOSFET
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Fig 2.4 Current-voltage characteristics of Depletion-mode n-channel MOSFET
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Fig. 2.5 Symbols of n-channel and p-channel Depletion-mode MOSFETSs
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2.2.1.1.2 Enhancement-mode MOSFET:

The operating principle of enhancement MOSFET is distinctly different from a depletion mode
MOSFET by dint of the difference in their construction mechanism. The channel region of an
enhancement MOSFET is normally undoped or very lightly doped making it non-conducting or
‘Normally OFF’ under zero gate bias condition. If the gate voltage is increased, i.e. making it more
positive for an n-channel enhancement MOSFET, a vertical electric field is created directed from
gate towards channel which pushes the holes within the p-type substrate near the oxide-
semiconductor interface and attracts minority electrons from p-substrate towards the interface,
thereby increasing the thickness and reducing the overall resistance of the channel allowing current
to flow. Increasing the gate voltage above the threshold voltage results in ‘channel inversion’
creating a continuous electron rich n-type channel connecting the source with the drain region. Once
the channel has been inverted, a positive drain bias pulls the electrons towards the drain side
resulting in a continuous flow of electrons from source to drain side i.e. resulting device current is
directed from drain to source. The gate voltage at which the channel is fully inverted is known as
threshold voltage and the voltage range before the formation of inversion layer is called sub

threshold voltage as elucidated in Fig. 2.6.
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Fig. 2.6 nMOS Ip-Vgs characteristics illustrating subthreshold and inversion voltages

On gradually increasing this positive gate voltage, an effective increase is observed in the drain
current. Thus, the name enhancement mode MOSFET is justified. If the positive gate voltage is
increased further, the channel becomes less resistive allowing an effective boost in channel current.
Thus, it can be deduced that for an n-channel enhancement MOSFET, application of positive gate
bias operates the device in ‘ON’ state while application of zero or negative gate bias operates it in

‘OFF’ state making the enhancement-mode MOSFET a “normally open” or “normally OFF” switch.
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Fig. 2.7 A basic n-channel Enhancement-mode MOSFET
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Fig 2.8 Current-voltage characteristics of an Enhancement-mode n-channel MOSFET
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Fig. 2.9 Symbols of n-channel and p-channel Enhancement-mode MOSFETSs

From the operating principle of enhancement MOSFET, it can be understood that it offers very low

resistance in ‘ON’ state and extremely high resistance in ‘OFF’ state along with having an intrinsic
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very high input impedance making it a suitable device for being used in integrated circuits as CMOS

logic gates and in power switching circuits.
2.2.1.2 Regions of MOSFET operation:

MOSFETsS can be operated in any of the three regions listed below depending on applied gate

bias.
a. Cut-off Region

If the applied gate-to-source voltage is less than device threshold voltage, no current flows i.e. Ins = 0

and the transistor is said to be “fully OFF” operating as an open circuit.
b. Linear or Ohmic Region

If the applied gate-to-source voltage exceeds device threshold voltage provided that the applied drain
bias is more than the gate bias, the transistor will operate as a voltage controlled resistor and
current through the transistor will increase linearly with an increase in drain bias. The value of this

voltage controlled resistor depends on gate voltage (Vas).
c. Saturation Region

Ultimately, if the applied drain bias exceeds the saturation voltage (Vpssat= Vas - Vin) keeping the
gate-to-source voltage well above threshold voltage, the drain current ceases to increase linearly and

it saturates to an almost constant value. Now, the transistor is said to be ‘fully ON’.
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Fig. 2.10 Drain characteristics of MOSFET showing different regions of operation
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2.2.1.3. MOSFET Models:

Initially, MOSFET modeling had the sole emphasis on a precise description of the device behavior.
However, with the enlarging sphere of application, aggressive scaling and growing circuit
complexity, there has been a distinct paradigm shift on emphasis. In this background, a number of
approaches, each with an individual characteristic framework, have emerged both in public and
proprietary domains [2.7]. Among the model categories of MOSFETSs which are currently available in
the public domain, and have undergone through a sustained phase of development are given as

follows [2.7-2.10].
a. Threshold Voltage (V1) Based Models

This piece-wise approach of MOSFET modeling is basically an overly simplified version of the
benchmark Pao-Sah model [2.11]. The MOSFET behavior is described in both weak and strong
inversion regions separately, demarcated by threshold voltage. The popular models like Berkeley’s
LEVEL 1, LEVEL 2, LEVEL 3, BSIM1, BSIM2, BSIM3, and BSIM42 models, along with the Philips—
MMS9 model fall under this category. Some of the major limiting issues faced by this approach are
ever increasing number of model parameters and complex fitting parameter adjustments. However,

this approach still remains a de facto industry standard [2.12-2.13].
b. Charge Based Models

This model involves complex formulation of drain current in terms of inversion charge density at the
source and drain end of the channel [2.14]. These models are specifically applicable in low-power
analog circuit designing. The mathematical formulation is purely based on device physics and
requires less number of empirical fitting parameters and follows a relatively easier parameter
extraction procedure. This approach involves EPFL, EKV, ACM and Berkeley’s BSIM 5 MOSFET
models [2.15].

c. Surface Potential Based Models

This approach is somewhat similar to charge based models excepting the fact that the drain current
formulation in this case is dependent on the nature of source end drain end surface potentials
instead of inversion charge density in the previous case. The difference in this case is that the drain
current is formulated in terms of surface potential at the source and drain end of the channel.
Adoption of some efficient analytical (PSP) or numerical (HiSIM) algorithms reduces the
computational complexity associated with surface potential based modeling. In sharp contrast with
the piece wise approach, SP models consider drift-diffusion current transport, which provides a

single-piece expression for the current, with continuity of its derivatives, over the entire operating
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region. Surface potential models are entirely physics based making them apt for being used in RF
simulations and show excellent response to scaling induced phenomena modeling. Philips MM11,

HiSIM 5 and PSP are some of the popular surface potential based models [2.16-2.18].
2.2.1.4. An analytical approach towards MOSFET

The simple principle behind a functional MOSFET relies on the vertical electric field generated by
applying proper bias on the contolling gate terminal which effectively controls the net flow of charge
carriers through the channel from the source region towards the drain region. For current
conduction in the device, a conducting channel must be formed beneath the gate between the source
and drain regions of the structure. Since the source and drain regions are of a different doping type
than the substrate, in order to form a conducting channel, the semiconductor layer must be biased to
induce inversion. The gate-to-source voltage Vas at which the semiconductor channel is inverted to
support subsequent conduction is known as threshold voltage Vro. If the applied gate bias is less
than Vo, inversion is not attained and the absence of an inverted channel prevents any current from
flowing between the source and drain regions unless the gate bias exceeds Vro. If the gate-to-source
voltage is chosen to be more than device threshold voltage, the induced vertical field attracts a large
number of minority carriers (electrons for n-channel MOS) which accumulate near the surface to

form the inverted channel capable of supporting current conduction.

The threshold voltage mainly comprises of four physical components [2.19]:

1. The difference in work function between the gate and the channel (®ac)
1. The component of applied gate required to alter the surface potential (®Pr)
1ii. The component of applied gate bias required to compensate the depletion region

charge (-QBo/Cox)

1v. The component of applied gate bias required to compensate the fixed charges trapped

at the interface between the gate oxide and silicon (-Qox/Cox)

The overall threshold voltage expression comprising of these factors can be given by:

ﬁ_ﬂ (2.1)

C

Vro=%c ¥ ¢
0X (0)¢

Where,

@ =@ (substrate) —g,, for metal gate
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@~ = @ (substrate) — ¢ (gate) for polysilicon gate

@r is the bulk Fermi potential and for a p-type substrate, it is given by:

¢F :k_T|ni.
a N,

The second term in the eq. 2.1 represents that component of the gate voltage essential to alter the

surface potential by -2dr and achieve channel inversion.

Now, at inversion, the density of charges present in the depletion region can be approximated as:

Qgo = _\/ 20N pZs; ‘_2¢F ‘ (22)

If the substrate is biased at a different voltage level than the source, which is at ground potential,
the depletion region charge density will become a function of the source-to-substrate bias and can be

given as:

Qs :‘\/ZqNA“’Si 20 +Vgg @3)

The gate voltage component that compensate this depletion region charge is given as -Qp/Cox.

The lattice impurities or lattice matching imperfections at the oxide-silicon interface results in the
existence of some fixed positive charge density Qox at the interface region. The component of applied

gate bias required to counterbalance this positive trapped charge is given as —Qox/Cox.

The one dimensional Gradual Channel Approximation (GCA) approach is normally adopted to
evaluate the expression for drain-to-source current in a conventional long-channel MOSFET. This
approach assumes the vertical or gate electric field along the channel to dominate (neglecting the
horizontal electric field), thereby simplifying the complex mechanism of current conduction in the
channel into a one dimensional scenario. Using the GCA approach, the final expression of the drain

current can be obtained as:

u C

\Y
[ D = %[Z(VGS —V_l_O)VDS _VEZ)S :| in linear region of operation. 2.4
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Beyond saturation, the drain current at a constant Vas ceases to vary much with applied drain Vbps,

and remains approximately constant around the peak value reached for Vps=Vpsar. This saturation

drain current can thus be obtained by substituting Vg =Voar =V —V; and is given by:

'unCOXW 2
I D T(VGS —V.I_ 0) in the saturation region of device operation. (2.5)

This makes the expression for saturation region drain current to be a function of gate-to-source

voltage only.

The transconductance is a figure-of-merit signifying the rate of change of device drain current with

proportionate variation in gate-source voltage at a fixed value of drain-source voltage [2.20-2.21];

8
gm 5\/ l\/ = Const. (2.6)
gs
The transconductance in the linear region and saturation region is given by;
w
Y, lin _”ncgox fvds
W
Im,sat ~ ”ncgox f(vgs V1) @.7)

Similarly, the output conductance is also a figure-of-merit signifying the rate of change of device
drain current with proportionate variation in drain-source voltage at a fixed value of applied gate-

source voltage [2.20-2.21];

g, & Ol 4

d = (2.8
avd )

The output conductance is given by;

gd,lin = gox (Vgs VT Vds) gd,sat =0 ©.9)

Advanced nanoscale MOS structures need more accurate model to describe device behaviour at such

ultra low dimension [2.13-2.20].
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2.2.1.5 Power consumption in MOSFETs
An operating MOSFET consumes two types of power: Active and static power consumptions.

(a) Static Power consumption: Static power consumption is due to the leakage current
existing in the device which may have a number of parasitic components like: gate-drain
leakage, gate-source leakage, drain-source leakage and drain to bulk leakage. The power

dissipation is given by:

P

static — IIeakagevDD = (Idrain,leakage + Igate,leakage )VDD (2~10)
where Licakage is the overall leakage current in the device and Vpp is the supply voltage.

The primary source of such leakage currents is the tunnelling of carriers through the oxide. The gate
oxide thickness and barrier height determines the intensity of the leakage current. Generally,
conventional MOSFETs use silicon-di-oxide as the gate dielectric due its ease of fabrication by
oxidation of the silicon substrate. However, keeping pace with the aggressive scaling trend demands
the proportionate downsizing of the gate oxide thickness also which effectively triggers the
tunnelling probability of carriers through the oxide leading to increased leakage current. In order to
overcome this limitation, researchers are now looking for suitable alternative oxides with
comparatively higher dielectric permittivity (high-k) so that a thicker layer of oxide can be used in
order to achieve the same range gate oxide capacitance obtained using a thin gate oxide layer,

thereby improving the overall device performance.
The leakage at the drain side has three basic components-
1. leakage due to direct transfer of the carrier from source to drain
1. leakage from drain to bulk i.e. the gate induced drain leakage (GIDL)

111, leakage between source and drain region in sub-threshold condition

Hence’ I drainleakage

Idirect—tunneling + IGIDL + Isubthreshold (2'11)

(b) Active Power Dissipation: This type of power dissipation is due to switching of the transistor.
When the device switches to ON state on application of suitable gate bias, charges build up in the
channel and transported into the source/drain contacts and also at the gate electrode. Now, when the
device switches to OFF state by removing the power supply, then these accumulated charges must be

evacuated from the device. But, this is irreversible process and hence power dissipation takes place.
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The energy required for charging and discharging the device during a switching action is stored in

C :—ng
¢}
the form of gate capacitance expressed as dVy . This can be easily recognized to be a simple
&
Cy = Co=WL T
parallel plate capacitor in inversion condition. Therefore, % where W and L stands

for width and length of the device respectively while eox and tox represent the relative permittivity

and thickness of the oxide layer. Considering Cox to be constant, the switching energy is given

E=C,V.
y

x"DD If f is the switching frequency, then the active power dissipation is given by:

b
I:)active = fcoxVDzD (2.12)

2.2.1.6. Advantages and applications of MOSFET

MOSFETSs by dint of their extremely low power dissipation and smaller area requirement in an IC
(which immediately translate into higher packing density and lower cost per function) have become
the sole choice as component of high performance high speed complex ICs. Years of research in the
domain of semiconductor devices have presented several path breaking improvisations in terms of its
fabrication aspects, which made its performance improve drastically. Low power consumption
property has made MOSFETs ideal for use as electronic switches or common-source amplifiers.
Secondly, a large number of MOSFETSs can be integrated on a single chip as compared to BJTs.
Nowadays, MOSFETs are being immensely used to make an almost ideal buffer amplifier as its
input resistance is very high due to an insulated gate. MOSFET has excellent low noise properties
and hence it is used near the front end of a system where the signal is very weak. However, one
limitation faced by the MOS device is its slightly poor frequency response characteristic as compared

to BJTs due to the presence of several parasitic capacitances.
2.2.1.7. Complementary Metal Oxide Semiconductor

Complementary metal oxide semiconductor field effect transistor utilizes the complementary mode
operation of a p-channel and an n-channel MOSFET i.e. both the MOS transistors are never ON at
the same time. Complementary nature of the MOSFET makes only OFF state leakage current loss
effective for steady state. This unique feature of complementary technology results in low static
power consumption and noise immunity making CMOS technology ideal for integrated circuits. The
structural view of CMOS and connection for a CMOS inverter is shown in Fig. 2.11 and Fig. 2.12

respectively.
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Fig. 2.12 A simple inverter implemented with CMOS logic

2.2.1.8 MOSFET scaling and its limitations:

With the advent of Integrated Circuits by Jack Kilbey at Bell labs, the explosive growth in modern
digital electronics and computing has been credited by the adoption of integrated circuits as the
fundamental building block. Functionality per chip has grown in accordance with Moore’s law.
Device miniaturization has been the main trick behind the unhindered technological advancement.
The continuous improvisations in device miniaturization and concomitant increase in device density
and circuit complexity on a single chip have realized the tremendous boost in the computing

capability leading the consumers to expect ever better products at reduced cost.

The scaling rule of MOSFET was published by R. Dennard in 1974 [2.22] which states that all the

dimensions of the device are scaled by a scaling parameter & | with multiplying factor of 1/ & The
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doping concentration of the device is multiplied with & and the voltages of the device are also scaled

by /e so as to keep the internal electric field unchanged. Moreover, the circuit operating speed
also boosts up by a factor of & with a simultaneous reduction in power dissipation by & 2. Fig. 2.13
illustrates the technology trend with the scaling. The threshold voltage reduction does not follow

Dennard’s rule because of the gate overdrive as shown in Fig. 2.13. The scaling law is shown in Fig.

2.14.
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Fig 2.14 Principle scaling rule

With the continuous pace of scaling, the device feature size decreases each year and the number of
transistors on a LSI chip doubles every two years as predicted by the industry benchmark Moore’s
law. Following this trend, the transition from micro-technology to nanotechnology and nano-

electronics has already happened in 2002 which involves scaling down of transistor feature size from
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micrometer to sub 100 nm orders. Preserving the transistor performance with scaling down was the
key behind the unhindered successful progress of microelectronics technology. The trend of device
dimension miniaturization for the future technology nodes is defined by the International

Technology Roadmap for Semiconductor (ITRS) [2.1].
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Fig 2.15 Moore’s Law
Year 2003 2006 2009 2012 2015 2018
Technology node (nm) 100 70 50 35 25 18
MPU gate length (nm) 45 28 20 14 10 7
Vi (V) 1.2 1.1 1.0 0.9 0.8 0.7
T,. (A) 13 10 8 7 6 5
Clock frequency (MHz) 2976 6783 12369 20065 33403 53207
Maximum power (W) 149 180 210 240 270 300
Static power (W/um) 40x 1077 6.1 x 1077 7.7 x 1077 9.9 x 1077 2.6 x 1079 3.9 x 10~°
Nominal gate delay (ps) 30.24 18.92 12.06 747 4.45 2.81

Power delay product (J/jum) 1.4 x 10739.7 x 1079 7.7 x 107194.8 x 107193.0 x 10°191.7 x 1071
Transistors per chip (x 10%) 153 307 614 1227 2454 4908

Table 2.1 ITRS 2003 roadmap for high-performance logic

Table 2.1 and Figure 2.15 show the scaling trend of MOSFET indicating that the MOSFET feature
size 1s becoming smaller and smaller with the transition to each technology node as proposed by
Moore, which radically increases the number of transistors packed together in a CPU and reduces
the cost associated with each MOSFET by half every two years. However, the major hindrance
related to this high integration density is enhanced power consumption. Researchers are
continuously trying to adopt alternative methods to reduce the power consumption. But every
method has its pros and cons. Dependence of dynamic power dissipation on the supply voltage makes
reduction of supply voltage an obvious option to achieve lower power dissipation. Observing the

scaling trend from 2005 to 2011 suggests that the bias voltage is varied slightly from 1.2 V to 1V,
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complying with the scaling rules. Therefore, threshold voltage too needs to be scaled down to a range
of about 0.5V—0.6V for maintaining a high drive current and improving device performance. Till the
end of the road-map, this voltage will not go below 0.45 V, due to the transistor control reasons.
However, there is a trend towards substantially increased values of the leakage current and

decreased current drivability which requires some kind of optimization.

Scaling limitations:

So far, the development of device scaling through various technology nodes and the associated
advantages have been discussed. However, there is obviously some price to pay to reap these
revolutionary benefits of realizing high speed and higher package density integrated circuits.

When the feature size is scaled down to nanometer regime, normal device operations are affected by
some detrimental short channel effects (SCEs) which play a major role in negatively affecting the
device performance. The reason behind the occurrence of various short channel effects on
continuously reducing the device dimension is that on excessively reducing the channel length,
charge sharing between the source and drain regions increase significantly making the gate
electrode lose its sole control over the channel region [2.23-2.24]. As an effect of this reduced gate
control, the threshold voltage and subthreshold slope become functions of channel length. Some of
the salient short channel effects can be summarized as the Drain Induced Barrier Lowering (DIBL),
Threshold Voltage Roll-Off (TVRO), random doping fluctuations and high field induced Hot Carrier
Effects (HCEs). Contemporary research in the field of nano devices is mainly dominated by the urge
to discover innovative strategies to prevent these short channel effects.

Apart from these physical limitations, the progress of scaling trend also faces some daunting
practical challenges associated with the actual fabrication and manufacture of such miniaturized
devices. These problems include lithography, gate oxide thickness reduction and formation of
interconnects for each device. Any one or a combination of these effects poses to be a serious threat to
the further progress of Moore’s law.

In addition to the practical or physical challenges related to individual nano scale device,
there are other alarming issues related to overall ICs. Formidable challenges are encountered in
design, testing and packaging of integrated circuits containing billions of transistors. In spite of
these difficulties in miniaturization, progress may still be kept unhindered by progressive
refinements in IC technology (CMOS technology). However, before adopting such alternative
technologies aggressively, it is worth to examine how much better computing hardware can be
realized with it. It would be very unwise to pursue an expensive revolutionary technology

aggressively if only marginal performance improvements can be attained.
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Low dc power dissipation is the key feature behind the popularity of CMOS circuits in
complex digital computation ICs making them a natural choice in portable applications where
battery life is an important factor. Moreover, low power dissipation is very much desired in highly
dense circuitry. Several transistors are conglomerated on a single chip to realize complex circuits.
Under such circumstances, total IC power dissipation is very critical to maintain room-temperature
operating condition. As temperature increases, silicon becomes intrinsic! Thus, instead of depending
on the doping condition (as expected from extrinsic silicon), the free carrier concentration within the
conduction band is hugely contributed by the inter-band thermal generation resulting in device
failure. Even using extensive heat-sinking techniques, it is difficult to dissipate waste heat
completely. Therefore, use of low power dissipation circuitry such as CMOS is essential for proper
thermal management.

Thus, it can be summarized that aggressive device miniaturization involves several
complications including material and processing problems or intrinsic device performance problems.
With the shirking of device dimension, even the basic fabrication steps become difficult to be
performed. As the device dimensions becomes smaller and the circuit gets denser and more complex,
various problems are encountered in lithography, interconnects, and processing. Even different
intrinsic device properties also get affected by device miniaturization. The different effects arising
from device miniaturization alter device behavior and are cumulatively referred to as short-channel

effects.

2.2.1.9. Different Short Channel Effects (SCEs) associated with device miniaturization:

A MOSFET is said to be a short channel MOSFET if the dimension of effective channel length Lest
approaches source and drain junction depths (xj). As the channel length of a long channel
conventional MOSFET device is being continuously scaled down it approaches to be short channel
MOSFET and a number of undesirable effects crop up which negatively impact the performance of
the short channel device. These undesirable effects are collectively known as ‘short channel effects’

(SCEs). Depending on their physical origin, different short channel effects can categorized as [2.27]:

1. Two Dimensional electric-field profile:
In a short channel MOSFET, the current flowing in the channel between the source and the drain
gets controlled by both vertical and horizontal electric fields existing in the channel, which is in
sharp contrast with the case of a long channel MOSFET where the dominant vertical electric field
only controls the device current. This restricts the use of simple one-dimensional Gradual Channel
Approximation (GCA) approach to account for some of the device characteristics observed in such a
small-dimension. The physical significance of this two dimensional electric field are now being

discussed vividly [2.28] as follows:
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(a) Drain Induced Barrier Lowering and Threshold voltage roll off:

The Drain Induced Barrier Lowering (DIBL) effect occurring in short channel devices is manifested
by threshold voltage roll off (i.e. a sharp decrease in the device threshold voltage as a function of
drain voltage with a decrease in channel length) which can be considered as one of the primary short
channel effects in nano dimensional MOSFETSs. By definition, a MOSFET 1is said to be a short
channel device only if the channel length approaches the order of dimension of the source and drain
junction depths. With incessant reduction in channel length, the source and drain depletion regions
approach each other making the source and drain regions very close to each other, thereby causing
the horizontal electric field in the channel to increase which can no longer be ignored as it was being
ignored using GCA approach. Under such circumstances, the total charge in the silicon channel is
now being controlled by both the gate-to-source and drain-to-source voltages — a situation termed as
‘two dimensional charge sharing’. Constant reduction in channel length results in further increase of
the horizontal channel electric field. Ultimately, the gate voltage loses its sole control over the total
channel charge, which is now getting controlled by both gate and drain voltages for short channel
devices. Naturally, a lower gate voltage is sufficient to attain threshold or ‘channel inversion’
condition in short channel devices indicating the fact that there is considerable reduction in the
device threshold voltage with continuous channel length reduction.

The same phenomena of threshold voltage roll off may possibly also be understood from a
different perspective of surface potential barrier in the channel between the source and drain. In
long channel devices, a uniform potential barrier exists across the device and source/drain electric
fields are only influential near the source and drain ends only due to wide enough separation
between the source and drain regions. Under thermal equilibrium condition, carriers are not able to
overcome this potential barrier and move from the source to drain region as there is no existing
channel in enhancement type MOSFETs. In MOSFETS, conduction of current through the channel
necessitates the creation and maintenance of the inversion layer near the oxide-semiconductor
interface. If the applied gate bias voltage is less than the device threshold voltage (Vas<Vto), the
surface is not inverted and the potential barrier effectively blocks the flow of carriers from source to
the drain in absence of the inverted channel. Under this condition, only a small subthreshold current
flows from the source to the drain regions. On increasing the gate voltage, this potential barrier gets
reduced such that the carriers succeed in overcoming the obstructive barrier and successfully reach
the channel region from source, driven by the electric field. The height of this potential barrier is
expected to be controlled solely by the applied gate bias (in ideal condition) so as to increase device
transconductance. However, this simple process of potential barrier getting controlled by the gate
bias becomes complex in case of short channel MOSFETs where the channel potential barrier gets

controlled by both gate and drain voltages. Under such circumstance, a gradual increment in the
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drain-to-source voltage plays a crucial role in lowering the potential barrier even if the applied gate
voltage is well below threshold voltage, thereby facilitating the carriers to overcome this reduced
barrier and flow from the source towards the drain resulting in undesired current conduction in
subthreshold state. This physical phenomenon of sub-threshold conduction due to drain bias induced
barrier lowering is one of the major short channel effects termed as Drain Induced Barrier Lowering
(DIBL) [2.29] and is explained in Fig. 2.16. It can be understood from the said figure that the height
of potential barrier near the source end is reduced considerably on applying a high value of drain
bias (the DIBL effect) enabling the injection of a large number of carriers into the channel which

contributes to an enhanced drain current even in the OFF state.
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Fig.2.16 Variation of surface potential along channel position for Vps =0.1 Vand 1.5V

The DIBL effect gets manifested in the device threshold behavior. For a large value of
applied drain bias, the depletion region from the drain region gradually encroaches into the channel
leading to a considerable reduction in channel potential barrier. Hence, threshold condition 1i.e.
subsequent current conduction can be attained for a lower gate voltage. The strength of DIBL is
usually measured as the difference in threshold voltage Vin between a low (approximately 50-100mV)
and a high (Vbp) drain bias. A large value of calculated DIBL represents a device having poor short-

channel behavior with large threshold voltage roll off (TVRO) and high off current.

(b) Mobility reduction by gate-induced surface fields:
Keeping pace with the ongoing scaling trend necessitates size reduction of every device dimensions
which includes not only the channel length, but also the thickness of gate oxide. As the gate
thickness is scaled down proportionally, the vertical electric field directed from gate towards the
silicon channel increases making the transverse electric field dominant. The carriers flowing in the

channel from source to drain comes under the influence of this strong transverse electric field, suffer
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collision and get accelerated towards the oxide-substrate interface. This high transverse field
induced phenomena is known as surface scattering resulting in a measurable reduction in carrier
mobility. Current conduction in MOSFETSs is primarily dependent on the transport of carriers from
source to drain through the narrow inverted channel region making it difficult for the carriers to flow
parallel to the interface. On top of this, even a small increase in transverse electric field induces
additional scattering as explained above, thereby reducing the average surface mobility to almost

half of that of bulk mobility.
2. Electric-field strength in the channel becomes very high:

It is a well-known fact that electric field in the channel is inversely proportional to channel length
with voltage being constant. As the channel dimension is continuously scaled down keeping the
voltage sources to be constant, there is a notable increase in the channel electric field [2.30]. This
uncontrolled increase in electric field results in some detrimental effects in short channel devices

which may eventually lead to device breakdown.
(a) Carrier velocity saturation:

Current conduction in a MOSFET is due to the flow of carriers with a certain velocity through the
inverted channel. The velocity of charge carriers is a strong function of channel electric field. At low

value of channel electric field, the carrier velocity hold a linear dependence with the electric field

which can be written as ¥~ # E where v and E represent carrier velocity and channel electric field

respectively, while M stands for the proportionality factor termed as carrier mobility. In short
channel devices, the electric field within the channel increases considerably on gradually decreasing
the channel length. At such high electric field, the linear relation between carrier velocity and
electric field no longer exists due to optical phonon emission induced enhanced scattering rate of
these highly energized carriers resulting in an effective rise in transit time required by these carriers
to move through the channel. Drift velocities of both electron and hole saturate if the applied electric
field is abovel00 kV/em. In short-channel devices, the electric field near the drain attain excessive

value (could be more than 400 kV/cm).

- ___________________________________________________________________________________________]
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Fig. 2.17. Carrier velocity saturation with increase in gate voltage
(b) Impact ionization near the drain:

Application of sufficiently large drain-to-source voltage in a short channel MOSFET results in
another adverse performance degrading SCE called the impact ionization near the drain. As the
channel length gets scaled down, the electric field in the channel becomes considerably high near the
drain end which can well surpass the minimum field required for the initiation of impact ionization.
This occurs when a carrier moving through the channel from source to drain comes under the effect
of high electric field at drain end and gains sufficient kinetic energy to hammer an electron from its
bound state in valence band and provide it sufficient energy to move into a higher energy state in the
conduction band, forming an electron-hole pair as illustrated pictorially in Fig. 2.18. The
phenomenon thus explained is referred to as electric field induced impact ionization. As the mobility
of electron is more than that of holes, the chances of electron induced impact ionization in nMOS is

much more than hole induced impact ionization in pMOS for obvious reasons.

Considering the occurrence of electron induced impact ionization under a high channel electric field
for an ultra scaled MOSFET, most of the electrons generated from the resulting electron-hole pair
formation get accelerated towards the drain due to the high positive drain bias, while the holes reach
the substrate to contribute to the parasitic substrate current. For an n-channel MOSFET, the
channel region between the n type source and drain can act as the p type base of an n-p-n BJT with
the source and drain acting as emitter and collector terminals of equivalent BJT respectively.
Accumulation of holes (generated due to impact ionization) in the substrate region may create a
voltage drop sufficient to forward bias the normally reverse biased substrate-source junction which

in turn will result in injection of large number of electrons from the n-type source into the channel
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eventually increasing the current. These newly injected electrons again come under the influence of
high electric field existing in the channel and gain sufficient kinetic energy to initiate creation of
more electron-hole pairs, thereby making this high field induced impact ionization a cumulative

process altogether.
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Fig.2.18 Hot carriers lead to impact ionization generating electron-hole pairs
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(¢) Carrier heating or Hot Electron effect:

Successive trend of device downsizing increases the horizontal electric field strength between
source and drain which is sufficient to heat the carriers near the drain end to a very high kinetic
energy resulting in another short channel effect which we normally call ‘hot-electron effect’. This
term was first coined by Conwell [2.31] to explain the behavior of non-equilibrium electrons in
semiconductor crystal. Under such scenario, the electron distribution can be represented using
Fermi Dirac distribution function, but with a higher effective temperature. This effect can be
neglected in metals as electron mobility in metals is not dependent on energies. However, for
semiconductors, this ‘hot-electron effect’ is very much contextual due to the dependence of electron
mobility on effective temperature. The term ‘hot- electron’ basically implies electrons having
sufficient kinetic energy which enables them to even penetrate through the semiconductor material
instead of their normal conduction through the channel generating device current. While penetrating
with excessive kinetic energy, the electrons give away their excess energy in the form of phonons.
Existence of high electric field near the drain end in short channel MOS enables ‘hot’ electrons to
jump from the drain into the gate or substrate, thereby resulting in device heating and consequently

an increase in device leakage currents.
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(d) Parasitic Bipolar Effect:

This short channel effect comes hand in hand with the impact ionization effect explained earlier.
Excess electron-hole pairs are generated due to high drain-to-source electric field induced impact
ionization near the drain end. The holes thus generated get accumulated in the substrate region
resulting in a net positive charge to build up in the p-type substrate with respect to the grounded
source which serves the purpose of forward biasing the otherwise reverse biased source-substrate
junction of an nMOS. This phenomenon is termed as ‘Parasitic Bipolar Effect where the n-type
source, p-type substrate and n-type drain constitute an n-p-n parasitic transistor. Forward biasing of
the substrate-source junctions encourages injection of electrons from the n-type source into the p-
type substrate underneath the inversion layer which in turn increases device current. These newly
injected electrons comes under the influence of high electric field near the drain and participates in
impact ionization resulting in avalanche multiplication of the number of electron hole pairs. The net
positive feedback existing between the avalanche breakdown and the parasitic bipolar action results

in breakdown at lower drain voltage threatening device reliability.
(e) Gate oxide charging:

Proportionate downscaling of gate oxide thickness in association with channel length minimization
offers serious threat to oxide reliability resulting in breakdown of oxides. From the ongoing
discussion, it can be well understood that continuous shrinkage in device dimension results in
uncontrolled increase in both horizontal and vertical electric fields existing in the channel region
which become sufficient to heat up the channel carriers to a high kinetic energy value enabling the
so called ‘hot’ carriers to ascend into the gate oxide by surmounting the potential barrier existing at
the interface between gate oxide and silicon channel. Buildup of these hot carriers in the gate oxide
slowly degrades the quality of the oxide layer affecting the threshold voltage negatively which may
eventually result in breakdown of oxide layer. This performance degrading effect in short channel
devices is a kind of SCE named as time dependent destructive breakdown (TDDB) or hot
electron aging. This alarming issue threatening the reliability of oxide layer may be addressed by
replacing conventional silicon-di-oxide (SiO2) by some alternative high-k dielectric oxides like HfOq,
Al203, ZrO and TiO with higher relative permittivity as compared to SiO2. Larger value of relative
permittivity of such high-k dielectric oxide facilitate the realization of same gate capacitance using
a much thicker oxide, thus mitigating the reliability and breakdown issues related to scaled gate

oxide layer.
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3. Physical separation between drain and source decreases:

As the channel length of low dimensional devices is scaled down, some of the major short channel
effects resulting from the reduction of physical separation between the source and drain regions

[2.32] can be summarized as follows:
(a) Channel Length Modulation:

The channel-length modulation (CLM) is a very common short channel effect affecting the drain or
output characteristics of short channel devices. If the bias applied to the drain terminal of a short
channel MOSFET is increased, the depletion region at the drain side widens and intrudes into the
silicon channel resulting in considerable reduction of effective channel length which approximately
becomes equal to the actual or metallurgical channel length minus the depletion region width at the
source and drain junctions. This effective decrease in the channel in turn increases the current
beyond saturation which can be clearly visualized from the existence of a finite non-zero slope in the
drain characteristics of the device as shown in Fig. 2.19. The CLM effect is more prolific in small

devices with low doped substrates.
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Fig. 2.19 Structure and current-Voltage characteristics of a MOSFET considering channel length modulation

(b) Punch through

On continuously increasing the applied drain bias, the drain side depletion region becomes more and
more wide and an extreme situation of channel length modulation may occur where the source and
drain depletion regions become so close, that the effective channel length almost reduces to zero.
Such extreme case of channel length modulation is termed as punch through. Thus, the channel
region underneath the gate becomes the function of drain voltage and causes an undesirable rapid
increase in the drain current with an increase in drain voltage.

e
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Apart from the major short channel effects discussed so far, there are some other issues like gate
leakage current, random dopant fluctuation, source-drain resistance and some fabrication process

related limitations [2.33] affecting the operation and performance of low dimensional devices.

2.2.2 SILICON ON INSULATOR (SOI) MOSFET:

The significant challenges associated with the scaling of planar CMOS can be alleviated by
adopting several recently proposed non-conventional geometry MOS structures in order to continue
with the scaling trend specified by ITRS. Silicon-on-Insulator (SOI) technology can be considered as
a possible alternative to conventional bulk MOSFET when the ongoing trend of device dimension
down scaling of MOSFET transistors can no longer be continued due to fabricational and operational
limitations. Alternative SOI devices exhibit significant performance improvement to keep up with
future Si technology. The primary aspect leading to a boom in SOI technology is that it still
maintains silicon wafers to be basic starting point in the fabrication of integrated circuits by dint of
being cheap compared to other semiconductors. Moreover, silicon facilitates the formation of a good
oxide layer on its surface.

Different SCEs were studied experimentally by Young et. al. [26] and simulated as well to
establish the efficacy of thin-film SOI MOSFETSs in effectively subduing these detrimental SCEs as
compared to conventional MOSFETSs. This superiority of thin-film SOI devices is primarily due to
thinner source/drain junction depths. For example, the junction depth of a SOI MOSFET is taken as
50-100 nm compared to the junction depth of 100-200 nm for the same gate length. The surface
CMOS SOI MOSFET technology has been developed in parallel with the bulk CMOS technology. The
family tree of SOI MOS technology is shown below:
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Fig. 2.20 SOl MOSFET technology road map

At first, Silicon On Sapphire (Al2Os) SOS transistor was proposed as early as in 1960. In this
structure, sapphire was used as insulator. After observing the successful behavior of SOS MOSFET's

for almost 20 long years, the researchers were motivated to realize Partially Depleted (PD) and Fully
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Depleted (FD) Silicon-on-Insulator (SOI) MOSFET structures in the early 1980s and these were
implemented to design circuits of microprocessors and memory chips. Journey from SOS to SOI
involves the replacement of the mono-crystalline substrate, sapphire (Al203) (Figure 2.21 a) by a

silicon dioxide layer (BOX - buried oxide) grown on silicon substrate (Figure 2.21 b).
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Fig 2.21 Cross sectional view of Silicon On Insulator (SOI) MOS device

The major advantage of the most promising alternative SOI technology over the conventional
MOS technology is the existence of a buried oxide layer clearly shown in Figs. 2.22 and 2.23 which
enables the SOI devices to attain increased scalability, very high operating frequency, low leakage
currents and radiation hard operations in different applications. The presence of a layer of buried
oxide (BOX) underneath the channel region prevents the extension of drain/source depletion regions
into the substrate, thereby reducing the parasitic capacitances. This unique structural improvisation
by incorporating the BOX layer results in many significant advantages in SOI devices. Some of them
are: 1) higher frequency of operation due to a lower parasitic capacitance, (i1) lower electric power
dissipation due to reduced device leakage currents and (iii) ability of the BOX layer to remove
radiation related performance degradation. The manufacturing compatibility with the existing bulk
silicon CMOS technology represents a very important benefit for the SOI technology because of the
need to keep the cheap silicon semiconductor as the base technology while developing further
innovative devices. On the other hand, with the advent of some novel devices (like dual gate DG SOI
MOSFET transistors) in the innovative SOI technology, the short channel effects are greatly

minimized with a simultaneous improvement in sub-threshold slope.

Despite of having a plethora of advantages over conventional MOS technology, the newly proposed
SOI device structures are not completely free from all sorts of short channel effects. Some of the
notorious short channel effects existing in SOI devices are mainly due to floating body effect
(especially in the partially depleted SOI devices) where the silicon substrate just below the gate does

not have any electrical connection to some external bias, leaving a neutral region between the upper
|
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and lower silicon interface. This floating body effect triggers several undesirable short channel
effects in SOI devices namely: drain current overshoot, kink effect, latch effect, self heating effect,
difficulties associated with Si thickness control for ultra thin Si films etc. In short channel SOI, the
existence of BOX layer again induces a fringing field effect where drain and source electric fields
terminate on the BOX oxide and back substrate interface, giving rise to a drain induced virtual bias
on the back gate. This virtual back gate bias together with two dimensional charge sharing and
DIBL effects result in an additional threshold voltage reduction. Due to the presence of more than
one oxide and channels, the hot carrier degradation is more complex in SOI devices than bulk
MOSFETsS.

2.2.2.1 SOI Structure:

The unique feature of a SOI structure is the existence of a relatively thick (hundreds of nanometers)
layer of silicon oxide in between a thin layer (tens of nanometers) of silicon and the silicon substrate
[vide Fig. 2.24]. This layer of thick oxide isolating the silicon channel from the substrate is known
called the buried oxide or BOX layer which is grown by the oxidation of basic silicon substrate or by
oxygen implantation into silicon. Depending on the type of this thin silicon film on top of the BOX
layer, the resulting device can be either SOI device (if the silicon film is mono-crystalline) or thin-
film-transistor TFT @f the silicon film is polycrystalline). The thin silicon film is called the top Si
layer, the SOI layer, or just the Si film. The Si substrate beneath the BOX may be termed as Si
Substrate or supporting substrate. The SOI layer forming the body of a MOSFET is known as “Si
body” or “SOI body”.

Folysilicon F’Dly5|l|co

SlDz
Substrate (p-Si)

Substrate (p -Si)

Fig.2.22 A bulk MOSFET cross section Fig.2.23 A fully depleted SOl MOSFET cross section
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Fig. 2.24 The range of thicknesses of SOl and BOX layers

2.2.2.2 Operating modes of SOI MOSFET Devices:

Depending on the thickness of the thin silicon layer on top of the BOX layer, SOl MOSFETSs operates
either in fully depleted (FD) or in partially depleted (PD) regimes.

(a) Partially Depleted (PD) SOI MOSFET:

Figure: 2.25(a) shows partially depleted Silicon On Insulator MOSFET device. It is practically a
MOSFET transistor realized with SOI technology. In PD SOI, the depletion region does not extend in
the whole silicon film of SOI and therefore, a neutral region of undepleted Si layer exists, even after
biasing the device in the inversion. Thus, the silicon film thickness is greater than the maximum

gate depletion width. The neutral region of silicon is called “body”.

DEPLETION

" QUASI-NEUTRAL

Fig. 2.25: A cross view for a (a) partially depleted and (b) a fully depleted SOl MOSFET
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(b) Fully Depleted (FD) SOI MOSFET:

In Figure 2.25(b), a fully depleted SOI MOSFET is described. For a fully depleted SOI, the silicon
thickness should be lower than the gate depletion width, which thus covers the entire silicon film
under the oxide-semiconductor interface even before the gate voltage reaches the threshold
condition, thereby eliminating floating body effects. The buried oxide must be very thick in order to
drastically reduce the junction capacitance. However, following the scaling rule, the BOX thickness
1s also exposed to scaling process. Reduction of BOX thickness results in a better electrostatic control
of the multi-gate SOI MOSFET transistors, at the cost of increased parasitic capacitances and

reduced circuit speed.

A fully depleted device is more advantageous than a partially depleted device as it offers the
following benefits: immunity from soft-error [2.34], protection from kink effect [2.35], increased
circuit operating speed, reduced power consumption with substantial improvement in sub-threshold
swing [2.36]. Moreover, fabrication of FD SOI devices is easier than bulk devices due to a lesser

number of masks required in fabrication [2.37].

2.2.2.1 Advantages of SOI MOSFETSs:
The performance advantages of a SOI MOSFET attributed by the presence of the BOX layer

underneath the conducting channel are summarized below:

(a) Reduced Parasitic Capacitance:

The schematic diagram in Fig. 2.26 illustrates various components of parasitic capacitances in
bulk and SOI MOSFETSs. It can be seen from the said figures that the existence of thick layer of
S102 (BOX layer) underneath the silicon channel by virtue of having much reduced dielectric
permittivity than silicon considerably reduces the source-substrate and drain-substrate parasitic
capacitances which effectively increases the speed of SOI devices. The relation between power

consumption and access time has been illustrated in Fig. 2.27 considering a 4 MB SRAM.

- ___________________________________________________________________________________________]
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Fig. 2.26 Parasitic capacitances in bulk-Si and SOl MOSFETs

For a particular power consumption, presence of the BOX layer in SOI devices improve their speed
performance by almost 20-25% compared to an equivalent bulk device by significantly reducing the
parasitic capacitances. Moreover, power consumption of a SOI device is reduced by half to one-third
of that required by bulk MOSFETsSs to achieve a certain access speed. This momentous improvement
in speed and power consumption attained with SOI devices corresponds to performance gain

obtained by jumping one technology node ahead.
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Fig.2.27 Power consumption and access time behavior for a 4 MB SRAM (SOl vs bulk)

(b) Ideal device isolation:
Normally, adjacent SOI devices are isolated from each other laterally by an insulator film. The

existence of a thick BOX layer provides an additional level of vertical isolation between adjacent SOI

devices [2.38].

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 66



(c) Smaller layout area:

The near ideal device isolation provided by the incorporation of a BOX layer facilitates closer
packaging of the SOI devices as compared to the bulk ones. The n* and p* diffusion regions can be
connected together forming the output of CMOS inverter due to the presence of the buried layer.
This reduces the overall size of the individual SOI MOSFETs resulting in a higher circuit package
density [2.25, 2.38].

(d) Latch-up prevention:

The problem of accidental latch up in conventional bulk MOSFET based CMOS circuit sets a
limit on the maximum operating voltage. Latch up occurs when the parasitic PNPN or NPNP
thyristor existing in a bulk MOS based CMOS (shown in Fig.2.28) turns on. This issue can be solved
in SOI devices having a BOX layer which insulates the source/substrate and drain-substrate p-n
junctions (illustrated in Fig. 2.28) eliminating any chance of such parasitic capacitance formation.
This particular feature of SOI based circuits makes them automatically immune to latch up induced
breakdown mitigating the need of any special circuit or fabrication process to prevent latch up [2.25,

2.38].

Bulk-Si CMOS
GND 7 N VoD

S0l CMOS
= Mo latch-up patkh
» Easy isolation
BOX = Direct contact

betweaen
p* and n*regions

Fig. 2.28 Bulk device showing parasitic thyristor and a SOl showing absence of such parasitic
thyristor

(e) Small p-n junction leakage current:
SOI MOSFETSs come with an inherent advantage of ultra thin silicon film where the n+ and p+
regions are formed by doping the thin regions by relevant dopants creating p-n junctions only at the

sidewalls of those shallow diffused regions. The reduced depth of these p-n junctions leads to a
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remarkable decrease in junction leakage currents which is a critical requirement for low stand-by

power applications (mobile phones, PDAs for example) in order to enhance battery life.

() Stacked gate speed improvement:

The floating body effect witnessed in SOI MOSFETSs keeps the body of the device floating unless
some special layout is designed so as to connect the body to ground potential. Let us consider a
NAND gate implemented with bulk Si MOSFETSs for example. It can be seen from Fig. 2.29 that the
bodies of both the pull-down transistors are grounded allowing the flow of current to ground, thereby
developing a negative bias in the body region of a pull-down transistor. This problem of negative
body bias increases the threshold voltage resulting in higher fall time. On the other hand, if the
same NAND circuit is implemented using SOI MOSFETSs, the body attains a positive bias leading to
a lower threshold voltage and consequently a larger drain current and a lower fall time, thereby

improving the speed of performance [2.25, 2.38].

4 -

f - Output Z
I [

Stacked input

Input A
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Fig. 2.29 A stacked gate circuit implemented with bulk-Si MOSFETs
(2) Reduced SCEs:
SOI MOSFETSs with ultra thin body have reduced source/drain region depths. This ultra thin
channel region allows better gate control over the channel potential profile resulting in an effective

reduction of various short channel effects [2.25, 2.38].

(h) Radiation hardness and good soft-error immunity:

Trace amounts of radioactive elements existing in IC materials are the source of various
unwanted highly energized radioactive particles (neutrons or alpha particles etc.). These generated
radioactive particles possess high energy in the range of about 5MeV making it possible for them to
penetrate through silicon upto depths of 25um! As these highly energized particles penetrate
through the silicon crystal, electron-hole pairs are generated along their path of movement which
results in an effective accumulation of positive and negative charges of almost 10fC per micron

sufficient enough to destroy the stored memory charge of a DRAM cell or to disturb the memory state
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of an SRAM cell. Soft errors are also caused by neutrons generated as a result of secondary cosmic
rays. Figure 2.30 depicts the soft error rate (SER) for a 64-kbit DRAM formed on an SOI substrate as
a function of the thickness of the SOI layer. On careful observation, it can be inferred that the SER
decreases as the layer becomes thinner. Innovative SOI structures removes these radiation-related
issues as most of the electron-hole pairs generated by alpha particles are blocked by the BOX and are

not allowed affecting the device layers.
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Fig. 2.30 Depiction of the soft-error rates

2.2.2.3 Some characteristic features of SOl MOSFETs:
Some intrinsic characteristics of SOI MOSFETs are now being discussed below to gain a better

insight about the device operations.

(a) Kink effect:

This particular feature is observed in the drain characteristics of SOI MOSFETSs where a sharp
rise in drain current occurs beyond a specific drain voltage keeping the gate voltage fixed at a certain
value. This sharp rise in drain current is known as ‘kink effect’ which is basically caused due to a
combined effect of impact ionization and parasitic bipolar effect discussed earlier. Considering an n-
channel SOI, the electrons moving with high kinetic energy towards the drain gain sufficient energy
to generate additional electron-hole pairs by impact ionization induced by high drain electric field.
The newly generated electrons come under the drain bias pull and move towards the drain and
contribute to the increase in drain current. On the contrary, the newly generated holes move towards
the source and accumulate in the body region increasing the body voltage leading to threshold
voltage drop and subsequent increase in drain current. This abrupt rise in drain current at a
particular drain voltage is known as ‘kink effect’ which is most commonly evidenced in PD SOI

MOSFETSs due to the undepleted body [2.25, 2.38-2.39].
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(b) Dynamic Floating body effects:

The undepleted body is isolated from the main channel region and does not have a fixed
potential. The effect of different values of body potential on the device performance is collectively
termed as “floating body effects’. As the PD SOI MOSFETs have a layer of undepleted body, the
floating body effects are more commonly observed in PD SOI [2.38-2.39]. On the contrary, the FD
SOI shows stable performance unaffected by dynamic floating body effects. The holes generated as a
result of high drain electric field induced impact ionization accumulate in the body altering the body
potential which leads to dynamic floating body effects evident from the device behavior when it is

operating in a circuit.

(c) Parasitic Bipolar Effects:

The drain electric field induced impact ionization results in the creation of electron-hole pairs out
of which the holes mount up in the body region. Considering n-channel SOI, the body region rich
with holes along with the n+ source and drain regions forms a ‘parasitic bipolar transistor’ with
the source, body and drain terminals functioning as the emitter, base and collector terminals of the
parasitic bipolar transistor respectively. Such parasitic bipolar transistor is typically more common
in PD SOI compared to FD SOI due to the undepleted body region. Normal operations of a device get
severly hampered by such a ‘parasitic bipolar transistor’. Some of the negative impacts are: an
observable reduction in threshold voltage, steep sub-threshold slope, reduction of the source-to-drain

breakdown voltage, undesired single transistor latch phenomenon etc. to name a few [2.38-2.39].

(d) Threshold Voltage Roll-Off (TVRO):

One of the most common short channel effect observed in nano dimensional devices is the
proportionate decrement in device threshold voltage with a reduction in the dimension of channel
length and is known as ‘Threshold Voltage Roll-Off (TVRO)’. SOI MOSFET, being an improvised
non-conventional semiconductor device, mitigates several performance degrading short channel
effects compared to conventional MOSFETs. Thus SOI (particularly FD SOI) devices show

significant improvement in threshold voltage roll off characteristics [2.38-2.39].

(¢) Sub-threshold slope:
Another important characteristic of SOI MOSFETSs is their steep sub-threshold slope close to the
limiting value of 60mV/decade. Again, the FD SOI excels the PD SOI in sub-threshold behavior due
less SCEs [2.38-2.39].
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(F) Self Heating Effect (SHE):
The performance improvements evident in SOI MOSFETSs are mainly attributed by the presence of
an insulating BOX layer isolating the body region from the silicon channel. However, this BOX layer
itself is again responsible for another unavoidable issue of poor thermal behavior in SOI causing
heating effect as shown in Fig. 2.31. Due to the BOX layer insulation, heat generated in the channel
due to drain current is not able to escape through the buried layer which in effect increases the
temperature of the high power consuming device substantially higher than that of its surroundings.
This phenomenon is termed as ‘self-heating’. Self heating effect enhances lattice temperature
which, in turn, degrades carrier mobility. Now, it is well known fact that the electron mobility is far
more than hole mobility. Moreover, the chances of high temperature scattering induced mobility
degradation is more for electrons than holes. These two factors attribute to the prominence of self-
heating effect in NMOS transistor compared to PMOS equivalent. Mobility degradation in turn
negatively impacts the drain current and causes almost 6-7% reduction in saturation current in
nSOI devices. The self-heating effect is a serious threat to device performance and reliability which
can affect the operation of SOI MOSFETSs through a variety of mechanisms such as reduced drive
current, excess hot carrier current generation, diminished breakdown voltage and accelerated turn-

on of the parasitic bipolar transistor.

tax2
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n-channel
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Fig.2.31 Theoretical model of self-heating

2.2.2.4 Disadvantages of simple SOI structure:
From the discussions so far, it can be inferred that SOI shows significant performance improvements
over conventional MOSFET. However, short channel SOIs are still limited by some inherent
drawbacks which are mainly due to the various SCEs. The disadvantages can be synopsized as [2.40-

2.43]:

1. Floating body effects in partially depleted SOI MOSFETs results in ‘Kink effect’ in

DC circuits resulting in drain-current overshoot in switching circuits [2.41].

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 71



1. Dynamic floating body effects and parasitic bipolar effects are inherent
features of the SOI structure which are very difficult to mitigate [2.42]. These become
significant in ultra low dimensional SOI structure thereby degrading device

performance.

1ii. The body-source junction gets accidentally forward biased by high drain voltage,

thereby resulting in sharp rise in off-state leakage current.

iv.  Fabrication of ultra-thin films is crucial for the realization of fully depleted SOI
devices. This involves many critical design adjustments for growing such thin films

[2.40].

V. Buried oxide-silicon layer interface quality must be very good in order to ensure

reduced interface scattering and other effects.

vi. The lower thermal conductivity of silicon oxide in the BOX layer of SOI structure
leads to self heating effect, which can seriously impact device performance and

reliability through a variety of mechanisms [2.43].

SOI structure is more immune against different SCEs compared to short-channel conventional
MOSFETS, but it is not fully free from the adverse effects of SCEs. So there are plentiful scopes for
further performance upgrading [2.44].

2.2.2.5 Some improved SOI Structures:

Researchers are continuously putting effort to propose several improvised non-conventional device
structures capable of solving the problems of SCE induced performance deterioration in sub-nano

dimensional SOI MOSFETSs. Some of those alternative devices have been presented below:

(a) Metal Source and Drain SOI MOSFET:

Thin-film SOI MOSFETs comes hand-in-hand with the unavoidable problem of increased resistance
of source and drain regions. This issue can be addressed by realizing the source and drain regions to
be formed of metal or silicide which requires formation of ohmic contacts between source/drain and
channel along with careful prevention of formation of Schottky barriers between source-channel or
drain-channel regions. A very low (ideally zero) Schottky barrier is desirable for allowing the
establishment of the required ohmic contact. Existence of such low Schottky barrier in a metal

source/drain SOI MOS makes the height of the barrier dependent on applied gate bias when the
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device operates in inversion mode. Thus, to avoid this dependence, SOI MOSFETs with metal or

silicide source/drain regions are preferably operated in accumulation mode [2.45-2.46].

(b) Metal gate SOI:

Polysilicon gates are normally used for long channel MOSFETs. However, following scaling trend,
when the device dimension reaches sub 100nm regime, several operational difficulties associated
with boron penetration, poly-Si gate depletion and high gate resistance come into play and
negatively affects device performance [2.47]. These problems triggered the need to search for some
alternative gate. The concept of using a metal as gate electrode was first proposed by Ushiki et. al
[2.48] and was experimentally demonstrated by replacing poly-Si gate by tantalum gate as shown in
Fig. 2.32 which presents a comparative analysis between metal and poly-Si gate in terms of their

respective threshold behavior.
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Fig. 2.32: Variation of threshold voltage with respect to channel length of an FD SOI n-channel MOSFET

device using tantalum and polysilicon gates [2.48]

The basic idea of metal gate was to modify the threshold voltage of SOI devices by utilizing the
workfunction of tantalum instead of the thin-film doping concentration of poly-Si gate. A
comparative analysis of threshold voltage variation with respect to the channel length of a FD SOI
NMOSFET with tantalum and polysilicon gate electrodes having film thickness of 100nm, front gate
oxide thickness of 5nm and a buried oxide thickness of 420nm can be observed from Fig.2.32 [2.48].
The purpose of threshold voltage adjustment can be done by proper selection of work function value
of the metal to be used as gate electrode. This mitigates the problems associated with polysilicon

gate depletion in polysilicon gates, which in turn reduces several SCEs [2.49-2.50].
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(c) Thin body FD SOI with raised source/drain:

Presence of unwanted sub-surface leakage paths in low dimensional devices is one of the major SCE
degrading device sub-threshold characteristics. These leakage paths in SOI devices can be avoided
by chosing thin silicon films making them thin-body FD SOI MOSFETSs. Carriers flow from source to
drain in such thin-body MOSFETSs through the restricted thin silicon film in close proximity with the
gate electrode which thus has excellent control over the lightly doped conducting channel. Thus,
adopting thin-body low dimensional device structures alleviates the problems associated with
threshold voltage variation as a result of random dopant atom variation in highly doped channels

and channel impurity scattering induced mobility degradation [2.51].

Thin body structures on the other hand, have thin source/drain regions which effectively increases
the source/drain series resistances resulting in subsequent deterioration in device current. This
problem of high series resistance of thin source/drain regions can be solved by using the concept of
raised source/drain regions as proposed and experimentally demonstrated by Choi et. al. [2.52]. Fig.

2.33 (b) depicts a raised source/drain MOSFET structure.
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Fig. 2.33 Comparative study of device structures for (a) a conventional MOSFET and (b) a raised source/drain
thin-body transistor [2.51]

However, parasitic capacitances between the raised source/ drain and the gate will inherently exist
in such raised S/D structures which become the primary deterrent factor affecting the speed of
operation and power consumption. If the distance between the raised S/D and gate is increased, the

parasitic capacitances are reduced in addition to proportional increase in series resistance. This
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mandates the need for an optimization between the drain current reduction and parasitic

capacitance formation while considering such a raised S/D MOS structure.
(d) Ground plane SOI MOSFET:

Uncontrolled penetration of electric field lines from the drain and source regions into the channel
region through the buried oxide (BOX) layer can be considered as another possible short channel
effect. This unwanted field line penetration can be prevented by adopting some new device
structures [2.53-2.55] with ground-plane formed in the substrate region underneath the BOX layer.
This can be done using two approaches as depicted in Figs. 2.34 (a) and 2.34 (b). In Fig. 2.34 (a), it
can be seen that a heavily doped region can be placed in the substrate underneath the BOX layer
either between the source-channel or drain-channel which serves the purpose of blocking the
penetration of electric-field lines. Yet another approach of blocking this field-line penetration is
demonstrated in Fig. 2.34 (b) where the heavily doped electric field stop is grown just below the
conducting channel. These electric field stop regions improve the SCEs and subthreshold slope
significantly by preventing unwanted field line penetration from the drain/source regions into the

channel region [2.53].

Fig. 2.34: Ground plane or ‘electric field stop’ grown under (a) source-channel and drain-channel junction
[2.54] or (b) channel region [2.55]
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(e) Graded channel SOI:

Yet another approach for mitigating short channel effects in sub-nano devices is the use of graded
silicon channel. A comparative picture of threshold voltage variation with channel length for a

uniformly doped channel and graded channel SOI MOSFET is depicted in Fig. 2.35.
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Fig. 2.35: Variation of threshold voltage vs channel length of SOl MOSFET with uniform and graded channels
[2.56]

In case of a graded channel, the doping concentration at the center of the channel is same as that of
a uniformly doped channel; while the source and drain ends of a graded channel are heavily doped
using gate-edge (GE) implant techniques. The heavily doped drain and source ends of the graded
channel helps to achieve considerable improvement in subduing the short channel effects, especially

at large drain voltage, as compared to an equivalent uniformly doped channel device.

Instead of using graded channel, a thin-film device with heavily doped channel may also be used to
suppress the destructive SCEs. This approach, however, comes hand in hand with the problem of
excessively high value of threshold voltage required to achieve channel inversion in such a heavily

doped channel.
() HALO doped SOI:

Another promising approach to alleviate the problems associated with short channel effects in ultra
low dimensional devices is the use of HALO or pocket doping technique where a selected region is
much heavily doped compared to the rest of the channel. HALO implantations are found to be
beneficial for various applications. Selective HALO implants reduce the off-state leakage current and
increases linear and saturation region drive currents of transistors operating as digital switches. On
the other hand, HALO implants are essential for analog base-band applications using longer channel
transistors. However, HALO implants adversely impact high speed applications of short channel

transistors operating in strong inversion [2.57]. A high dose HALO implantation increases the kink
- |
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effect in PD SOI and affects the distortion characteristics of SOI transistors operating as resistor
[2.57]. It was experimentally demonstrated by Taur et. al. [2.58] that a MOSFET of channel length
25 nm exhibits excellent SCE suppression if its channel and body regions have super-HALO highly
non-uniform two dimensional doping profile. Recently, different research groups have reported
asymmetric single HALO (SH) doping for bulk [2.59-2.66] as well as SOI MOSFETSs [2.63-2.64]. A
schematic cross sectional view of a typical SH SOI n-channel MOSFET [2.63] is shown in Fig.2.36.
Single HALO doping carefully adjusts the threshold voltage, thereby suppressing the harmful short

channel and hot carrier effects.
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Fig. 2.36: Cross-sectional view of a single-halo (SH) doped n-type SOl MOSFET [2.63]

(g) Multiple gate SOI MOSFET:

Conduction in conventional long channel MOSFETs is attributed to the accumulation of channel
charge and formation of inversion layer controlled primarily by the gate induced vertical electric
field. But, when the device dimension approaches sub nano regime, the intrusion of electric field
lines from the drain into the channel region results in two dimensional charge sharing where both
gate and drain electric fields simultaneously control the channel charge. This, naturally reduces the
sole gate control over the channel charge, thereby leads to various unavoidable short channel effects.
Some special structures known as ‘multiple gate’ SOI MOSFETSs are recently gaining significant
research spotlight due to their abilty to mitigate the SCEs associated with the unwanted
infringement of electric field lines from the drain end. Multiple gate structures can be double-gate
transistors, triple-gate transistors, quadruple-gate transistors, gate-all-around transistors, m-gate
transistors, DELTA transistor and vertical pillar MOSFETs etc. [2.67]. Presence of more than one
gate enhances the overall control of gate electrode on the channel charge, increases device drive
current due to the volume inversion phenomenon and show improved sub-threshold slope, thereby

resulting in better device scalability [2.68-2.70].
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Extensive research is being done on multi-gate MOSFETSs. There are mainly two categories: planar
and vertical. The planar multi-gate device structures are basically improvised SOIs comprising
of ground plane and back-gate devices. Some innovative vertical multi-gate structures are FinFET

[2.71-2.74], Omega FET [2.75] and Tri-gate [2.76] structures as shown in Fig. 2.37.
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Fig. 2.37: Double-gate, triple-gate, gate all around (GAA) and N-gate SOl MOSFETSs [2.67].

A planar dual-gate device can be operated in two modes: tied gate or independent gate. In tied gate
mode, both the front and back gate electrodes are connected together to the same gate voltage and
simultaneously control the channel charge providing better sub-threshold characteristics and
enhanced scalability. In independent mode, the front and back gates are operated separately with
two gates independently connected to separate gate voltages. This enables front-gate threshold
voltage control using back gate bias. However, the two independent gates introduce an additional

gate-to-gate capacitance.

The concept of double-gate was first recommended by Hayashi in 1984 [2.77] and it exhibited
enhanced gate control over the channel charge leading to increased transconductance due to the
volume inversion effect [2.78] and better subthreshold slope. Since then, double-gate devices have
been fabricated and experimentally studied by several groups. However, the fabrication of double
gate MOSFETSs involved complex process steps like lateral epitaxial overgrowth and an underneath
cavity etching [2.79] making double gate devices somewhat commercially unpopular. Moreover, the
silicon channel thickness existing between two gates is usually smaller than the physical gate length
of the nano scale device. Thus, patterning of such ultra thin film poses a difficult challenge in

fabricating double-gate transistors.

The Tri-Gate device is a mesa-isolated SOI device where the gate electrode wraps the entire active
silicon channel. The three surfaces i.e. two sides of height H, and the top surface of width W
simultaneously control channel charge conduction. The conduction in the corners, where two side
surfaces meet the top surface, is a critical contributor to the device operation. On the contrary, the

FinFET has a higher aspect ratio than the Tri-Gate device. The top surface is covered by a thick
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oxide and does not contribute to the channel conduction. The ‘fin-width’ is defined by its height and

width and the ‘fin-height’ is defined by the thickness of the active silicon channel.

In order to enhance the scalability of low dimensional devices to a further extent, surrounding gate
or gate all around devices have been gaining significant research interest by dint of their unique
feature of gate wrapped channel. The most fascinating feature of the surrounding gate MOSFETs
lies in its novel device geometry which significantly enhances the device packing density along with
providing a host of advantages. The surrounding gate electrode encircling the channel on all sides
facilitates an enhanced electrostatic control over the channel conduction and results in remarkable
improvement in device sub-threshold behavior and better suppression of unwanted Short Channel

Effects (SCEs) in sharp contrast with conventional single and double gate counterparts.

Fig. 2.38 below compares different multi gate structures: double, triple, quadruple and II-gate
devices in terms of threshold voltage roll-off and DIBL in the same figure. The quadruple gate
provides the best performance with I1-gate being the close competitor. The results show that the gate
electrode of the above mentioned structures provide efficient shielding of the channel from the

electric field lines originating from drain.

¢ Double Gate
400 A Triple Gate
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B TI Gate
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Fig. 2.38: Comparison of TVRO and DIBL in double, triple, quadruple and M-gate SOl MOSFETSs [2.67]

(h) Dual Material Gate (DMG) SOI MOSFET:

When the device dimension of conventional MOSFET is scaled down to sub 100nm, sub-threshold
current begins to flow even if the gate voltage is well below the threshold voltage. This occurs due to
two dimensional charge sharing by both gate and drain applied biases due to an increase in drain

electric field resulting in several short channel effects, especially DIBL. Some structural
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improvisations need to be done on the basic MOS structure so as to reduce the drain side electric

field and its consequent impact upon the channel.

Fig. 2.39: Dual Material Gate (DMG) SOl MOSFET

Proposed by Long et. al. [2.80], the Dual Material Gate system is a possible solution for these SCE
associated problems in ultra low dimensional devices by exploring the concept of “gate-material
engineering”’ to adjust the threshold voltage as an alternative of conventional “doping engineering”.
In DMG, two different metals having different workfunctions are amalgamated side by side forming
a single gate electrode as shown in Fig. 2.39. The discontinuity in workfunction value at the junction
of two metals introduces a step in the surface potential profile [2.80] which screens the source side
potential barrier from any random variation in drain bias, thus mitigating the DIBL induced
performance degradation. This step in potential profile increases the channel electric field and
subsequently improves the carrier transport efficiency in the channel. The DMG structure thus
allows the designer to choose the channel doping, thin-film thickness, buried oxide thickness and

permittivity flexibly in short channel SOI MOSFET design.
(i) Buried Insulator Engineering:

Fig. 2.40 elucidate threshold voltage roll-off variation with buried oxide permittivity as a result of
charge sharing and DIBL considering SOI MOSFETs with channel lengths of 30nm and 500nm
[2.81]. On careful observation, it can be understood that as the permittivity of the buried oxide is
reduced, there is a notable reduction in the penetration of electric field lines from the drain end into
the channel which has a direct effect in improving the DIBL along with other SCEs. But, the effect of

buried layer permittivity on the charge sharing is not so significant.
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Fig. 2.40: Variation of threshold voltage roll-off vs buried oxide permittivity due to DIBL and CS [2.46]

In this approach, normally used SiO2 in the buried layer of SOI can be replaced with sapphire,
silicon nitride, silicon carbide, gallium arsenide etc. attempting to improve device performance. It
can be noted that ‘air’ having the lowest permittivity of unity offers highest electrostatic isolation for
the active channel region from unwanted field line penetrations. Replacing the SiO2 BOX layer of a
SOI MOSFET with a layer of ‘air’ results in an altogether new structure known as Silicon-On-

Nothing MOSFET and has been discussed in the next section.

Some improvised alternatives to SOI devices:

2.2.3 Silicon On Nothing (SON) MOSFET:

Based on the concept of buried layer engineering, one of the most recently developed innovation on
SOI structure is the Silicon-on-Nothing (SON) MOSFET where the buried oxide of simple SOI
structure is replaced with air. It has been proved both theoretically as well as experimentally that
the layer of air-gap in the SON structure is capable of suppressing SCEs and exhibits excellent
electrical performance [2.82-2.84]. SON MOSFET is basically an improvised SOI structure which can
be considered as a lucrative alternative solution to achieve further scalability in SOI structures to

meet up with the aggressive scaling requirements of ITRS [2.85].
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Fig. 2.41 Silicon-on-Nothing (SON) MOSFET
2.2.3.1 Advantages of SON over SOI:

The major advantage of SON architecture as compared to a fully depleted SOI MOSFET is the
highest dielectric isolation of the active channel layer achieved by using ‘air’ as buried layer material
[2.86]. Lower permittivity reduces electrostatic coupling through the buried layer and relaxes the
requirement of an ultra thin silicon film. The presence of the buried ‘air’ layer embedded below the Si
active film having lower dielectric permittivity than oxide of SOI significantly reduces the parasitic
capacitances between source/drain and substrate, thereby considerably increasing the operating
speed of SON devices [2.88]. In addition to retaining all the advantages of existing SOI structure,
SON structure improves radiation immunity in extreme environment, reduces power consumption,
enhances further scaling capability, shows low noise, develops higher short channel effect immunity,

offers faster switching action and reduces cost [2.88].
2.2.4 Junctionless Devices

So far, some non-conventional MOSFET and SOI/SON devices have been discussed. All these devices
are mere improvised versions of the basic MOSFET transistors which are all junction based devices.
Wherever there is a contact between two semiconductor regions doped with opposite polarities, a
junction is always formed. A p-n junction is the commonest junction present in almost all
conventional semiconductor devices. The basic property of such a junction is to allow or block the
flow of current depending on the type of bias applied. The current conductivity of such junction based
semiconductor device is totally controlled by the junction itself which mandates precise fabrication of
high quality junctions, thereby triggering up the production cost excessively. Moreover, the
exponential increase in the device packing density as predicted by Moore requires extreme
miniaturization of the device dimension to produce smaller and more economical high performance

ICs. As a result, the dimensions of individual transistors in the ICs are becoming so small that it is
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exceedingly becoming difficult to continue with the conventional junction based devices. The major
difficulty to fabricate such nano scale junction based conventional transistors discussed so far is the
formation of ultra-sharp source/drain junctions for devices with dimensions in the range of sub-
nanometer. If the channel length is very small (~ 10 nm), the formation of ultra-sharp source and
drain junctions results in a considerable orders of magnitude difference in doping concentration over
a distance of a few nano-meters. This drastic concentration gradient imposes stringent conditions on

doping techniques and thermal budget.

In order to alleviate these problems, possible alternative, namely junctionless (JL) transistors are
reported in some recent literatures. Junctionless transistor is an age-old concept. As early as in 1928,
a junctionless device under the title “Device for controlling electric current” [2.89] was patented by
Julius Edgar Lilienfield and the proposed device was popularly named as Lilienfield transistor.
However, no research article was published. Basic operating principle of the proposed Lilienfield
transistor bear striking resemblance with that of normal MOSFETSs as in both devices, the channel
current is controlled by an external applied electric field just as a simple voltage controlled resistor.
The Lilienfield device had an ultra thin semiconductor film deposited on a thin layer of insulator
which is again deposited on a metal electrode functioning as the gate terminal. Two contact
electrodes are also present and the current flows between them akin to the drain current flowing
between the source and drain terminals of MOSFETs. The conductivity of the ultra thin
semiconductor film may be modulated by applying suitable voltage on the metal electrode which may
fully deplete the semiconductor film making its resistance almost infinite and thereby switching the
device to OFF state. The primary structural difference of the proposed Lilienfield device was that
unlike conventional transistors, it did not have any junctions formed. It was basically a gated trans-
resistor device where the applied gate voltage controlled the carrier density in the semiconductor
film, and thereby the current. The concept was undoubtedly unique. But the limitations in available
fabrication technology at that time did not allow Lilienfield to fabricate a working device based on
his concept. However, this unique feature of junctionless trans-resistor laid the foundation of a new
concept of Junctionless devices. Many years later in 2010, a research group at Tyndall National
Institute under J. P. Colinge were able to fabricate world’s first junctionless transistor [2.90] which
was a quantum leap in modern semiconductor industry. Since then, several research innovations
based on several structural improvisations on the basic junctionless transistor have been reported in

literature [2.91-2.99].

By virtue of this junctionless architecture, the type and concentration of channel doping are identical
to that of the source and drain extensions, thus eliminating the need to maintain doping
concentration gradient. This prevents the possibility of impurity diffusion during thermal processing

steps, thereby sufficiently relaxing the thermal budget making the fabrication quite simplified.

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 83



Consequently, the JL. MOSFETs are seen to exhibit significantly improved turn-on and output
characteristics, almost ideal value of sub-threshold swing, reduced source and drain resistances,
appreciably high value of device ON state current and improved DIBL [2.91-2.94] along with
interesting temperature characteristics which is attributed to the average sensitivity of carrier

mobility on temperature when the impurity concentration is sufficiently high [2.95-2.96].

It has been studied from the available literatures that the Accumulation Mode (AM) working
principle of thin-film double gate JL. MOS devices enables them to achieve significantly reduced
Drain Induced Barrier Lowering (DIBL) and Subthreshold-slope degradation as compared to
Inversion Mode (IM) conventional MOSFETSs [2.97-2.99]. Accumulation mode devices come with
some added features like reduced sensitivity to the issue of gate underlap or overlap along with
improved contact resistances. These devices are less sensitive to doping-fluctuations and thermal
instability due to negative bias compared to equivalent inversion-mode devices and seen to exhibit
less drain current variation with doping concentration. Extensive studies on junctionless transistors
by several research groups testify that the junctionless devices operating in accumulation mode
exhibit considerably improved short-channel electrical characteristics than conventional inversion

mode devices thereby making it a suitable candidate for future nano devices.
2.2.5 Gate Material Engineering

Miniaturization of device dimension has become essential to sustain the growth of semiconductor
and VLSI industry. However, it is evident from the above discussion that shrinking of device
dimension gives rise to several bottlenecks which degrade the performance of the devices operating
in sub-nano regime. Thus, continuous improvement in device performance can only be realized by
combining efforts of device dimension down scaling along with development of some innovative
device structures and improved material property, which is again limited by the fundamental
physical limits to satisfy the aggressive specifications of the ITRS. Exploring the concept of gate
work-function engineering may be another possible research avenue to realize devices with improved

performances.

It has been widely studied that Boron penetration, polysilicon depletion effects, short channel effects
pose a limit to future use of polysilicon gate. Due to these well-known problems, metal gates are
becoming a possible alternative to standard poly-Si gates [2.100]. However, in spite of solving the
problems associated with polysilicon, metal gates also face some stringent limitations such as
chemical or thermal instability of high permittivity dielectric, adequacy in the range of available

metal work functions, annealing required for the passivation of unintentionally trapped interface
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charges, problems related to the damage of plasma layer as a side effect of cross contamination,

reactive ion etching or material deposition [2.101]. Some of these are briefly discussed below:

» Compatabity with High-k-Dielectric: The combination of a high-x dielectric gate oxide

material and a poly-Si gate is not suitable for high performance applications. The metal
gate electrode of a device operating in inversion mode efficiently protects the channel
region from effects of phonon scattering occurring in the high-k dielectric.

»  Depletion Effects due to Poly-Si : If donor doping concentration is much higher than

acceptor doping concentration, potential changes in the poly-Si gate are negligibly small.
However, if the poly-Si gates are lightly doped, the density of introduced dopants and
concentration of carriers are seen to be dependent on the position creating a built-in
electric field which is responsible for a built-in depletion occurring at the poly-Si/oxide
interface.

» High Gate Resistance : Gate conductor resistance (Rg) and the gate to substrate

capacitance (Cg) account for the delay in sub-micron range operation. Modern day CMOS
devices widely use stacked gate electrodes with silicide (metal + poly-Si) to employ the
inherent advantage of low sheet resistance of metal gates.

»  Reduction of Tunneling Probability: If the thickness of gate oxide dielectric is sufficiently

high, the carrier wavefunctions are not able to surmount the potential barrier and
interfere with the gate electrode. However, following the MOSFET scaling rule, the gate
dielectric thickness must be reduced along with the channel length to enhance the gate
control, avoid short-channel effects and transconductance degradation. As a consequence,
quantum mechanical tunneling takes place. Tunneling probability of carriers and
subsequent off state leakage current can be suppressed considerably by adopting metal

gates instead of poly-Si gates [2.102].

In 2D short channel devices, field at any point in the channel is a combination of vertical and
horizontal fields. By adjacently placing two or three materials with dissimilar work functions to
function as a single gate electrode, the vertical electric field at any point in the channel can be
suitably adjusted, which, in turn, modifies the overall channel electric field resulting in a remarkable
device performance improvement. This concept of ‘gate material engineering’ has already been
discussed by presenting a Dual Material Gate (DMG) SOI structure. It has been argued that the
dissimilarity of work functions of the two metals used in Dual Material Gate results in an abrupt
step in the channel potential profile near the junction between two metals. This step like feature
proves to be effective in suppressing the DIBL effect by screening the potential minima near the

source side from any random variation in drain bias which effectively improves the device short
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channel performance making ‘gate material engineering’ a possible research avenue to continue with

the trend of device dimension down scaling.

The idea of gate material engineering can be extended further based on some innovative research
works proposing the use of a metal alloy as gate electrode. Tsui et. al. [2.103] in their pioneering
publication on work function engineered gate electrode proposed the concept of using a binary metal
alloy as gate electrode for MOSFET applications. In recent times, Pan et. al. [2.104] proposed a
fabricated ZnCdSSe alloy nanowire having a continuously varying constituent mole fraction by
combining source reagent gradient along the device dimension in addition to a specified temperature
gradient. Some more research accomplishments suggested a pulsed layer deposition based
fabrication methodology for continuous spread thin film [2.105-2.107]. These published research
works establishes the fabrication feasibility of a binary metal alloy gate electrode (A.Bi-o) with

continuous lateral variation of pure constituent work function in near future.

Motivated by the fabrication feasibility of such spatial composition graded gate electrode, Deb et. al.
explored the idea of multiple material metal gate electrode to an extremely different level by
considering a binary metal alloy (A« B1.«) gate electrode in a SOI MOSFET where the concentrations
of individual constituent metals were continuously varied horizontally from source side (100% A) to
drain side (100% B) [2.108]. Since then, several publications are available in literature which
attempt to explore this novel concept of linearly graded gate electrode in various innovative device
structures [2.109-2.112]. The vertical field and consequently the overall field in this system will be
adjusted by the continuous variation of work function to reduce short channel surface potential
asymmetry [2.108-2.110]. This in turn controls the DIBL significantly and improves the device

performance by removing the uneven transition of surface potential and surface electric field.
2.2.6 Tunnel Field Effect Transistors (TFETs)

The tremendous escalation of present day nanoelectronics is dominated by the design and
implementation of non conventional high performance high speed ultra nano dimensional devices
requiring low voltages with low power consumption for which continuous downscaling of device
dimension and supply voltage is mandatory. Reduced dimension results in higher package density as
well as reduced gate capacitances, thereby increasing the operating speed of the devices. Similarly,
power consumption gets reduced by a reduction in supply voltage. However, when the channel length
of conventional MOSFET is scaled down to around 50 nm with a proportional reduction of supply
voltage down to 0.5V, overcoming the OFF state leakage current due to thermionic emission becomes
a daunting challenge. Gradual increment in the voltage applied to the gate terminal of a MOSFET

lowers the potential barrier in the channel enabling more carriers to move from the source to the
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drain region to contribute to the enhanced drain current. Dependence on thermionic emission is the
primary cause for higher OFF state current due to sub-threshold conduction resulting in a higher
value of sub-threshold slope. Thus, gaining a clear insight on sub-threshold slope (SS) becomes
crucial. Sub-threshold slope of a MOSFET is defined to be the change in gate voltage required to
increase the drain current by a factor of 10 [2.113]. Mathematically it can be expressed as:

-1
ss =[Mj :2_3k_T(1+MJ (2.13)
dVG q oxide

Where Cdepieiion 1s the capacitance of the depletion region and Cosxide is the capacitance of the gate
oxide. It can be well understood from the above equation that the lowest value of sub-threshold slope
possible for a MOSFET at room temperature is 2.3kT/q which amounts to be 60 mV/decade i.e.
changing the gate voltage by 60 mV results in the increase in drain current by a factor of 10. Thus,
in order to achieve Ion/Ioff ratio of 106, the required gate voltage is about 6x60mV=0.36V. This
fundamental limitation poses the greatest difficulty for supply voltage down scaling as predicted by
contemporary scaling trend, threatening the viability of MOSFETS in near future.

Tunneling Field Effect Transistors (TFETSs) provide a solution to this fundamental limitation of
MOSFETSs. The motivation to adopt TFETSs instead of conventional MOSFETSs has been the urge to
realize devices below the thermal limit of 60 mV/decade. Unlike thermionic emission of carriers in
MOSFETS, current conduction mechanism in TFETs is dependent on band-to-band tunneling of
carriers from source side valence band to the channel conduction band through proper adjustment of
the source-channel potential barrier. In OFF state, when no gate voltage is applied, the potential
barrier is very wide which eliminates the chances of carrier tunneling from source to the channel
resulting in very low OFF state current in TFETs. In addition to this fundamental advantage,
TFETs are inherently more immune to short channel effects than MOSFETs. This host of
advantages along with the strong structural similarity with conventional MOSFETSs allows the use
of same fabrication process making TFET a suitable alternative to MOSFETSs for future low power
low voltage nano devices.

2.2.6.1 A brief history of TFETSs:

The history of Tunnel Field Effect Transistors dates back to 1957 when the phenomenon of band-to-
band tunneling was first invented by L.Esaki [2.114]. Based on Esaki’s tunneling, a gated p-i-n diode
was first proposed in 1978 [2.115]. The working principle of TFET transistors is mainly based on the
basic structure of a gated p-i-n diode, which has to be operated in reverse-bias mode by applying
suitable voltage to the drain terminal keeping the source connected to ground. Motivated by the
growing popularity of tunneling based devices, a silicon based BTBT transistor operating on the
principle of band to band tunneling was first proposed in 1995 by the researcher duo- Reddick and

Amaratunga [2.116]. A simple reverse biased p-i-n diode was fabricated by them on bulk silicon. The

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 87



basic concept of the fabricated structure was to modulate the tunneling current by suitably
modulating the tunneling barrier width. Thus device current was controlled by controlling the
tunneling of carriers instead of thermionic emission of carriers in conventional MOSFETs. Later,
Eisele et al. [2.117] in 2000 experimentally proved that TFETSs can possibly be a suitable alternative
to conventional MOSFETsS for continuing the unhindered progress in future electronics industry. The
possibility to achieve sub-threshold swing below MOSFET’s thermal limit of 60 mV/dec was first
demonstrated by Joerg Appenzeller and his research team at IBM. In 2004, a carbon nanotube
channel tunnel transistor was reported to be successfully fabricated by them exhibiting a
subthreshold swing of just 40 mV/dec [2.118]. These results from a carbon nanotube based tunnel
transistor proved to be path-breaking and opened up a new era in semiconductor research by
instigating the concept of using tunneling mechanism in silicon devices. It is more advantageous for
the researchers to implement the tunneling concept in silicon based transistors because a mature

silicon technology provides a straight path to the industry.

2.2.6.2 Basics of the Tunnel FETs

Tunneling Field Effect Transistors (TFET) present a new area of low dimensional semiconductor
devices where the basic operating principle is based on quantum band-to-band tunneling of carriers
through a barrier. This quantum barrier is modulated by applying proper biasing to the device so as
to allow or block the flow of carrier resulting in device current. Basic structure of Tunnel FET is
similar to p-i-n diode where an intrinsic layer is sandwiched between a heavily doped p-region and a
heavily doped n region. A gate electrode is formed above the intrinsic region. Application of proper
bias on the gate electrode controls the flow of current through the device. Zener tunneling
mechanism, also called the inter-band tunneling or band-to-band tunnelling is the basic carrier
transport concept of TFETs. Similar to conventional MOSFETs, TFETs also consist of three
terminals: source, gate and drain. But the bulk/substrate contact (i.e. is the fourth contact) is not
available in TFET. Unlike MOSFETS, the source and the drain region in TFETSs are oppositely doped
and the channel is considered to be either intrinsic or lightly doped with n-type or p-type impurities.
The general configuration of the n channel TFET is shown in Fig. 2.42. indicating the drain, gate and
source regions. If the gate to source voltage increases, electrons tunnel from the source side valence
band to the channel conduction band (as shown by red arrow). On reaching channel, the tunneled

electrons finally reach the drain end depending on applied drain bias (as indicated by hollow arrow).
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Fig. 2.42: An n-channel TFET

The achievable sub threshold slope of less than 60mV/decade in TFET empowers the designers to
scale down the supply voltage while maintaining a small OFF state leakage current. The low off
state current results in reduced static power dissipation and reduced supply voltage requirement
reduces the active power dissipation in TFETs making TFET an alternative device suited for low

power applications [2.119].

2.2.6.3 Physics of Tunnel FET- the BTBT theory

Theory of quantum mechanics forms the underlying device physics behind the Tunnel FETs. Unlike
classical mechanics, quantum mechanics considers that although the carriers might not possess
sufficient energy to overcome the barrier height, there is always a finite probability of carriers
tunneling through that barrier instead of climbing it. In Band-to-Band Tunneling (BTBT), electron
makes band transitions by moving up from the valence band to the conduction band or moving down
from the conduction band to the valence band through the forbidden energy gap depending on the
finite probability of the alignment of the filled and the empty energy states on the either sides. Fig.
2.43 presents a clear pictorial illustration of band-to-band tunneling. From Fig. 2.43 (a), it can be
seen that the carrier present in the valence band of the p+ region encounters a barrier in its path.
Though it does not have enough energy to climb the barrier and move forward, according to quantum
mechanics, there is a finite probability that the carrier from the valence band of the p+ region may
tunnel to the conduction band of the n+ region, provided that an empty conduction band state is
aligned to the filled valence band state. The barrier seen by the carrier in its path is approximated to
be a triangular potential barrier which is shown in Fig. 2.43 (b), and the probability of tunneling of
the carrier is given by Wentzel-Kramers-Brillouin (WKB) approximation [2.120].
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Fig. 2.43: (a) energy band diagram of reverse biased p+/n+ diode depicting BTBT mechanism. (b) triangular

approximation of the barrier

For the triangular barrier the tunneling probability is given by [2.120]:

= 3
_ZJ.WF,/Zm:[U(x)—EC]dX 4\/27@?

e 0 h ~e Klel/re

Ttunnel = (2.14)

Where,

the symbols m:*, Wr , h , Eg and U(x) represent the reduced effective mass of the carrier, the
tunneling width, reduced Plank’s constant, energy band gap of the material and potential energy
respectively. The smaller the tunneling width, the higher is the tunneling probability due to band
gap and the effective mass.

The carrier generation rate in band-to-band tunneling phenomenon can be expressed as [2.120]:

Ec
Gerer = | [y ()~ fc (E)]oy (E)gc (E)TumerOE (2.15)
E,

Where fc and fv represent conduction band and valence band Fermi Dirac distribution functions
respectively, while gc and gv represent conduction band and valence band density of states
respectively. Combining above two equations, it can be said that abrupt junctions are required to
achieve higher tunneling rate. Fig. 2.44 explains the dependence of tunneling on applied gate bias.
The dependence of surface potential energy on the gate-to-source bias can be mathematically given

as:

@s = —0(Vgs —Ves) (2.16)
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Where, Vrs is the flat band voltage. When Vas=VrB, bands are flat and there is no band bending.
Thus no tunneling occurs under thermal equilibrium and the device is said to be in OFF state. On
increasing Vas, the surface potential becomes more than the band gap of the material reducing the
tunneling path between the valence and the conduction band at the source-channel junction. This
effectively increases the rate of carrier tunneling at source-channel junction driving the device to ON

state.

Fig. 2.44: Reduction in the tunnel path in the ON state of TFET

Tunneling rate is also dependent on the type of the semiconductor i.e. the direct band gap
semiconductor or indirect band gap semiconductor (illustrated in Fig. 2.45) as the expression of
tunneling rate itself has band gap as a parameter. In direct band gap semiconductors like Galium
Arsenide (GaAs), Indium Arsenide (InAs) etc. the energy required by the electrons to tunnel from the
valence band into the conduction band is equal to the band gap of the material, whereas, in indirect
band gap semiconductors like silicon (Si), germanium (Ge) etc. transition from valence band to
conduction band involves phonon assisted tunneling due to difference in momentum between the
conduction band minima and valence band maxima. Thus, tunneling in indirect band gap
semiconductors is far more difficult compared to tunneling in direct band gap semiconductors. Thus,

material engineering is essential to design devices depending on band to band tunneling mechanism.
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Fig. 2.45: (a) The direct band gap semiconductor (b) indirect band gap semiconductor consists of phonon

assisted tunneling
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2.2.6.4 Tunnel FET structure and Operation

The basic construction of TFET is similar to a MOSFET excepting that both source and drain
terminals of a TFET are doped with impurities of opposite type. The heart of a simple n-type
tunneling field effect transistor consists of a p-i-n diode (p-type source, intrinsic channel, n-type
drain) as shown in Fig. 2.46(a). The source and drain regions are highly doped (p+ source and n+
drain) in order to achieve abrupt junctions to aid carrier tunneling. Applied bias on the gate terminal
placed above the intrinsic area controls the electrostatic potential profile of the said intrinsic
channel. The terminals of the TFET are named in accordance to the MOSFET terminology due to
their similarity in basic structure. As the n-TFET shown is basically a reverse biased gated p-i-n
diode, reverse bias voltage is required to turn on the device. Keeping the source terminal connected
to ground potential, application of a positive drain voltage and a positive gate voltage (more than
specified threshold voltage) switches ON a conventional n-channel MOS. Maintaining this
convention, the n+ region of the p-i-n diode which is connected to positive voltage in order to reverse
bias the p-i1-n diode is termed as drain region while the p+ region is termed as the source region of
the n-type TFET shown in Fig. 2.46(a). The doping type of the source and the drain region is opposite
in p-type Tunnel FET i.e. pTFET has p+ drain and n+ source regions as shown in Fig. 2.46(b).

The basic working principle of TFET is band-to-band tunneling of carriers from source side valence
to channel conduction band and subsequent drift of the tunneled carriers towards the drain under
the influence of drain electric field. TFET operation can be explained using band diagram under

various biasing conditions.

Gate Gate

Badsintri Ry Oxide o Y oxide
Iy (intrinsic) Body (intrinsic)
I Gate metal I Géte metal
Buried oxide Buried oxide
;&;&&AL;

Fig. 2.46 (a): A simple gated n channel Tunnel FET structure; Fig. 2.46 (b): A simple gated p channel Tunnel
FET structure

(a) Thermal equilibrium: Fig. 2.47 (a) shows the band diagram of a simple n-channel TFET
under thermal equilibrium i.e. when no external bias is applied (Ve = Vs = Vp = 0). Two

depletion regions exist at the source-channel and drain-channel junctions.
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Fig. 2.47 (a) Band diagram along the surface of an n-channel TFET at thermal equilibrium [2.121]

(b) OFF state: Fig. 2.47 (b) illustrates the band diagram of a simple n-channel TFET in OFF
state when the applied gate-to-source voltage is zero and applied drain-to-source voltage is
positive i.e. Vgs =0 and Vps = +ve. Under such biasing condition, no empty states in the
conduction band of the channel is aligned with the filled states in the source valence band,
thereby eliminating any chance of electron tunneling from source to channel. The source
being p+ for an n-channel TFET, very few number of electrons are present in the conduction
band of the source which can be injected into the channel resulting in negligible OFF state
current. This is in sharp contrast with MOSFET scenario where the source is also n-type
having plenty of free electrons in the conduction band which can be injected into the channel
through thermionic emission over the source-channel potential barrier leading to higher OFF
current. It must be noted that in OFF state, if any carrier is present in the conduction band
of the channel, there is a finite tendency of these carriers to drift towards the drain on
increasing the drain bias (due to barrier lowering as evident from Fig. 2.47(b)) generating a
low OFF state current [2.121].

(c) ON state: If the device is intended to operate in ON state, then it must conduct some current
which is possible if some charge carriers are injected from the source into the channel. Now,
in case of n-channel TFET, as the source is p type, the conduction band has negligible
number of free electron which can move into the channel. Thus, for steady flow of carriers
from source to channel, the electrons of source side valence band must move into the channel
conduction band only if some empty states are available at the channel conduction band

placed opposite to filled states of source valence band as depicted in Fig. 2.47(c). This
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requires band bending and modulation of the source-channel potential barrier to be done by

applying suitable positive bias at the gate terminal.

Source Channel Drain
P* N*

-e. | Vp=0
. _ 3 No energy N P
= e w0 i
S state available faidecan]
|.|CJ VD =0
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2o
| S —
Ey

Distance along the channel

Fig. 2.47 (b) Band diagram along the surface of an n-channel TFET in OFF state [2.121]
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Fig. 2.47 (c) Band diagram along the surface of an n-channel TFET in the beginning of ON state
[2.121]
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Fig. 2.47 (d) Band diagram along the surface of an n-channel TFET in deep ON state [2.121]

The gate-to-source voltage is gradually increased and the channel energy band continues to bend
further. At a certain value of gate voltage, the source side valence band gets aligned with channel
conduction band as depicted in Fig. 2.47(c). This band alignment places the empty states of the
channel conduction band just opposite to the filled states of the source side valence band so that the
electrons from filled energy states of source valence band may easily tunnel into the empty energy
states in the channel conduction band through the potential barrier (approximately triangular in
nature as shown by dashed lines in Fig. 2.47(c)) formed by the silicon band gap of Eg. The gate
voltage at which the bands just get aligned, mark the onset of ON state of the TFET device. If the
gate voltage is increased beyond this value, the channel energy bands bend down further so that
more free electrons from energy states between valence band edge of source side (Evsource) and
conduction band edge of channel (Ecchannel) may tunnel into the channel conduction band (as shown
in Fig. 2.47(d)) resulting in steady increase in device ON state current. Moreover, the length of the
tunneling barrier i.e. tunneling length decreases on increasing gate voltage resulting in enhanced
rate of carrier tunneling which in turn increases overall current. This exponential dependence of
device ON current on barrier width is graphically shown in Fig. 2.48. Fig. 2.48 (a) depicts the
variation of the barrier width with applied gate voltages considering different gate oxide

permittivities. Fig. 2.48 (b) shows the exponential dependence of device current on barrier width.
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Fig. 2.48: (a) the variation of energy barrier width with gate voltage (b) The drain current dependence on the
tunneling width

(d) Ambipolar behaviour: Despite of the advantage of achieving sub-threshold slope below the
thermal limit of 60mV/decade of MOSFETSs, TFETs suffer from a basic problem of higher OFF
state current than MOSFETs. This is attributed mainly to the inevitable ambipolar conduction
in TFETs where a negative gate voltage also results in effective device current. Figs. 2.49 (a-d)

illustrates this ambipolar behaviour in TFETSs.
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P+ N+

Energy
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Fig. 2.49 (a) Band diagram along the surface of an n-channel TFET at Vgs=0 and Vps>0 [2.121]
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Fig. 2.49 (b) Band diagram along the surface of an n-channel TFET at Vgs<0 and Vps>0 [2.121]
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Fig. 2.49 (c) Band diagram along the surface of an n-channel TFET at Vgs<0 and Vps>0 such that channel

valence band just gets aligned with drain conduction band [2.121]
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Fig. 2.49 (d) Band diagram along the surface of an n-channel TFET for Vps>0 and more negative Vgs such that
channel valence band just gets aligned with drain conduction band [2.121]

At first, when Vgs=0 (refer to Fig.2.49(a)), there is no possibility of electron tunneling either from he
source valence band to channel conduction band or from channel valence band to drain conduction
band. This indicates that even if positive voltage is applied to the drain terminal, there is no
resulting tunneling current as long as the applied gate bias is zero. Now, when a negative voltage 1s
applied to the gate (provided drain is given a positive bias), energy bands in the channel start to
move up with respect to the energy bands of the drain as depicted in Fig. 2.49 (b). On increasing the
negative gate voltage, a point comes when the valence band of the channel gets aligned with the
conduction band of the drain (refer to Fig. 2.49(c)) allowing electrons to tunnel from the filled energy
states in channel valence band to the vacant energy states in the drain conduction band. If the gate
voltage 1s made more and more negative, the tunneling path at the channel-drain junction gets
reduced along with more number of filled energy states in the channel valence band being placed
opposite to vacant energy states in the conduction band of the drain (refer to Fig. 2.49(d)) resulting
in an enhanced rate of electron tunneling from channel to drain, which in turn increases the effective
device current. It must be carefully noted that the direction of tunneling of electrons is from left to

right for both positive and negative gate voltages resulting in current of same polarity in both cases.

2.2.6.5. Device characteristics:

2.2.6.5.1. Transfer characteristics: Variation of drain current (in logarithmic scale) with gate to

source voltage of an n-channel TFET is shown in Fig. 2.50 at a constant drain voltage illustrating
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different regions of operation i.e. OFF state (due to no carrier tunneling), ON state (due to source-

channel tunneling) and ambipolar state (due to drain-channel tunneling) as discussed previously.

1078 . . T
] ] 1
] ] 1
107 - :
1 ! [Sour¢e-channel 1
P tur}ne‘ ing
] ]
o Yy a
I ] 1
Ambipolar [ !
1070} p P i :
P ] ] 1
g b |
< 1070} i JON | 1
L t [ statel
—11 | | 1
107°F Channel-drain E i i ]
1012 tunnelling E i ' OFF
[ B | State |
I ] 1
1612} y i 1
I ] 1
P |
10_14 2 i |
-3 -2 -1 0 1 2 3

Vs (Volts)

Fig. 2.50. Transfer characteristics of n-channel TFET [2.121]

2.2.6.5.2. Output characteristics: Variation of drain current with respect to drain-to-source

voltage of an n-channel TFET is shown in Fig. 2.51 considering different gate biases.
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Fig. 2.51. Drain characteristics of n-channel TFET [2.121]

2.2.6.6. Analytical modeling approach of BTBT mechanism
Band to band tunneling theory is an age old concept proposed by Esaki in 1958 for the small band
gap germanium (Ge) diodes [2.114].He observed that the electrons travel through the forbidden gap
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and can move from one band to another band on application of suitable bias. The thermal limits of
60mV/decade on the sub threshold slope for conventional MOSFETSs can be eliminated by using the
technique of band-to-band tunneling in TFETs. However, current conduction by tunneling of carriers
result in a reduced ON state current in TFET compared to MOSFET. This necessitates a careful
study of the tunneling mechanism. Out of many popular models, the Kane’s model is most commonly

used to model the interband tunneling in TFETs [2.122].

2.2.6.7 Model development
Understanding the mechanism of interband tunneling requires immense knowledge of quantum
mechanics. In order to formulate exact mathematical expression of tunneling probability, the exact
wave function during band-to-band transition must be known. As explained in the earlier section
that tunneling in TFETSs occur from the source valence band to the channel conduction band through
the forbidden energy gap. Thus, in order to calculate tunneling probability, understanding of the
properties of the wave function in forbidden gap is very crucial. The wave functions in the forbidden
gap assume the form of a wave vector which is an imaginary function with decaying value during its
forward journey. Calculation of this imaginary wave vector involves consideration of the principle of
conservation of energy. At the end of the transmission, the final energy of the tunneled electron in
the conduction band is equal to the sum of its initial energy in the valence band and the energy
gained by the acceleration due to electric field, provided there is no additional energy loss. This
2,2 n2K2

conservation of energy can be expressed as: (E\, —T}LQFX =E. - — 2.17)
m, c

where, F, my* and m¢* represent the electric field and effective masses of the electrons in valence
band and conduction band respectively. This equation does not incorporate any scattering loss
related terms assuming conservation of momentum, which makes it inaccurate for indirect band gap
semiconductors as phonon interactions associated with tunneling are neglected for computational
brevity. The energy conservation equation also assumes that electric field is constant throughout.
However, in case of actual interband transition, electric field is not really constant. So, average
electric field is usually considered for calculating the tunnel path. The wave vector in forbidden gap

can be written as:
i
k= n /2mr(Eg —gFx) (2.18)

. . . . 1
Where Eg is the band gap and m:is the effective mass given as — =

1 1
—t—=
m.m, m

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 100



As long as total energy is conserved, Eq. 2.18 will give correct result. However, if the value of wave
vector is studied throughout the tunneling phenomenon, Eq. 2.18 will prove to be inaccurate. The
wave vector function is assumed to lie in the forbidden gap and is purely imaginary. So at the two
extreme points of tunneling path, i.e. at the starting and end points, the wave function must assume
a value of zero so as to provide even change in wave vector. But practically if we consider average
electric field throughout the tunneling process, the tunnel wave vector is found to have a large value
at the starting point of tunneling path and becomes zero at the end point resulting in an abrupt
jump in the value of imaginary wave vector which seems to be impractical. Thus, to avoid this
impractical abrupt jump and to ensure a smooth transition in the value of wave vector along the

tunneling path, the shape of the barrier is considered to be parabolic and can be written as:

. 4/2m qFx
k= L gFx|1-— 2.19
Loywars -

9

So far it has been assumed that the effective masses of electrons in conduction band and valence
bands are different and together, they result in a reduced effective mass m: as given by

i:i*+i* .This simplification is valid only if the valence band and conduction band effective

mm, m
masses are approximately equal. If the said masses differ (i.e. if m:: # m: as in InAs), modeling will

be inaccurate. It is seen that the tunneling electron assumes the effective mass of valence band
electron near the valence band edge while that of conduction band electrons near the conduction

band edge. In order to take this into account, the interpolated expression can be written as:

21,2 212 32,2
h k: B h ki( _h kf E"‘Epar - E 1_£ (2.20)
2m, (2m, 2m_ )E Eq

The direction of tunneling is considered to be along x axis where the transverse energy is assumed to
be constant. E is the electric field due to the band bending. From this, the modified expression for the

smooth and accurate wave vector in the forbidden gap can be calculated as:

: E[l_E}EW
2m =
k, =i XY 2.21)
X h *
Me Eg

Fig. 2.52 describes the said imaginary wave vector in the forbidden energy gap considering various

electron effective masses. It can be seen that the wave vector reaches maximum value at the centre
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of energy gap when the effective masses of valence band and conduction band electrons are
considered to be approximately equal. The wave vector maxima shifts towards the band having

smaller effective mass if effective mass transition is considered from valence to conduction bands.
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Fig. 2.52: Transition of the wave vector in the energy gap, if we consider the different masses

Having computed the expression of wave vector, the tunneling probability can be calculated using

WKB (Wentzel-Kramers-Brillouin) approximation as:
L[ %
T= exp(2|J.X k,dx) (2.22)
1

where x1 and x2 are the starting and the ending points of interband tunneling. The distance between
these two points gives the tunneling window over which carriers may tunnel from one region to
another. Substituting the expression of wave vector into Eq. 2.26, the tunneling probability can be

expressed in terms of effective wave vector as:

t2m {1_} ;
~ exp| -2 j a— (2.23)
% 1-[1-™ | E
me Eg
The resultant tunneling current is thus a direct function of band-to-band generation rate and can be

written according to Kane’s model [2.122] as follows:
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lgrer = qgj%” |2 Vv (2.24)

Substituting the expression of tunneling probability in the above expression, the resultant

expression of tunneling current can be written as:

BTBT =

(qFx)( qFX}

* d * -

47rqm y2m E

: V(an)jexp —ZI — >
0

dx |E
" par (2.25)
h 1 [qm |aFx

m. ) Eq

C

Thus, the entire chapter has presented sufficient insight to the basic nano devices starting from the
basic MOS transistor. The operation of MOSFET has been illustrated in brief with special
consideration of the MOS operations in nano regime where the dimension of a single transistor is in
sub 100 nm range. The performance of such nano scale devices is severely degraded due to various
short channel effects discussed throughout the chapter. In order to alleviate such performance
degradation, numerous alternative nano devices are being currently studied by different groups of
researchers which have been discussed briefly in this chapter to give an idea about the ongoing

developments in the field of semiconductor devices.
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Chapter 3

Dual Material Gate Fully Depleted SOI/SON MOSFET

with strained silicon channel for subdued SCEs

CHAPTER Il
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3.1. Overview and recent research trend

The modern era of VLSI/ULSI industry is being continuously driven by the need of ultra low
dimensional low power consuming high speed semiconductor devices for the sake of gaining
tremendous impetus on the packaging density of integrated circuits coupled with the multiple
functionalities achieved along with the operating speed. This trend of the industry has primarily
followed the scaling pattern predicted by Moore’s law where the number of transistors doubles every
24 months. This rapid scaling trend reduces the device to quasi-nanometer level which in turn allows
the integration of a huge number of transistors on a single chip resulting in the fabrication of a more
complex system on a single chip, thereby significantly reducing the chip area required and power
consumption per function and increasing the speed of operation. This aggressive miniaturization of
device dimension, however, is restricted to some fundamental limitations specified by the
International Technology Roadmap for Semiconductors (ITRS) [3.1]. Thus, the major challenge in the
research domain of semiconductor devices is to continue the scaling trend predicted by Moore
without sacrificing the performance efficiency of the scaled devices, which can only be feasible
through a combination of miniaturization, innovation of improvised device structures along with
semiconductor material improvement. However, the ongoing trend of device dimension
miniaturization into sub-nano meter regime is associated with some inevitable issues of gate

depletion, lack of reliability and most importantly, the major Short Channel effects (SCEs) such as
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Drain-Induced Barrier Lowering (DIBL), Hot Carrier Effect (HCE), Sub threshold conduction,
junction leakages etc [3.2]. These major limitations related to device down scaling can be alleviated
effectively by adopting some non-conventional device structures which are being widely studied in
recent times as discussed in details in the previous chapter. Among many of the widely studied
device structures, Fully Depleted Silicon-on-Insulator (FDSOI) structure has gained significant
research spotlight and can be considered as the most suitable alternative to conventional bulk
MOSFETSs due to their superior device performance. The SOI structure, by dint of having a buried
oxide (BOX) layer of silicon-di-oxide underneath the channel region, exhibits appreciably improvised
features of having significantly reduced SCEs, improved sub-threshold characteristics, reduced
parasitic junction capacitances resulting in lower propagation delay, ideal device isolation due to
reduced coupling effect, high radiation tolerance, reduced layout area, reduced junction leakage
currents and latch-up prevention. In spite of providing so much improvement over the conventional
bulk MOS, SOI structure, however, is not completely immune from the unavoidable short channel
effects in nano regime [3.3-3.5]. Some the unsolved issues associated with ultra scaled SOI devices
are threshold voltage roll-off, dynamic floating body effects, parasitic bipolar effects, increased off-
current, fabrication difficulty of ultra thin films along with self heating effect due to poor thermal
conductivity of underlying BOX layer which severely impacts the device performance and reliability
[3.4]. Thus, the shortcomings associated with severely down scaled SOI devices can be taken care of
by adopting an improvised SOI structure incorporating the concept of buried insulator engineering
where a different dielectric material is used in the underlying BOX layer of the SOI MOSFET, which
in effect reduces the coupling effect of both vertical and lateral electric fields in the BOX region,
resulting in an enhanced device performance [3.6]. A special case of buried insulator engineering
uses air (having relative permittivity of unity) in the BOX layer resulting in a well-known structure
known as Silicon-On-Nothing (SON) MOSFET [3.7]. The relative permittivity of air being unity
(lowest than any other BOX dielectric material) minimizes the source/drain to channel and channel-
to-substrate parasitic capacitances [3.8], which in turn results in higher circuit speed [3.9]
achievable with SON devices as well as providing the highest isolation of active channel region. In
addition to retaining all the advantages of existing SOI structure, SON structure improves radiation
immunity in extreme environment, reduces power consumption, enhances further scaling capability,
shows low noise, develops higher short channel immunity, offers faster switching action and reduces
cost. Although SON devices exhibit manifold performance advantages over their bulk and SOI
counterparts, Moore’s aggressive scaling trend reduces the channel dimension of contemporary
devices to such a range, where short channel effects become inevitable even in SON. The massively
scaled device dimension significantly reduces the sole gate control over the channel which
subsequently impacts the drain current due to higher charge-sharing from the drain/source regions,

resulting in sub-threshold slope degradation and enhanced drain off-current. Researchers in
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semiconductor domain have been continuously searching for novel methods to mitigate SCEs. Gate
material engineering and channel material band gap engineering can be two possible avenues of

research in order to explore possible improvisations on existing device structures.

Channel material band gap engineering explores and modifies the properties of the device channel
material, which in turn has a positive impact on device current characteristics. Band gap
engineering can be implemented by adopting the age old concept of using silicon-germanium (SiGe)
and silicon-strained epitaxial layer as channel. The strain induced in the channel can be controlled
by adjusting the Ge mole fraction (X) [3.10-3.12]. If a thin silicon thin film is pseudomorphically
deposited on a relaxed Si1-xGex substrate, biaxial tension develops in the grown thin silicon film. The
developed biaxial tensile strain affects the band structures of the deposited silicon film, decreases
the effective bandgap and increases the electron affinity along with a net decrease in the effective
masses of current carriers [3.13-3.16]. The reduction in effective masses in turn results in an
increase in carrier mobility thereby significantly improving the current behavior of the resulting

device [3.17].

Thus, strained SOI and SON MOSFETSs combine the carrier transport advantages of strained-Si
with reduced parasitic capacitance and improved scalability of thin-film SOI. Some of the major
advantages associated with a thin-body fully depleted SOI are steep sub threshold slope, low
junction leakage current, maximized channel mobility, and reduced threshold-voltage fluctuation

due to low impurity concentration [3.18].

On the other hand, the concept of gate material engineering is based on the idea of modifying the
vertical electric field in the channel region by using dual or triple materials with different work
functions side by side as a single gate electrode, thereby adjusting the overall field and consequently
improving performance. The Dual Material Gate system was first proposed by Long et. al. [3.19]
where two different metals having different workfunctions are amalgamated side by side forming a
single gate electrode. The discontinuity in workfunction value at the junction of two metals
introduces a step in the surface potential profile which screens the source side potential barrier from
any random variation in drain bias, with an aim to mitigate the DIBL induced performance

degradation.

This chapter of the thesis presents a detailed analytical two dimensional Poisson’s equation based
surface potential and device current behavior of a Dual Material Gate SOI/SON MOSFET with
strained channel. The strained SOI/SON structure exhibits gate material engineering where two

gate metals Ma and Ms of different work functions ¢, and ¢ are placed together side by side

forming a single gate electrode and provide simultaneous increase in trans-conductance and

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 115



suppressed SCEs due to a step in the surface potential profile which practically screens the channel
region under the gate material on the source side (Ma) from variations in the drain potential, giving
effective protection from DIBL [3.18, 3.19]. Initially, the variation of carrier mobility in the strained
silicon channel has been studied in details against mole fraction variation, impurity concentration
and transverse electric field. Then a two dimensional analytical model of the surface potential has
been presented and the threshold voltage has been evaluated from the surface potential minimum

and subsequently various drain characteristics are studied.
3.2. Analytical Modeling

A schematic cross-sectional view of the proposed strained fully depleted Dual Material Gate
Silicon on Nothing (FD DMG SON) MOSFET is shown in Fig. 3.1 with gate metals Ma and Mg of
lengths L1 and L2, respectively. Here tox, thoxair and tsi are the thickness of the front gate oxide,

buried layer and strained silicon channel respectively of our proposed model.

G
S My Mg D
1 Front Gate Oxide fpx |
Strained §i Channel (p) iy
Source (nt) . Drain (nt) |
Relaxed 5i; Ge, ISiGe
T
: L . by o/air
Buried Layer (8i02) / (Air)
Subsirate LW
*-\L
Sub

Figure3.1. Cross-sectional view of a DMG FD SOI/SON MOSFET incorporating strain in the channel

3.2.1. Effects of strain on Band parameters

In this section, the effect of strain incorporation in the silicon channel has been discussed in brief.
Whenever strain gets incorporated into the silicon channel, there is a considerable increase in
electron affinity along with a decrease in carrier effective masses and separation between conduction
and valence band edges. Following references [3.20, 3.21], the strain induced modifications of

different band parameters and device parameters can be listed as:
1. Strain induced reduction in bandgap energy, (AEg)st.si= 0.4X,

ii. Strain induced lowering of conduction band edge, (AEc)st-si=0.57X
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. 15
V; In(mh% * j
Mhst-si) < 0.075X

iv. Strain modified flat band voltage, Vg ~ (gett — 95 )—1/4*(0.57X+0.4X )+0.075X and

i11. Strain modified carrier effective mass=

v. Strain modified built in potential, bi-st-si = Vbi-si ~0.4X/q—0.075X

where X is the Ge mole fraction in relaxed SiGe, Vr is the thermal voltage, Mh-si and Mh-st-si are the

effective masses of hole density-of-states in silicon and strained silicon respectively and Voi-si is the

built in potential in silicon channel.

3.2.2. Surface potential modeling

Assuming uniform impurity density in the channel region and neglecting the effect of charge carriers
and fixed oxide charges on the electrostatics of the channel, the two dimensional Poisson’s equation
defining the potential distribution in the silicon thin film before the onset of strong inversion can be

expressed as [3.22]:

2 2
o (g(’;’ y) 9 %S; y) _ ANg, For (0<x<L, 0<y<tsi) (3.1)
X Egi

where, @(X,Y)is the 2-D potential profile in the silicon channel, Ne, is the doping concentration of

the p-type substrate and esi is the permittivity of silicon. Considering parabolic potential profile in

the channel [3.22], @(X, Y) can be written as
0(%,Y) = 0y () +dy ()Y +d,(x)y*  For (0=x<L, Osysts) (3.2)

where, @ (X)is the front interface surface potential and di(x) and da(x) are the arbitrary coefficient
which are function of x only, while x and y are considered as the horizontal and vertical positional

coordinates.

The device structure under consideration has two different metals in the front gate which defines
two separate channel regions under each gate metal where the surface potentials under Ma and Mg

can be written based on (eq. 3.2) as

¢A(Xl y) =¢sz(X)+dA1(X)y+dA2 (X)y2 (3.3)
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s (X, Y) = 0y (X)+d51(x)y+d32(x)y2 (3.4)

Where @, and @ are the surface potentials under Ma and Mg respectively, @ is the silicon work

function and dai, das, ds1 and ds2 are arbitrary coefficients. Depending on the continuity of
electrostatic potential and electric field at the junction of two gate metals, the four boundary

conditions used here are as follows:

1) Electric flux at the gate/front-oxide interface is continuous for both the metal gates

X)-V'
dp (6 Y)| o PV Ve, (3.5
dy y=0 &y L
X)-V'
deg (X, Y) _ QM , for Ms (3.6)
dy y=0 & tox

where eox is the dielectric constant of the oxide, tox is the gate oxide thickness, and

V(é =Vss _VFBA,f & V<;B =Vss _VFBB,f

A

where Vgs is the gate-to-source bias voltage, Vrsas and Vrsst are the front-channel flatband voltages

under Ma and Ms, respectively and

Vig,t =Pa —@si and Vg =5 — ¢y

1) Electric flux at the interface of BOX layer and the back channel is continuous for both the

metal gates.

de(X’ y) — gbox/air V SUB _¢back (X) , for Ma (3.7)
dy y=tg; ‘9Si tbox/air

d¢B (X, y) _ Eoowair V sue ~ Phack () , for Ms 3.8)
dy y=tg; ‘9Si tbox/air

where thovair is the buried oxide thickness, @, (X) is the potential function along the backside oxide—
silicon interface, and Vg g =V g —Veg back » Where Vsug is the substrate bias, and Vg pack is the back-

channel flatband voltage.
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i) Surface potential at the interface of the two dissimilar metals is continuous

?a(L,0)=¢5(L,0) (3.9)

iv) Electric flux at the interface of the two dissimilar metals is continuous

do, (X, Y) _ dgs (X, Y)

dx dx (3.10)

x=L1 x=L1

v) The potential at the source end is
?a(0,0) = 94, (0) =V, (3.11)
where Vb; 1s the built in potential across the body-source junction.

vi) The potential at the drain end is
Pe (L +1,,0) = e (L + L) =V + Vs 3.12)
where Vbs is the applied drain to source voltage.

The coefficients dai, daz, dB1 and ds2 are all functions of x and their values are calculated using
boundary conditions. Substituting these values in equation (3.3) and (3.4) and then in (3.1), two

second order differential equations are obtained as in [3.23]:

d?p., (X
%() + Kpgp (X) = p,, under Ma (3.13)
d 2<0sz (X)
ok + K@y (X) = pg , under Ma (3.14)
where
2{1+ g"x + CC"X }
K= Si box/air (3'15)

e [1+ ZCJ
Cbox/air
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ZVC;A i _|_ COX
D, = chh _ box/alr Sl VSUB 3.16
A Esi 2 2Cs| 2C5i o
|1 c
box/alr box/air
N, { } g
Py = q ch box/alr S| SUB (3'17)
Esi t2[1 [ 2C j 211 ( chlj
Si Si
box/a|r CbOX/ai"

where Csi, Cox and Croxair are the channel depletion layer capacitance, front gate oxide capacitance
and buried oxide layer (/ air) capacitance respectively. The second order differential equations given
by equations 3.13 and 3.14 can be solved to obtain the expressions for surface potential under Ma

and Mz of the front gate and are given by:

<x<
Paa(X)=U " +V, e ™ —Pn for O=xsl, under Ma (3.18)
K
Similarly,
<x<
Ogs (X) =Uge™ +Vge™ _ P gy L<x<L under Mp (3.19)
K

Using the boundary conditions of surface potential at source and drain end, the co-efficients of the

surface potential expression (Eq. 3.18 and eq. 3.19) can be solved and given as:
(Vbi +Vys + 0 ) - (Vbi + O'A)e_’7L + (O‘A -0, )COSh(?] L,)
e (1-e ™)

(Vbi + JA)—(Vbi +Vps +0'B)e"’7" —(O‘A —0p )COSh(an)e_”"
(1-e?m)

Uu,=

V, =
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V. =V —r]Ll_(O-A_O-B)
B Ae 2

O'A:&,GB:&,nz»\/;
K K

3.2.3. Threshold voltage modeling

Threshold voltage can be defined as the gate voltage Vas at which the inversion layer is formed at
the oxide-semiconductor interface which acts as the conducting channel connecting the highly doped
source and drain regions of the SON MOSFET. In a fully depleted thin-film SON, it is desirable that

the front channel should turn on before the back channel. Therefore, this work considers the
threshold voltage to be the gate to source voltage for which D min = 2¢- , where ¢F is Fermi potential.
The proposed DMG SON structure has two metal gates Ma and Mg with different work functions.
The threshold voltage is defined as the gate to source voltage at which the minimum surface

potential under higher work function gate Ma ¢, .. equals twice the said Fermi potential (¢ ).

,min

Hence we can determine the value of threshold voltage as the value of Vas by solving:

Dstamin = 2¢F (3.20)

The position of channel potential minima can be obtained by equating the first order derivative of

surface potential of the channel under higher work function gate Ma to zero.

d Dsia (X)
dx

=0
X=Xmin

= 77U Aeﬂxmin — nVAe’Uxmin =0

= 6277Xmin = l\J/_A
A
1 \
Xmin = Z In(U—A (3.21)
A

Now substituting the value of position of potential minima (Xmin) along the channel in equation 3.18

min) as:

gives the expression of g, (X=X
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min ! min p
Pt (X = Xmin) = UAenx +VAe o — 28

K
= @ga  =U € T +V,e A —oy
Dstamin = 2 UAVA — Oy (3.22)

Finally, substituting eq.(3.22) in (3.20),
Pamin = 2JUVa —0 =26
=20V, 2224

K

t§[1+2c$ij zv({ Co +Cox}
=2 UAVA_ CbOX/air chh _ i Cbox/air CSi _ ZVSUB

c. C P 2C .|
2{1+ ox 4 o } S t2 [1+ oS J t2 [1+ oS J
CSi Cbox/air Cbox/air Cbox/air

= 2JU,V, +N; =2¢- +U

tgzi [14— ZC:SIJ , |: COX + COX :'
Where U = chh Cbox/air _ VSUB +VFBA,f Cbox/air CSi
Esi 2[1+C°X +COX} [1+ Cox +COX} [1+COX +COX}
C:box/air CSi Cbox/air CSi Cbox/air C:Si
Co ,Cur
0 — Cbox/air C:Si
1+ Co + Cox
and box/air CSi

Similarly, @8 =V~ Nes where
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e (MCJ | {cox c}
V= chh Cbox/air _ VSUB +VFBB,f Cbox/air CSi
i g [1+ Co + C‘“} {1+ Co + C"X} [1+ Coc + COX}
box/air CSi Cbox/air CSi box/air CSi
Now,
U - (Vyi +Vps +05 )= (Vy + 04 )" +(0, — 0 ) cosh(nL,)
A=

e (1)

: V(€77 e ) +Vpge ™ + (V=g )e ™™ —(U— g )e ™™ +(u—Ngs —V+ N )cosh(rl,)e ™

)

- Vi (1—e™) +Vps +v—ue™ +(u—v)cosh(nL,) + N (e -1)
2sinh(nL)

_ Nl + WGS (einL _1)
A 2sinh(z7L)

Where Ny =V, (1—€77" ) +Vps +(u—v)cosh(yL,) +v—ue "
Similarly,

(Vbi +0'A)—(Vbi +Vps + 05 )e*”L —(O'A —o‘B)COSh(77L2)e"7L

Vy= (1_e—277L)
N Voi (eqL =1 —Vps +(u— 6’\/65)6"" —(v— Wes)_(u _V)COSh(ULz)
2sinh(nL)
_ N+ (1-e™)
A 2sinh(nL)

Where N, =V, (€" —1) =V +ue” —v—(u—v)cosh(rL,)
Re-writing equation 3.22 for calculating threshold voltage,

Dstamin = 2JU\V, -0, =24

o [Nt N (e -1 N, + N 1-e™
2sinh(nL) 2sinh(nL)

) —(U—Ngs) =24;
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Simplifying the above expression, we get a quadratic equation of Vas as:

Vs +Ngs +9=0 (3.23)

Where

r:HZ{e”L +e"7L—2—sinh2(77L)}
o=N,0(1-e")+N,0(e " —1)+2sinh’ (L) (24, +u)0
9=N;N, —sinh?(77L)(2¢; +u)’

The quadratic equation 3.23 can be solved to get the final expression of threshold voltage as:

B —w+\ o —419

Vo =
TH 29

(3.24)

It can be easily understood that the calculated Vru is a direct function of length and material work-
functions of the two gate metals. This particular dependence of threshold voltage on the said factors
is a unique feature of the proposed structure providing the designer with a different degree of
freedom towards controlling and engineering the threshold voltage of ultra-small SON transistor

design.

3.2.4. Mobility Modeling

From the knowledge of strained devices, it is known that the incorporation of strain in the silicon
channel significantly enhances the carrier mobility as a function of Ge mole fraction i.e. composition
of Ge denoted by X’ in the relaxed Si1.xGex layer underneath the channel region. The mole fraction

(X) dependent electron mobility in strained silicon channel can be expressed as [3.24]:
L = Ho (1+ 431X —2.28X 2) (3.25)

Where po is the electron mobility in unstrained silicon channel and can be approximated as [3.25]:

_ (/Jph/usr:ubl )
Ho = (3.26)
(£onttss + Lon oy + sy iy )
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Where pph, psr and pp are the acoustic phonon scattering affected mobility, surface roughness limited
carrier mobility and carrier mobility in bulk silicon material respectively related by Matheissen’s

rule. pois calculated using parameters listed in the Table 3.1.

TaBLE3.1
MOBILITY PARAMETERS
[ph B 4.75 x107 cm/s
C 1.75 x 105x Na0125 | Na in cm
Wbl Ho 52.2 cm?/V.s
HUmax 1417 cm?/V.s
W 43.4 cm?/V.s
14 2.5
Cr 9.68 x 1016 cm3
Cs 3.43 x 1020 cm3
a 0.680
B 2.00
Usr 6 5.82 x 1014 V/s

3.2.5. Drain Current Modeling

Having obtained the analytical expression for threshold voltage, the drain current may be obtained
by putting the calculated value of threshold voltage in the MOSFET current equations in different
operating regions. This work considers a strained DMG SOI/SON structure with a channel
dimension in the order of nanometer. Such ultra scaled channel dimension results in some inevitable
short channel effects (SCEs) like Channel Length Modulation (CLM), Drain Induced Barrier
Lowering (DIBL), high electric field induced mobility degradation, velocity saturation at high electric
field etc. which adversely impact the device performance. These short channel effects are thus taken
into consideration while modeling the drain current of the proposed short channel device and the

resultant expressions can be written as [3.26]:
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Wtn_stCox

S PO W NI |

2
- 0.5V,

[ ps 1 (in linear region) (3.27)

Wt _stCox

DS = [Ves ~Vin Vs sat ~
L 17(|C / L)+ Vos sat / LEc

Where 1= f(Vps) is the channel length measured from drain side across which the voltage difference

2
0.5V,

! DS sat | (in saturation region) (3.28)

(Vps-Vpssat) is dropped, V't =Vru-DIBL is the effective threshold voltage, Ec is the critical electric

field at which the electron velocity vsat saturates and Vpsgsat 1s the saturation voltage and are given as

EC — 2Vsat Y _ (VGS VTI-%
Hin_st ’ DS sat 1+ (VGS —VTH ) /' LEc

In order to study a comparative analysis of the drain current characteristics of the proposed device,

different figure-of-merits have to be calculated. Out of them, device transconductance and drain

conductance are two such figures of merits.

The trans-conductance (gm) can be obtained by differentiating drain current equations in linear and

saturation regions (eq.3.27 and eq.3.28 ) w.r.t Vas at a constant value of Vps and are given as [3.26]:

g _ Wip_gtCox v

Jin = DS . . _
m.lin L [1—(|C/L)+(VD5 ILE, )} (linear region) (3.29)
' _ W ttn_stCox v

m,sat DS, sat (saturation region) (3.30)

L [1—(|C/L)+(Vos,sat/LEC )}

A similar expression can be determined for drain conductance (gq) by differentiating drain current
equations in linear and saturation regions (eq.3.27 and eq.3.28) w.r.t Vps at a constant Vgs and are

given as [3.26]:

- ___________________________________________________________________________________________]
‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 126



(VGS _VT'H _VDS)

+
| Vv
(l_%+ D%EC)
04 1 _ Wan_stCox
lin L dl ){( ' 2
- Vae -V )v -0.5V }
(v~ 3¢ ){(Ves ~Vim Jos ~05vEs

2
I v

dic ' 2
W at_5tCox [ AVDS {(Ves ~VTH )VDS,sat - O'WDS,sat}:|

2 | (/ Vps sat (in saturation region) (3.32)
L |1-1+ LEC

(in linear region)  (3.31)

9d sat =

3.3. Results and Discussions

In this chapter, the analytical modeling and simulation of a Dual Material Gate strained SON
structure has been investigated in details. The channel length is taken as 100 nm for the analysis.
Two metals with different work functions have been taken with the gate with the metal having
higher work function near the source end. Different parameters that we have used in both

calculation and simulation are given in Table. 3.2.

Table 3.2: Simulation Parameters

Parameters | Na Na L1=L2 | tsi tox | thoxair | Vas oA oB
Values 1021 | 5x10%5 50nm | 6 3 100 0.15V | 4.63eV | 4.17eV
m3 m3 nm | nm | nm

In figures 3.2, 3.3 and 3.4 variation of electron mobility in strained channel is shown against Ge
mole fraction, channel doping concentration and transverse electric field respectively. It can be seen
that an increase in the Ge composition results in a subsequent increase in strain induced in the
channel region due to the gradual change in deformation potentials, which in turn enhances the
effective channel electron mobility. As temperature increases, bulk and acoustic phonon scattering
limited mobility components get affected and their contribution to total effective electron mobility

decreases as noticed in Fig. 3.2. Furthermore, the slope of electron mobility against Ge mole fraction
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(X) decreases gradually with increase in X because of the increased misfit dislocations in the strained
channel.

Mobility vs Ge male fraction
2000 T T T T

Mahility (cmZ s)

0 0.05 0.1 D.|15 D.I2 D.‘25 0.3 0.35
Ge mole fraction
Figure 3.2. Electron mobility variation against Ge composition (X) in strained silicon channel with
temperature as a parameter using parameters listed in Table 3.2. Solid lines represent analytical results.
Symbols represent simulation results.
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Figure 3.3. Electron mobility variation against channel impurity concentration (for three different values of X

in strained silicon channel).
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Figure 3.4. Electron mobility variation against transverse electric field in strained silicon channel for three

different values of X.

The variation of carrier mobility with channel impurity concentration has been depicted in
Fig.3.3. It can be seen that an increase in channel impurity concentration results in an enhanced
carrier-impurity scattering effect, which abruptly reduces the effective electron mobility in the
strained channel after channel doping concentration exceeds a certain limiting value. Again, it is
evident from Fig.3.4 that as the electric field increases gradually, the channel electrons get
distributed close to the SiO2/Si front interface thereby increasing the probability for an electron to
undergo a diffusive scattering. At a sufficiently high transverse electric field, the surface-roughness

scatterings become dominant leading to the significant reduction in mobility [3.27].

—=— Electron (T=300kK)
—=— Hole (T=300K)
—— Electron (T=320kK)
Hale (T=320K)
—+— Electron (T=310K)
——Hole (T=310K)

Carrier Velocity(*108) (m/s)

I I I
1} 0.05 0.1 0.15 0z 025 0.3

Ge Compaosition (x)

Figure 3.5. Carrier velocity variation against Ge mole fraction in strained silicon channel with temperature as
a parameter.
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Fig. 3.5 shows that increase in mole fraction(X) and temperature enhances the carrier scattering

effect which is reflected as an effective decrease in carrier drift velocity.

Fig. 3.6 depicts the surface potential against the position along the channel for different values
of Ge mole fraction. The dual material gate results in a sharp step in the surface potential profile
that ‘screens’ the channel region under Ma from the drain bias variations resulting in practically no
significant change in channel potential minima under gate Ma with increase in drain bias, thereby
immensely reducing the detrimental short channel effect of Drain Induced Barrier Lowering (DIBL).
Therefore, it can be inferred that Vps has only a little influence on the drain current beyond the point

of saturation [3.26] and as a result, the drain conductance is also reduced.

It can also be seen from the said figure that the surface potential under gates Ma and Ms
increases with Ge mole fraction and it is higher for SON than that of SOI. The upward shift of
potential minima is higher for SON in nano regime as evident from the figure. A higher value of
surface potential minima indicates that the drain bias is having lesser impact on reducing the
potential barrier which is ideally expected to be solely controlled by applied gate bias only. This
ensures higher immunity to the adverse short channel effect of Drain Induced Barrier Lowering

(DIBL) or Two Dimensional Charge Sharing Effects (2DCEs).

-4 - DMG SOM (+=0.0)
<-roe- DMG SOI (#=0.0)
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Fig. 3.6. Surface potential distribution against channel position for strained and unstrained SOl and SON

structures. Symbols represent simulation results.
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Fig. 3.7.Surface potential distribution against channel position of FD DMG SOI and SON MOSFETs
considering different gate length ratios with Ge mole fraction as a parameter.

The variation of surface potential along the channel position for different gate length ratios
(L1/L2=2:1,1:1, 1:2) has been shown in Fig.3.7. The gate length L is considered to be 100 nm and
surface potential variation has been shown for different values of effective Ge mole fraction(X) in the
relaxed SiixGex buffer. Using two metals Ma and Ms with different work-functions in the gate
electrode (with Ma placed near source terminal having work function value greater than Mg near the
drain terminal) results in the formation of a sharp step in the surface potential profile at the
interface of Ma and Mg for the DMG SOI and SON MOSFETSs, which screens the source side from
the drain bias variations, thereby significantly suppressing the detrimental SCEs. With the
reduction of gate length ratio, the abrupt change of the potential moves toward the source side. The
surface potential is also seen to shift up with increasing strain i.e. the Ge mole fraction X making the

device more immune to SCEs as already explained earlier.
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Fig. 3.8. Electric field variation with channel position of FD DMG SOI and SON MOSFETSs for different Ge mole

fraction.

The variation of channel electric field with position along the channel of FD DMG SOI and SON
MOSFETsS is shown in Fig. 3.8 for different Ge mole fraction values (X). It can be seen that for both
SOI and SON devices, the peak electric field near the drain end reduces as the Ge mole fraction in
the strained channel is increased from 0 to 0.4. Thus, strain incorporation reduces drain end peak
electric field, which in turn reduces the chances of device performance deterioration by impact
ionization induced Hot Carrier Effect (HCE). Moreover, the peak electric field in SON devices is seen
to be less than their SOI counterparts for each value of X indicating the superiority of SON in

suppressing SCEs over its SOI equivalent for obvious reasons discussed earlier.

Fig.3.9 exhibits the variation of threshold voltage for strained DMG SOI and DMG SON
MOSFETs. For a bulk MOSFET, the threshold voltage is determined entirely from the front surface
potential. The back surface potential does not have any significant effect on the threshold voltage.
However, the scenario of a short channel device is entirely different from this simple ideal case. The

back channel surface potential in case of sub 100 nm devices will have considerable impact on the

front surface potential due a reduced value of potential coupling ratio (PCR= Z /¢b). In SON, the
BOX layer material is air having a lower permittivity than oxide in case of SOI giving SON a better
insulation than SOI. This in turn results in a reduced impact of back channel surface potential on
the front surface potential in case of SON as compared to its SOI counterpart making the SON
structure more immune to SCEs than that of SOI MOSFET [3.28]. This can be understood from the
much reduced value of threshold voltage in SON than SOI as shown in Fig. 3.9.
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Meanwhile, it can also be seen from Fig.3.9 that the threshold voltage for both SOI and SON
devices decreases with an increase in the Ge mole fraction (X) which in turn increases the current
driving capability of a strained structure as compared to its unstrained counterpart, justifying the

effectiveness of a strained silicon channel to get an improved device current drivability.

04 T T T T T T T
—8— S0I(X=00)
035l —+— S50ONE=0.0) |
B— S0I(X=04)
E —%— SON(X=04) - _ - _ o o
03t S 88y
o = —_ e — % — —§ — — —
& g
E ‘
0251 1
£
1]
£ 0 /,-‘,,_L m = = m mo=
015+ -
01 1 1 1 1 1 1 1
20 40 B0 g0 100 120 140
Channel Length (nm)

Fig. 3.9. Threshold voltage variation with channel length of strained DMG SOl and DMG SON MOSFET
structures for three different values of X. Solid lines represent analytical results. Symbols represent

simulation results.

Fig. 3.10 depicts the Ip-Vp characteristics of the proposed device where the variation of drain
current with drain to source voltage has been shown incorporating the channel length modulation
(CLM), DIBL and other SCEs. An abrupt transition is seen to occur at saturation point for higher
Vas due to enhanced gate control. It is evident from the figure that the drain current becomes
constant in the saturation region if CLM and other SCEs are neglected, but it shows a finite slope if

we consider CLM and other effects in our model [3.26].
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Fig. 3.10. Output or Ip-Vps characteristics of strained DMG SOl and DMG SON MOSFET structures with
channel length L =100nm considering different values of Vgs:1.25V and 0.5V.

Fig.3.11 and Fig.3.12 show the variation of Trans conductance (gm) and drain conductance (ga) of
the strained silicon channel DMG SOI and DMG SON MOSFET with the device channel length, L
respectively. It has already been illustrated in Fig. 3.10 that the SON MOSFETs exhibit better
current driving capability compared to its SOI counterpart. As a result, both transconductance and
drain conductance of a SON device shows significant improvement over its SOI equivalent, which in
turn improves the corresponding voltage gain of the SON device as well, making the proposed DMG
SON device a suitable alternative over its SOI counterpart in terms current drivability [3.9, 3.28].
Furthermore, the current driving capability of strained DMG SON devices will be higher than

normal DMG SON device without strain due to the strain induced carrier mobility enhancement.
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Fig. 3.11. Transconductance variation with channel length DMG SOI and SON MOSFETs considering two

different values of X. Symbols represent simulation results.
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Some innovative multigate MOSFETs with work function engineered gate electrode
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4.1. Introduction

Technology dependence of modern civilization in every sphere of life starting from industrial
revolution, automotive, consumer electronics and wireless communication for the vision of lavish
lifestyle, automation of safety and security is increasing each day to make the world a smarter place
to live in. This excessive dependence of human civilization on process automation and high speed
real time interconnectivity has been the primary and continuous driving force behind the boon in
automation and consumer electronics making research and development in the field of
semiconductor devices an emerging area for researchers worldwide. Ongoing development in the
VLSI industry from micro to nano regime is driven by the need of ultra low dimensional, low power
consuming, high speed devices so as to achieve improved performance and better functioning of
available system on chips (SOCs) integrating a large number of transistors. As discussed in the
previous chapters, these improvements in IC performance can only be possible by packing more and
more number of devices which automatically calls for a reduction in the physical dimension of
devices as predicted by Moore’s scaling trend, thereby doubling the number of Metal-Oxide-
Semiconductor Field Effect Transistors (MOSFETSs) integrated on a single chip in every two years.
Downsizing the device dimensions to sub-nanometer regime enhances the current drivability,
processing speed and device density in the resulting VLSI circuits as desired, but there is some price
to pay. Aggressive device dimension miniaturization specified by ITRS [4.1] comes hand in hand with
some of the major bottlenecks of undesired Short Channel Effects (SCEs), enhanced junction leakage
currents, gate depletion, direct tunneling and several other issues which degrade device performance

and create some serious reliability issues.

These bottlenecks pose serious threat on the unhindered progress of semiconductor industry
governed by this scaling trend of conventional MOSFET device dimension which can only be resolved
by innovation of some non-conventional device structures. In the last chapter, we have already
studied the performance of Fully Depleted Silicon-on-Insulator/Nothing (FD SOI/SON) over its
conventional bulk MOSFET counterpart by dint of its unique geometrical feature of embedding a
buried oxide or air (BOX/air) layer underneath the conducting channel in order to reduce the
coupling effect, capacitances of parasitic p-n junctions and allied short channel effects ensuing
notable improvement in sub threshold characteristics. Further, radiation tolerances and significant
reduction in propagation delays make SOI/SON a suitable alternative. However, the advantages
associated with single gate FDSOI devices in terms of sub-threshold characteristics and higher

current drivability seems to be less significant in ultra-low dimensional devices [4.2-4.10].

Apart from the SOI/SON technologies, several other non-conventional MOSFET devices are

being studied for many years so as to overcome the challenges of short channel effect influenced
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device performance degradation. As the physical dimension of the MOSFET channel is being
continuously scaled down to meet the stringent specifications of ITRS, the major hindrance faced is
basically due to the intrusion of drain side electric field into the channel region. This causes the
device current to be regulated by both gate and drain applied biases instead of the sole gate control
on the device current drive. This problem can be mitigated by using some special gate structures
where more than one gate electrode will be there to control the device performance.

The concept of multiple gate field effect transistor (MuG-FET) is to have the silicon wire
(which is the channel region termed as ‘finger’ or ‘fin’) fully enclosed or wrapped by the gate electrode
ensuring the best possible gate control on the conducting channel. Thus, using this gate wrapping
concept, one can create a unique geometry of gate-all-around to fully deplete even a heavily doped
channel so as to turn-off the device [4.11]. Some of the widely studied popular multigate FET
structures include double-gate transistors (DG FETs), triple-gate transistors (TG FETs), quadruple-
gate transistors (QG FETSs), gate-all-around transistors (GAA FETs), n-gate transistors, Q-gate
transistors, DELTA transistors and vertical pillar MOSFETSs etc [4.11-4.19]. The multi-gate devices
by dint of having the silicon channel almost completely wrapped by gate electrode exhibit better gate
control over the channel which effectively improves device scalability and eventually leads to higher
package density as desired by modern VLSI/ULSI industry. They can also enhance the device
current deliverability, conductance due to the volume inversion phenomenon and show improved
sub-threshold slope. It has already been illustrated in Chapter 2 that the quadruple gate provides
the best performance compared to single and double gate counterparts with II-gate being the close
competitor. This has motivated us to investigate some unique multi-gate FETs in this chapter to
emphasize upon the effectiveness of the multigate concept for superior device performance relative to

conventional single gate counterparts.

In addition to this non conventional geometry of multigate transistors, another fascinating
concept of gate material engineering is gaining significant research interest. In the present era of
ultra-scaled devices, the channel dimension is so small that the electric field at any point in the
channel becomes a combination of both vertical (due to gate bias applied) and horizontal (due to
drain bias applied) electric fields as both gate and drain biases gain control over the channel due to
two dimensional charge sharing. Thus, the transverse channel electric field can be tailored by
properly choosing two or more metal having dissimilar work functions and placing them adjacently
to function as a single gate electrode, which in turn adjusts the overall channel electric field
resulting in an improved device performance. The pioneering work based on this gate material
engineering concept proposed a Dual Material Gate (DMG) MOS where two materials having
different work functions were used as gate electrode with the metal having higher work function

placed near the source end [4.20]. This difference in work function results in a steep step-function in
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the channel potential profile which screens the potential barrier at the source/channel junction from
any variation in the drain bias, thereby improving device performance and enhancing device
scalability. This idea of gate material engineering can be exploited to an altogether different level by
considering a binary metal alloy (A« Bi.«) gate electrode where the mole fractions of constituent
metals are spatially varied continuously from the source end (i.e. source side having 100% of metal
A) towards drain end (i.e. drain side having 100% of metal B) [4.21-4.25]. The vertical field and
consequently the overall field in this system will be adjusted by the continuous variation of work
function to reduce surface potential asymmetry in nano dimensional devices. This in turn controls
the DIBL significantly and improves the device performance by removing the uneven transition of
surface potential and surface electric field. This unique concept of using a binary metal alloy as gate
electrode can be abbreviated as ‘Linearly Graded Gate (LGG) or ‘Work Function Engineered
Gate (WFEG) or ‘Binary Metal Alloy Gate (BMA gate)’ and can be incorporated into various non-

conventional device structures in order to further improve their performance.

The first section of this chapter will investigate the attributes of an asymmetric Double Gate
MOSFET incorporating the novel theory of work function engineering in a fully depleted Double
Gate MOSFET having binary metal alloy gate electrode with continuous spatial variation of mole
fraction of the constituent metals. The next section will present the performance analysis of a
Cylindrical Gate MOSFET incorporating the Work Function Engineering concept and finally the last
section will study a Quadruple Gate MOSFET having Work Function Engineered Gate electrode

encompassing the entire silicon channel.

4.2. Double Gate MOSFET with Linearly Graded Binary Metal Alloy Gate Electrode: an

analytical approach to explore asymmetric characteristics
4.2.1. Overview and recent research trend

Motivated by the intention to address various inadequacies of conventional planar device structures,
non conventional Double Gate (DG) MOSFET structure with ultra thin body and buried layer
thickness (UTBB) has been extensively studied due to its superior scalability, excellent SCE
reduction, ideal sub-threshold swing, double on current and excellent gate control over the channel
[4.26-4.28]. The primary advantage associated with UTBB structure is the existence of strong
coupling between the front and back gate electrodes. This naturally enhances control of the
threshold voltage by means of back gate bias, eliminating the need of using different channel doping,
which in turn suppresses the problems associated with mobility degradation and random dopant

fluctuation [4.29-4.30] in the ultrathin undoped channel of DG MOSFETs.
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A vivid study of available contemporary literature presents various research initiatives by different
research groups in this regard to establish an analytical modeling of DG MOSFETs throwing more
light on understanding the physics behind the device operation. A recent study by Tsormpatzoglou
et. al. has presented a new approach for the analytical modeling of the 2-D potential distribution
along the channel of an undoped DG MOSFET and subsequently formulated an expression of
threshold voltage [4.31]. Moreover, some literatures also present analytical study based on gate
oxide thickness asymmetry in DG MOSFETSs [4.32-4.37]. In addition to this, the merits of the novel
concept of using a binary metal alloy as gate electrode in modifying the vertical as well as overall
channel electric field causing remarkable improvement in device performance has already been

discussed vividly in the preceding section.

Motivated by the possibility to fabricate binary metal alloy gate electrode, this section of the
dissertation attempts to incorporate this novel concept of linearly graded binary metal alloy gate
electrode into an asymmetric Double Gate MOSFET with an objective to investigate performance

improvements of the proposed Linearly Graded Asymmetric Double Gate (LGADG) MOSFET.
4.2.2. Fabrication feasibility of a Linearly Graded Gate electrode

An in depth literature review suggests that the operational physics behind the novel concept of
binary metal alloy gate is actually an established theory which has been proposed and studied
experimentally by Ishii et. al. [4.38], Gelatt and Ehrenreich [4.39]. On the basis of this experimental
study of a binary alloy system, a MOS structure with a (100)-oriented phosphorus doped Si wafer as
starting material with a binary metal alloy gate electrode was proposed by Tsui et.al [4.24]. The
fabrication technique of such metal alloy gate electrode involves some critical steps. Standard RCA
process 1s used to clean the wafer, followed by gate oxide growth and patterning of gate electrodes
using liftoff process. Tantalum-Platinum (Ta-Pt) alloy system was then co-sputtered on patterned
photoresist. The deposition conditions and the atomic composition were monitored using Rutherford
Backscattering Spectroscopy (RBS). After patterning, the samples had to be annealed in nitrogen
ambient at temperatures of 400, 500, and 600 degree Celsius for about 30 min, after which
aluminium was deposited at the back. Subsequently, the approximate work-function of the annealed
samples was found out by performing a comparative analysis of the measured C-V characteristics
curve with theoretical C-V curve. The study shows that if the composition percentage of the higher
work function material (for example Pt in TaPt alloy) is increased, the effective approximate work
function of the binary metal alloy gate electrode corresponds to the work function of the constituent
metal having higher value. Based on this experimental observation, it can be inferred that the
resulting effective work function of the binary metal alloy gate electrode can be modulated by

suitably tuning the atomic composition of the binary alloy system. This flexibility in adjusting the
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work function value to achieve a desired work function value makes the unique concept of using an

alloy gate electrode a possible new conduit in the field of innovative research on electron devices.

A more recent study by Pan et. al. combines spatial source reagent gradient with a temperature
gradient in order to realize continuous mole fraction variation of a ZnCdSSe alloy nanowire on a
single substrate, thereby establishing the fabrication feasibility of such alloy system [4.22]. In
another research initiative, Christen et. al. proposed a suitable method for continuous compositional
spread (CCS) thin film based on pulsed laser deposition (PLD) [4.4.-4.41]. In their work, a CCS—PLD
apparatus was developed and implemented to fabricate as-grown epitaxial CCS thin film on
substrates having long dimension. These studies establish that the compositions at each and every
position of the CCS film (determined by energy dispersive X-ray spectrometry and Rutherford

backscattering spectrometry) match well with the analytical/designed values.

The above literature survey suggests that with adjustment, modification, improvisation and careful

implementation of existing and upcoming fabrication techniques, it will be possible in near future to

fabricate a binary metal alloy gate electrode (AHBHZ) with continuous lateral component
concentration variation from source (100% A) to drain side (100% B). The possible fabrication
feasibility of such a binary metal alloy gate electrode has been the primary motivation for us to
analytically investigate the concept of considering continuous mole fraction variation in a binary
metal alloy used as the gate electrode and incorporate this concept of ‘binary metal alloy gate’ or
‘work function engineered gate’ or ‘linearly graded gate’ in different device structures to explore the
performance improvements achieved using this innovative concept over its conventional single metal

gate electrode counterparts.
4.2.3. Analytical Modeling

A schematic cross-sectional diagram of the proposed Linearly Graded Asymmetric Double Gate
(LGADG) MOSFET structure has been presented in Fig. 4.2.1. This section deals with an in depth
study of the asymmetricity in the conventional double gate FD-SOI MOSFET incorporating the
concept of linearly graded binary metal alloy in both front and back gate electrodes comprised of
different constituent metals. The binary metal alloy of the front gate electrode (Mfi-Mr) has been
taken as Platinum (Pt) with a work function of 5.3 eV and Tantalum (Ta) with a work function of 4.4
eV, while on the other hand, the binary metal alloy of the back gate electrode (Mp1-Mp2) has been
considered as an alloy of Tantalum (Ta) with a work function of 4.8 eV and Titanium (Ti) with a
work function of 4.3 eV with the intention to make the proposed structure completely asymmetrical.
The cross section view of the said structure shows the channel length is L, Vs is the source voltage,

Vbs is the drain voltage, Var, Vap are the front and back gate voltages respectively, and toxt, toxb, tsi
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are the thickness of front oxide, back oxide and silicon substrate respectively. The parameter values

have been specified in Table 4.2.1.

front gate oxide

p-type

Silicon Substrate
L

back gate oxide

Ve

b

Fig.4.2.1 Schematic cross-sectional diagram of the proposed LGADG MOSFET structure

The essence of linearly graded binary metal alloy considered as the gate electrode material in this
work lies in the gradual spatial adjustment of the effective work function of the binary alloy system
from source towards the drain along the lateral (i.e. y’) direction [4.25]. Metals Mpn and My: are
considered towards the source end for front and back gates respectively. Likewise, metals Mg and
Mpz are considered towards the drain end for front and back gates respectively. The effective work

functions of the front and back gate electrodes can be expressed as:

e, =iy, 1 Oty =) 5 e, =, — L G, )

where ¢, ¢ . are the effective work function of front gate electrode and and back gate electrode
meff ¢ meff,

respectively. by b b B, BTC the pure constituent work functions of metals Mr1,Me,Mp1 and Mp2
My P PMgp P PMpy P T My

respectively.
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4.2.3.1. Channel Potential Modeling

The initial step to formulate the potential distribution within the channel in the weak inversion

condition is to consider the two dimensional Poisson’s equation in the channel and can be written as:

29*(x.y) , 00 (%.Y) _ Ny for 0=X=<t anq 0=¥y=L (4.2.1)
o e

where g(x,y) is the potential function, s is the silicon permittivity, 9 is electron charge and N, is
the doping concentration of silicon substrate. The ¢(x,y) in the channel is considered to be parabolic

in nature considering Young’s Parabolic Potential Approximation (PPA) for the ease of mathematical

solution [4.42] and given by:
P(%,y) = do(y) +dy (Y)x+dy(y)x* (4.2.2)

Where do, di and d2 are arbitrary constants and functions of y only. Different values of x define

different positions vertically along the channel. Considering X=0, »(0,y) becomes surface potential

(@ (y)). Similarly, if we take X=1 then the potential is back interface potential (¢, (Y))

S oq (V) =do(y) and g (y) =gy () +d (Mg +dy (N2 (4.2.3)

Following the same procedure as used in the previous chapter, the analytical solution of Poisson

equation requires some basic boundary conditions listed below:

1. Electric flux is continuous at the interface between front gate oxide and silicon channel.

Hence,

d leo & Loxt

where g, is the relative permittivity of front gate oxide. V(';f =Vg, —Veg; is the effective front gate

voltage with Veg; being the flat band voltage of the top gate: Vg =g, — ¢

E
di=x+ %Jrqﬁl: . . .. 1 X .. .-
where is the work function of silicon with 4 is the electron affinity, Es denotes silicon

bandgap energy at room temperature and P represents the Fermi potential expressed by

o= =V, In(N, /n;), where V: signifies thermal voltage and ni signifies intrinsic uniform channel

doping concentration.
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It must be noted here that the front and back gates are independent in this case making this Double
Gate MOSFET to be a four terminal Double Gate MOS (4T MOS) where the front and back gates
separately represent two gate terminals with the source and drain to be two remaining terminals of

the device.

2. Electric flux is also continuous at the interface between back gate oxide and silicon channel.

Hence,

dx t

&,

X=ty si oxb

where ¢, 1s the relative permittivity of the back gate oxide, VG'b =V, is the effective back gate

_VFBb

voltage with Ve, = ¢ —4; being the back gate flat band voltage.

3. The channel potential at source end is ¢ (X,0) =V;

where \__y, |n[NchNd] is the source/drain to channel junction built-in voltage with Ndis the donor
i 2

concentration of source and drain.

4. The potential at drain end is ¢y (X, L) =V, +Vpg

The arbitrary constants di1 and d2 can be solved from boundary conditions 1 and 2 and are given as:

' ! " (Co Co o ox
dl(y) _ Eoxt Pst (y) _VGf ; d (y) _ VG;, +VGf ( %oxb + %Si) _ ¢sb(y)(1+c X/Cuxb +C %si)
- 2 - . .
gSi tOXf ti (1+ Zc%oxh) t; (1+ zc%oxb) tszl (1+ Zc%oxb)

Now, on evaluating the constants di, d2 and Eq. (4.2.1), the differential equation for surface potential

can be obtained as:

d?py (y)
1#_&% (Y)=7-yo (4.2.4)

where

Cox Cox C, Cox
Co RO o) AT ) 2y ~thay) | 2, ), )
x=1+ - . > O 21, 2Cq ’ o=
G GAT,) 5+, LG+, RE{CZ
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Cox Cox Cox Co
o Ngy 20V ) 2Ve, +UE, T TUE)  2ha, 2, (e, TG
gSi tszl (1+ Zc%oxb) tszl (1+ zc%oxb) tszl (1+ zc%oxb) tszl (1+ 2C%oxb)

The resulting differential equation given in Eq. (4.2.4) has now been solved to formulate an

expression for the surface electrostatic potential in the silicon channel and is given as:

0 (1) = A7 eV Ty T (4.2.5)
6 8
To get the overall nature of the calculated surface potential, the coefficients A1 and Az need to be

calculated from the boundary conditions of 3 and 4 and given as:

1 |oL, .z L%—lj—v V-(L%—lﬂ
Ay 23inh(L\/%){ S +5(e ps +Vhi| €

T
and A =V +——A

o
Till now, we have successfully evaluated an expression of front surface potential. However, to obtain
a picture of the entire potential profile, a complete solution of the potential in the silicon channel is

required at different channel depths (x).

Based on Tsormpatzoglou’s approach presented in [4.43] (by substituting x=tsi/n ; where N# 0), the
overall channel potential expression of the proposed linearly graded asymmetric DG (LGADG)
MOSFET can be obtained in terms of front surface potential and different channel depths and given

as:

C, Cox ' " (Cox Cox
_ Eoxf @+ Coxb + %Si) 2 Coxt |, VGb 2 VGf ( /Coxb + %Si) 2
¢)(X, y)_(psf (y) 1+ X— 2 2C.. X - VGf X+ 2 2C.. X+ 2 2C. X
8sitoxf tsi (1+ %oxb) gsitoxf tsi (1+ %axb) tsi (1+ %Dxb)

(4.2.6)

It is quite evident from the final expression of total channel potential that it is a function of both x
and y. Thus, the channel potential at different channel depths can be exactly determined by putting
appropriate values of x for different channel depths (x=0 for surface potential; x= ts«/2 for mid

potential and so on) in the above equation.

e —
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4.2.3.2. Threshold Voltage Modeling

Having formulated the final expression of total potential in the silicon channel, the position of
minimum potential (ymin) can subsequently be obtained by calculating the first order derivative of

potential and equating the resulting derivative to zero and can be expressed as:

i %(_Ai\/%_%c (4.2.7)

(A+A) Y,

Ymin =

The general expression for inversion charge in the channel region of undoped DG MOSFETSs is

X=t #(%.Ymin)
Vi
known to have a nature as Q, = j n;e dx .

x=0

Studies show that the overall conduction in undoped/lightly doped DG MOSFETSs is not confined to
the channel center due the even spreading of free electrons in the lightly doped channel. Thus, the
effective conducting path of the lightly doped device under consideration must lie somewhere
between the surface and the center of the channel and it can be roughly approximated to be at x=tsi/4
from front surface-oxide interface [4.31-4.33]. Thus, the carrier sheet charge density Qi can be
calculated by taking the integrand fixed at the value of x=tsi/4 and written as:

9-9(X=tsi /4, Yimin)

Qu =N < t (4.2.8)

From the classical definition of front threshold voltage Vrht , it can be defined as the minimum front
gate voltage Vgr at which the density of carrier charge at the effective conductive path reaches a
value Qs at which the device turns on. Considering the lightly doped device to operate in weak
inversion, the effective conduction path can be assumed to be situated at a distance of x=tsi/4 from
the interface between the front gate-oxide and silicon channel [4.31-4.33, 4.35, 4.43]. Depending on
this assumption, the simple analytical expression of front gate threshold voltage can be formulated

from equation 4.2.8 and is given as:

2C; Coxf Coxf
—5t2 (1+ si ) _ ‘ 26w ( / + / j
si Coxb [ A" VT | e e T, TYmin X 2¢m,, L Csi Coxv v, ,n( Qun J

Ve =
Coxf Co><f S S tz, (1+ 2Csi ) tz, (l+ ZCV j r"itsi
2'}’/( Asi + Coxb st Coxb st Coxb

C C
24 oxf/ N o%/
_ chhZ n ZZ(VGD +¢5i ) 4 ¢S|Z[ CSi Co><b (429)
o 5t52i (1+ s Coxb) 5t§ (1+ “ Coxb)
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The Drain Induced Barrier Lowering (DIBL) can be calculated as the difference between the

threshold voltages at low and high values of drain bias as [4.35]-

DIBL =V, (VDSJDW = O-lv)*VTH (VDsleeH )

4.2.4. Results and Discussions

The results and discussions subsection here presents a detailed insight into the asymmetric
nature of the proposed Linearly Graded Asymmetric Double Gate (LGADG) MOS structure
emphasizing on the comparative performance evaluation of the proposed LGADG MOS structure
with respect to its normal DG equivalent based on the results obtained from exhaustive analytical
modelling. Simulation data obtained from 2-D MEDICI simulator using the parameter values

specified in Table 4.2.1 have also been shown to validate the accuracy of our proposed model.

Table 4.2.1: Parameters used for simulation

Parameter Substrate Source/ Channel Front Back Film B . B . ¢Mn1 ¢sz
doping Drain  doping | "€ | Oxide Oxide thickness
concentration concentration thickness thickness (tsi)
(Na) (Nsm) (toxf) (toxb)
Value 1020 m3 5x 10%m-3 40 nm 2nm 6 nm 10 nm 5.3 4.4 4.8 4.3
eV eV eV eV
1.4
12l | texi=tox2>=2 nm,
Ve1=Ve2=0.1V
e 1 tox1= 2 nm, tox2= 6 nm, 1
= V=01V, V=02V
= i
o
s
=
= i
=
e
]
L i
D 1 1 1 1 1 1 1
u} =] 10 15 20 25 30 35 A0

Position along the channel (nm)
Fig. 4.2.2 Variation of channel potential along channel position of symmetric and asymmetric DG MOSFETs

with different gate oxide thicknesses and gate biases. Simulation results are shown by symbols.
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Careful observation of Fig. 4.2.2 indicates that inclusion of asymmetry in terms of gate oxide
thicknesses and applied gate biases in a Double Gate MOSFET structure results in considerable
performance improvement by shifting the channel potential profile upwards compared to its
symmetric counterpart. To explore full asymmetricity in the proposed structure, all the device
parameters in the front and back gate regions (variation in the gate oxide thickness, the supply
voltages to both the gates and the linear variation in the work function at both the gate electrodes)
are taken to be dissimilar.

The variation of channel potential along the channel position of the a DG MOSFET having linearly
graded binary metal alloy gate electrode has been compared with a normal DG MOSFET having
single metal gate electrode in Fig. 4.2.3. The figure also explores the effects of introducing

asymmetry in both the structures.

— by 336V B = AT g = 4.8V gy, = 43V
— b a3V g g T AV

T Doubls Gate with 1, =33V §y0,, = 4.8V

r Double Gate with §u, =338V, yp0, =3.3e

Channel Potential (V)
o o o o
%] = ™ =

[=)
T

=}
=

04 L L L L L L L
0 5 10 18 20 26 30 3 40
Position along the channel (nm)

Fig. 4.2.3 Variation of channel potential along channel position of both symmetric and asymmetric DG
MOSFET considering and without considering linearly graded binary metal alloy as the front and back gate

electrodes. Simulation results are shown by symbols.

Studying the figure carefully, it can be easily understood that the asymmetric DG MOS having
different gate metals in the front and back electrodes demonstrates improved performance while
operating in nano regime. As the channel dimension is gradually scaled down, it can be observed
from the figure that instead of being situated at the centre of the channel, the minima of channel
potential gets gradually shifted more and more towards the source which is an obvious indication of
better shielding of channel potential minima from any random drain bias variations ensuring
remarkably superior short channel device performance. The blue line will always represent the
default parameters of our proposed LGADG structure as listed in Table 4.2.1 unless otherwise

mentioned.
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In addition to this, it must also be noted that the potential minima of the Double Gate MOSFET
with linearly graded binary metal alloy gate electrode has been shifted upwards compared to normal
DG equivalent irrespective of the presence of asymmetry. Thus, it can be inferred that incorporation
of a linearly graded gate electrode endows the proposed LGADG structure with significant
performance improvement making it a viable alternative in subduing a multitude of harmful short
channel effects like DIBL, Hot Carrier Effects, carrier velocity saturation, gate oxide charging etc.
Moreover, notable improvement in the channel potential profile can be realized by simply varying
the relative permittivities of both front and back gate oxides of the proposed linearly graded Double
Gate structure with an intention to explore more asymmetricity by keeping the same front gate oxide
permittivity and replacing the bottom gate oxide by air, resulting in a typical SON structure. This
modification has been elucidated in Fig. 4.2.4 to substantiate the superiority of SON structure over
SOI counterpart [4.44]. Going one step further, the normal silicon dioxide in the front gate oxide is
now replaced with a high-k dielectric, resulting in an upward shift of channel potential, indicating
the clear improvement in short channel behavior by dint of the inherent ability of a high-k dielectric
to avoid oxide leakage [4.45]. It can thus be inferred that the channel potential profile of the

proposed device shows a gradual improvement on continuously increasing the device asymmetricity.

1.4 T T T T T T T

1.2F | ——— B0l with $i02 in the front zate oxide &
8 SON with 5102 in the front gate oxide
= 1} | = SOIwith high-k in the font gate oxide 4
'g — S0N with high-k in the font zate oxide
T
= 08y .
-4
206 -
=
=
o 04F E

1 1 1
0 8 10 18 20 2 30 3 40

0 1 1

Position along the channel (nm)

Fig. 4.2.4 Variation of channel potential along channel position of LGADG SOl and SON MOSFETs with and
without high-k dielectric in the front gate oxide.
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Fig. 4.2.5 Variation of channel potential along lateral channel position of LGADG MOSFET at different points
along vertical (x) direction. Simulation results are shown by symbols.

The present work considers sub-nano regime operation where the gradual channel approximation is
not valid and hence the channel potential is a function of both coordinates. Accordingly, the final
expression of the analytical modeling investigated in this subsection presents the overall channel
potential in terms of x and y coordinates. Variation of potential with channel position at different
depths of silicon channel is illustrated in Fig. 4.2.5. Potential at x=0 signifies surface potential,
potential at x=tsi/2 represent channel central potential and finally, potential at the point where
effective inversion layer in this work has been considered (as already discussed), i.e. at x=tsi/4 [4.31-

4.33] are shown individually in the said figure.

Channel Potential (V)
=] =]
m =]

o
=

=
]

. . .
1] 5 10 15 20 25 30 35 40
Position along the channel (nm)

Fig. 4.2.6 Variation of channel potential along channel position of LGADG MOSFET considering different

back gate biases

The figure above (Fig. 4.2.6) describes the variation of channel potential considering different back

gate biases which exhibits a lowering of source-channel barrier potential with the gradual increase
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in back gate bias as expected. Fig. 4.2.7 depicts the drain end channel electric field variation along
the channel for symmetric and asymmetric DG MOSFET with and without linearly graded binary

metal alloy as the front and back gate electrodes.

=53V g =4 daV, )
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Fig. 4.2.7 Variation of channel electric field (towards drain side) along channel position of symmetric and
asymmetric DG MOSFET with and without linearly graded binary metal alloy as the gate electrodes.
Simulation results are shown by symbols.

It can be observed that the proposed asymmetric DG MOSFET with different gate metals in the
front and back electrodes (blue line with default parameters) exhibits the lowest drain end peak
electric field compared to the other equivalent symmetric DG structures (with or without linearly
graded gate) which clearly indicates that the proposed asymmetric LGADG MOSFET far surpasses
its equivalent structures in suppressing the drain electric field impact ionization induced Hot

Carrier Effects (HCEs).

Till now, the channel potential profile of the proposed LGADG structure has been studied in
sufficient detail depicting the LGADG MOSFET to give superior channel potential profile compared
to equivalent symmetric structures. Thus, it can be expected from the ongoing trend that the
threshold voltage of the proposed LGADG structure will also show significant improvement as
compared to the conventional DG structure. With reference to this, the threshold voltage variations
of LGADG structure considering different parameter values are now being studied. Fig. 4.2.8 shows
considerable reduction in threshold voltage of the proposed structure with gradual increment in the
bias applied to bottom gate which is attributed by a proportional lowering of the potential barrier
existing at the source-channel junction. In addition to this, a reduction in channel thickness
increases the overall gate control on the entire channel, which in turn reduces the device threshold

voltage. This has been depicted in Fig. 4.2.9.
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Fig. 4.2.8 Threshold voltage variation with channel length of LGADG MOSFET considering different back gate
biases. Simulation results are shown by symbols.

=
o
T

= t;= 10 nm

—t.= 15 nm

—_
(]
T
1

— t;= 20 nm

=
=
T
"

=
[}
T
1

Threshold Veoltage (V)
—
(5]

—_
1

]
T
1

Mm 20 30 40 5 B0 70 80 S0 100
Channel Length (nm)

Fig. 4.2.9 Threshold voltage variation with channel length of LGADG MOSFET considering different channel
thicknesses. Simulation results are shown by symbols.

The entire subsection has been dedicated to substantiate the efficacy of the proposed LGADG
structure in exhibiting better immunity to short channel effects, which is again proved by the
comparative analysis of our proposed asymmetric LGADG MOSFET with a normal symmetric DG
MOSFET in terms of DIBL presented in Fig. 4.2.10. It can be easily inferred from the said figure
that for shorter channel lengths, the proposed LGADG MOSFET shows significant reduction in the
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DIBL value as compared to its normal DG equivalent.
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Fig. 4.2.10 DIBL variation with channel length L of normal DG and LGADG MOSFETs. Simulation results are
shown by symbols.

In order to have some idea about the I-V behavior of the proposed LGADG device, both transfer and
drain characteristics are detailed in Figs. 4.2.11 and 4.2.12 respectively.
The analytical results of our proposed LGADG MOS structure closely resembles the MEDICI

simulated results, thereby ensuring the accuracy of the proposed mathematical model.
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Fig. 4.2.11 Transfer characteristics of LGADG MOSFET. Simulation results are shown by symbols.
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Fig. 4.2.12 Drain characteristics of LGADG MOSFET. Simulation results are shown by symbols.

4.3 Cylindrical MOSFET with Linearly Graded Binary Metal Alloy Gate: an analytical

approach to study improved short channel device characteristics
4.3.1. Overview and recent research trend

The preceding section of this chapter has presented an in depth analytical surface potential and
threshold voltage modeling of a Double Gate MOSFET structure incorporating the novel concept of
‘work function engineered’ gate electrode in order to study the impact of asymmetric device
parameters and structural dimensions on overall performance of the device. It has already been
discussed that the shortcomings of conventional planar MOSFET structure can be alleviated by
using the Double Gate (DG) devices based on the concept of volume inversion, leading to an
enhanced current drivability and higher transconductance due to excellent gate control over the
channel by dint of having two gates, both of them controlling carrier conduction through the channel.
In spite of these advantages, the practical use of DG MOSFETSs is limited by high fabrication cost
and associated process complexity [4.46-4.49]. Thus, to mitigate the problems associated with Double
Gate MOSFETSs and to enhance the scalability of low dimensional devices to a further extent, several
other non-conventional devices have been gaining research interest out of which surrounding gate
devices have been gaining significant research interest by dint of their unique feature of gate
wrapped channel. The most fascinating feature of the surrounding gate MOSFETs lies in its novel
device geometry which significantly enhances the device packing density along with providing a host
of advantages. The surrounding gate electrode encircling the channel on all sides facilitates an
enhanced electrostatic control over the channel conduction and results in remarkable improvement
in device sub-threshold behavior and better suppression of unwanted Short Channel Effects (SCEs)

in sharp contrast with conventional single and double gate counterparts. This unique feature has
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attracted many to pursue their research activities with an aim to investigate the superiority of

surrounding gate MOSFETSs [4.50-4.52]. The gate wrapping may again be of two types:

1. Cylindrical channel cross section: In this case, the conducting channel is cylindrical in
cross section and the surrounding gate is naturally a cylindrical gate wrapping the entire

channel.

2. Rectangular/square channel cross section: In this case, the conducting channel can
either be rectangular or square in cross section and the surrounding gate is naturally a

quadruple gate wrapping the entire channel.

In this section, a surrounding gate MOSFET with cylindrical channel cross section 1.e. a cylindrical
gate MOSFET device will be considered where the innovative pioneering concept of ‘work function
engineering’ is incorporated by using a binary metal alloy as the gate electrode surrounding the
entire cylindrical channel resulting in the proposed Work Function Engineered Gate (WFEG)
Cylindrical MOSFET. This enables to reap the dual benefits of both the surrounding gate
architecture along with the work function engineering achieved by the introduction of binary metal
alloy as gate material. The binary alloy metal gate considered here has two metals, Platinum (Pt)
and Tantalum (Ta) with pure constituent work functions of 5.3 eV and 4.4 eV respectively. The
fabrication feasibility of such binary metal alloy work function engineered gate electrode has already
been discussed in sufficient details in the preceding sub section. Motivated by the possibility of
fabricating such an unique gate electrode, a cylindrical cross section surrounding gate MOSFET has
been considered and a two dimensional Poisson’s equation has been solved in the cylindrical co-
ordinate system at the onset of inversion to study the surface potential distribution in the ultra thin
cylindrical silicon channel. An analytical surface potential modeling based threshold voltage

calculation has also been presented.
4.3.2. Analytical modeling

The figure below illustrates the cross-sectional view of a Cylindrical/ Surrounding gate MOSFET
with a binary metal alloy as gate electrode. As the device cross section considered is cylindrical, the
entire analytical formulation starting from the Poisson’s equation needs to be considered in
cylindrical coordinate system having a radial direction r’ and a horizontal direction ‘z’. The device
structure is assumed to be symmetrical such that the potential and electric field in the channel will
not vary along the angular direction. Depending on this particular assumption, the angular direction
of the cylindrical coordinate system can be neglected for the sake of mathematical brevity reducing

the three dimensional scenario into a two dimensional one by neglecting the angular component in
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cylindrical Poisson’s equation. This makes a two dimensional approach suitable for the analytical

modeling of the present device structure [4.53-4.55]:

Si Source

Drain

@ (b)

Fig.4.3.1. (a) Cross-sectional view of WFEG Cylindrical MOSFET along x-axis
(b) Overall device structure.

As the gate electrode of the proposed WFEG cylindrical MOSFET is assumed to have a linearly
composition graded binary metal alloy, the effective work function expression for the metal alloy gate

electrode can be expressed as [4.25]:
Gt (2) = (21 L)g, + (1-2/ L) (4.3.1)

Where @ and ¢, are the pure constituent work functions of metals Pt and Ta respectively and

horizontal component z is normalized with channel length.

4.3.2.1. Surface Potential Modeling

The initial step towards formulation of a expression for the proposed Work Function Engineered
Gate Cylindrical MOSFET (WFEG CG MOS) is the solution of a 2D Poisson’s equation (in cylindrical

coordinate system neglecting the angular coordinate) considering Young’s parabolic potential

approximation [4.42] given as:

2
li[r oop(r, Z)j+ o p(r,z) _an (eﬂ“’(r’z)) (4.3.2)

r or or 0z° &g
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where ¢(r,2)is the 2-D channel potential profile, ni is the intrinsic doping concentration in the
almost undoped channel, and &gis the silicon permittivity. The parabolic potential profile in the

channel along the radial direction can be written as:

OSZSL;OSrSt%

o(r,2) =@, (2) +d,(2)r +d,(2)r*  for (4.3.3)

where @, (2), di(z) and da(z) are the functions of z only.

As discussed in the previous chapters, the analytical modeling of the proposed device mandates
the solution of two dimensional Poisson’s equation by considering proper boundary conditions listed

as [4.56]:

1. The surface potential in the channel region can be written as:
9 (2) =p(r=R,2)

Where, R represents device radius (R= tsi/2).

1. The potential at the source end of the channel can be written as:
p(r=R,z=0)= ¢s(z)|Z:0 =Vei
1. The potential at the drain end of the channel can be written as:
p(r=R,z=L)= (Ps(z)|Z:L =Vy; +Vos
v. The channel central potential can be written as:

@ (2)=p(r=0,2)
59 (2) =0 (2)

V. The channel central electric field can be written as:

9021 o= dy(2)=0
dr r=0

V1. The surface electric field in the channel region can be written as:
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do(r.2)| &, | Ves —2.(2)

dr | & L

where Vg =V —Vegy and t, = 0.9t In(1+ Zt%j, where Vrperr signifies the flat band
si

voltage of the binary metal alloy gate and is given by VFBeﬁ = ¢meff (Z) - ¢Si .

Rewriting equation (4.3.3) and differentiating o(r,2) w.r.t. v,

—d¢((j:' 2)_ 0+0+2d,(z)r

do(r,z)| &, | Ves —2.(2)

Again from boundary condition (vi), dr R B & teq

C .
d,(2) = = (Ves 0. (2))

2Regg

The above two equations can be solved to get the value of d,(z)as

Where C,, = g%
eq

Rigorous mathematical calculations considering the above mentioned boundary conditions results in

the expression of overall potential in the silicon channel and is given as:

Co /... ,
o(r,2) = 9c (2) + (Vs — 9 (2)) 1 (4.3.4)

Si“sSi

Now, substituting equation (4.3.4) in the cylindrical Poisson’s equation we can write
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2
Eg(raqp(m)}a o(r.2) _an (e7)
r or or 0z Es;

10 2|’Ceq
——r
ror\ 2Reg

Ves — 25 (2)) 9 @, (z)—Ceqr2 0. (2) | = P go
e oz| Y 2Reg " o

= E(Zr ;:eq Ves — @ (Z))J+|:goc (2) - Ceql ¢S(Z):| :%eﬂ%(z)

r £ 2Rgg Esi

2C,. . . : Cqr? . N e
& (Vs — 05 (2)) + 0 (2) -~ . (2) = i g 4.3.5)
Ré‘Si 2Rgs. .

i gSI

=

Now, at r=R,

@ (2) = o(r, Z)|r:R =@ (2)+0+d,(2)R?
= 05 (2) =0 (2) + dz(Z)RZ
= (0"3 (2)= ¢7“c (2)+ dzu (2)R?

Substituting the value if da(z),

. . C .
(”s(z):(Pc(Z)_ZRe;_ (PS(Z)RZ

Si

. \ CeqR .
:>¢c(z):(0s(z)+2 »(2)
SS'

Putting the obtained expression of center potential in terms of surface potential in Eq. 4.3.5,

2Ce \ ., Ce r2 . n ]
= R 1 Ves — 95 (2)) + 0. (2) ——2— o, (2) ZLeﬂ%( )
&si 2Rgg .
2Ce , . Ce R . Ce r2 ) n Z
~ R U (Veg — 0 () + 0 (1) + 2= ' (2) -~ gl (2) = Tt ghee®
s 2¢e 2Rgg &g
2C , " CR C rz ‘
= Ves =5 (2)) + 9 5 (2) 1420 9 zq_nleﬁws(Z)
Rgsi 2€Si ZRESi &g

In order to find an expression for surface potential, r must be replaced by R in the above

equation and can be written as:
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Reg 2e;  2Rgg Esi

2C,, . . . C,R C, R? n ,
] Vas — s (Z))+(os(z){1+_q_q—:| =Leﬂ¢5( )

. 2C,, . . n. ,
= s(z)+_q Vas — 5 (2)) =Leﬂ¢5( )
Reg; S

d’p.(z) 2C, .. N oo
— (Psz( ) n g Ves — 9 (2)) =Leﬁ¢’s( ) (4.3.6)
dz RESi s

d’p,(z) 2C, N otz
= ¢52( ) + : Ves —Vegert —95(2)) = q_eﬂ%( )
dz RESi &y

dz z 2Ce n. )
= I 0 — (o (2) - ) - 0 () = T a1
Si Si

Eq. 4.3.7 can be further simplified by neglecting higher order terms of the expanded exponential

series to obtain the resulting differential equation of channel surface potential as:

2
%_az% (2) =%+§¢meﬁ (2) - &Vex (4.3.8)

Si

ﬁzy
Where ,_2, , 4- /§+qni% , Vox =Vgs T4 and kT
Si

Reg

Now, the solution of this simple differential equation (eq. 4.3.8) produces the final expression for

channel surface potential which can be represented as:

0= 1" 4 A +{§(%j}(%) o2 e~ 439

Where ﬂ,land ﬂ,z are the two coefficients which can be calculated using the boundary conditions at

the source and drain ends (boundary conditions ii and iii) and are given as:
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I o

Si

A= (eaL _ e—aL)

()(@% :VGX]( 1)+{W}+vbi(e“—1)—vm
85| (04

(eaL _ e—aL )

'\P
Il

4.3.2.2. Threshold Voltage Modeling

It is well known from the classical definition that threshold voltage of a device corresponds to
that particular gate voltage at which the value of surface potential equals twice of Fermi potential.
However, the threshold voltage of the cylindrical gate MOSFET cannot be accurately determined by
the above mentioned conventional concept of threshold voltage because of the cylindrical nature of
device cross-section. An alternative approach of volumetric inversion is adopted for calculating the
threshold voltage of the cylindrical structure where threshold voltage (Vru ) is considered to be the
value of applied gate voltage which causes the volumetric inversion charge density (Qinv) to reach the

specified threshold value of Qra ~ 1016 /m?2 [4.53-4.54].

The expression for volumetric inversion charge density can be written as [4.53]:

Qinv = ZJ‘ o nieﬁ(/’min (raz)dr
5 (4.3.10)
= j ®Dmin (r Z)dr = ﬁ |n( II"IV)

The position of channel potential minima i.e. the virtual cathode position can be obtained by

equating the first order derivative of channel surface potential to zero.

dos (2) _0
v (4.3.11)
= aﬂlealmm aﬂze AZin L5\ %) §(¢l ¢2) O

a’L

Simplification of eq. 4.3.11 yields the expression for virtual cathode position as:
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Ly et
(4.3.12)

Znin 2
o (A +25)

Substituting the value of zmin in the expression of channel surface potential gives the expression

for minimum surface potential which can be written as:

()= e 4 { (@ @j}( )+£ ngex -1 @319

Eq. 4.3.4 can be modified to give the final expression of total channel potential given as:

Ce ' 2
?(1,2) = pc () + = (Vos ~ 05 (D)1

si€si

_ _ Ceq V R2
o1, 2), o =0 () = () + 7 (Ves ~ 04 (2)

Si

Now, at r=R, :(pc(z) (ps(z) 2R ( s —¢S(Z))R2
Sl
(2)=95(2) m | e RZV
:> =
q)C §03 283i 2R S| GS

Substituting the expression of center potential in terms of surface potential eq. 4.3.4 can again

be written as:

(r.2)= . (2)| 14 S CeqRZV. Ceqrzv. Cyt?
r2) = (z)| 1+ = +
4 ?s 2e. | 2Re. " T 2Res S 2Re

C,R C,r’ .| C,r? C,R?
= o(r,2) =9, (2)| 1+ ———-—— |+ e —
2e  2Regg 2Reg;  2Rgg

——os(2)

(4.3.14)

At r=R/2, surface potential becomes the minimum surface potential. Thus eq. 4.3.14 can be re

written as:
Rj. =0, (2)|1+ CaR _CuR | | CaRl_CaR (4.3.15)
) L) =@ 26 8Reg S 8Re, 2Rg 3.

Substituting eq. 4.3.15 into eq. 4.3.10,
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C,R C,R*| .. [C.R® CR| 1 (0Q
()| 1+ +Vgg | ——— 2 =" |n| S (4.3.16)
255i 8R &g 8Re, 2Rsy | B | 2n

Eq. 4.3.16 can be further modified by performing relevant substitutions and simplifications to yield

the final expression for threshold voltage as:

3Cotei | 3C.,tai
VT |n[(§LH J @s min (Z){1+ Sl }_ w0 VFBeff

i i 16¢; 16¢;

™ Coqls Y ¢ (4.3.17)
e Yt 2
16¢g; a a

The Drain Induced Barrier Lowering (DIBL) can be conventionally calculated as the difference
between the threshold voltages at low (say at Vps=0.1 V) and high values (say at Vps=0.5V, 1.0 V) of

drain bias as-

4.3.2.3. Drain Current Modeling

The proposed device under consideration has its physical channel dimension in nano regime.
Thus, the drain characteristic of the device is expected to be affected by unwanted short channel
effects (SCEs). This demands the prior consideration of various SCEs like Channel Length
Modulation (CLM) effect, field dependent mobility etc. to derive an exact drain current model of the
proposed WFEG cylindrical MOSFET operating in sub-nano regime.

The simplified final expressions for drain current can be formulated as [4.25]:

T tSi :uneff Ceq

= v [(Vas —Viy Wos —0.5V5]  (In linear region) (4.3.19)
L {1— (%j n }
ﬂtSlluneff C 2
{ |/ [(Ves —Vru Vos s — 0-5V5s et (In saturation region) (4.3.20)
( ) DS, sat }
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Where Ec is the critical electric field at which the electron velocity V, saturates and Vpg o 1s

the saturation voltage and Hine 1s the effective field dependant mobility are given as-
E — 2Vsat
c VGS _VTH
/uneff VDS =
,sat V.. —V
14+-GS "TH
LE,
Hno

Hnett = (Vs —Vin )

Where #n0 is the low field mobility and « is the fitting parameter [4.57].

Having the CLM incorporated expressions of drain current in linear and saturation regions of
operation, the Drain conductance and transconductance of WFEG CG MOS structure can be
formulated by differentiating the drain current w.r.t drain to source voltage, Vps (keeping Vas

constant) and gate to source voltage, Vas (keeping Vps constant) respectively and their expressions

are given as-

i (VGS _VTH _VDS) + ]
| Vbs
g
d,Lin L ( c Vg - Ecj{(VGS Vi )VDS %VSS} (In Linear Region) (4.3.21)
l. /). Vos
L{l‘(% )LE}
(d|C ) (Ves ~Viy )VDS,sat
dVps /J{E 2
TP Mgt Ceq bs T % VDS,sat
gd,sat = 2 2
L ) (Ic VDS sat (In saturation region) (4.3.22)
— + !
L) LE,
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)z

73 tSI :uneff C

Fi0T™

gm,Lin -

DS (In Linear Region) (4.3.23)

Omsat = (In Saturation Region) (4.3.24)

4.3.3 Results & Discussions

The results and discussions sub section presents a comparative performance analysis based on
analytical modeling and simulation results of the proposed WFEG CG with respect to its normal CG
equivalent without considering work function engineered gate electrode. The 2-D MEDICI simulator
data have also been provided to validate the accuracy of the mathematical modeling presented. In

both the cases, simulation has been carried out with the parameter values as listed in Table 4.3.1.

Table 4.3.1. Parameters used for simulation

Parameter | Substrate Source/ Channel Front Film Lo Vo K
dopin Length . .
ping Drain doping g Oxide thickness
concentration : .
concentration thickness | (tsi)
N,
(Nsus) (Ns) (tox)
Value 1021 m3 1026m-3 70 nm 2 nm 20 nm ~011m*/V-s | 10°m/s | 0.02

The most unique feature of using a linearly graded binary metal alloy as gate electrode has been
shown in Fig. 4.3.2 where the parabolic symmetry of the surface potential profile of the WFEG CG
MOSFET is affected with the gradual reduction of device dimension into nano regime in contrast to
the almost symmetrical parabolic surface potential profile of its normal CG counterpart. This
particular asymmetry in surface potential profile results in an effective shift of surface potential
minima towards the source side instead of being situated at the mid position along silicon channel as
evident from Fig. 4.3.2. This shift practically screens the surface potential minima from any

variation in drain bias, thereby mitigating adverse DIBL effects. Moreover, the potential minima of
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WFEG MOS is clearly seen to be higher than that of CG equivalent which is an obvious indication of
the superiority of the proposed WFEG CG MOS over its CG equivalent in mitigating several SCEs.

Fig. 4.3.3 depicts the channel electric field variation with position along the channel near the drain
end for both WFEG CG and normal CG MOSFET structures. It can be observed from the figure that
the peak electric field near the drain end, which is the prime factor for initiating impact ionization
induced Hot Carrier Effect in nano dimensional devices, is significantly reduced for the proposed
WFEG CG structure compared to its normal CG equivalent. This reduction in peak drain electric
field in WFEG structure is attributed to the careful adjustment of gate electrode workfunction by
suitably varying the composition of the binary metal alloy used, thereby making the proposed WFEG
CG MOSFET much more immune to HCEs.

18 T T T T T T

16 | —— WFBEGCO MOSFET
14 ---4- -~ O3 MOSFET
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1
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06

Surface Potential V)

04

0.2

0
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0 10 20 30 40 50 G0 70

Paosition in Channel (nm)

Fig. 4.3.2. Variation of surface potential along the channel position of WFEG CG and normal CG MOSFET
having channel length of 70nm at a constant gate bias of 0.1V. Circular dots represent MEDICI simulated
results of WFEG CG structure.
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Fig. 4.3.3. Variation of electric field along the channel position of WFEG CG and normal CG MOSFET having

channel length of 70nm at a constant gate bias of 0.1V. Circular dots represent MEDICI simulated results of

WFEG CG structure.

Fig. 4.3.4 depicts the nature of threshold voltage variation with channel length for both WFEG CG

MOSFET and normal CG counterpart having no structural or doping modifications. The asymmetric

nature of surface potential profile makes the proposed WFEG CG structure more immune to SCEs.

This results in an obvious reduction in threshold voltage roll-off (TVRO) in the WFEG structure

under study as visible from Fig. 4.3.4.

Threshold Waoltage )

0.

0.

] T T T T T

—WFEG CG MOSFET
CG MOSFET

[
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L 1
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Fig. 4.3.4 Variation of threshold voltage, V4 with channel length L for WFEG CG and normal CG MOSFET
structures (Ves=0.1V and Vps=0.1 V) with same values of parameters as in table. 4.3.1. Circular dots have the

same significance as in Fig. 4.3.2.
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Fig. 4.3.5 Variation of threshold voltage, V14 with channel radius (tsi/2) for WFEG CG and normal CG MOSFET
structures (Ves=0.1V) with same values of parameters as in table. 4.3.1. Circular symbols represent MEDICI
simulated results of WFEG CG structure.

The main reason behind this improved TVRO behavior is the continuous adjustment of the mole
fraction of the constituent metals of the gate electrode binary metal alloy system spatially from the
source towards drain. Threshold voltage variation with the channel radius at a constant channel
dimension of 50nm is now being shown in Fig. 4.3.5. As the channel radius is reduced, the threshold
voltage of proposed WFEG CG MOSFET shows almost constant nature indicating that the threshold
voltage instability with channel radius is much lower for WFEG CG compared to normal CG
equivalent, establishing the proposed WFEG CG structure as a suitable alternative to conventional

CG MOS in suppressing unwanted SCEs in deep sub-micron domain.

Now, the variation of DIBL with respect to the channel length is shown in Fig. 4.3.6 considering both
WFEG CG and normal CG MOSFETSs for two different values of applied drain voltages. The Drain
Induced Barrier Lowering (DIBL) is simply the difference between the device threshold voltages
considered at a low and a high value of drain bias respectively and can be mathematically expressed

as: DIBL =VTHI0w _VTHhigh

DIBL as evident from the said figure. However, it must also be noted that DIBL of the WFEG CG

. Thus, increasing the drain bias will result in a proportional increase in

MOS structure is less than that of its CG counterpart confirming the superiority of the proposed

device structure.
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Fig 4.3.6. Variation of DIBL with respect to channel length for WFEG CG and normal CG MOSFET structures.
Circular symbols represent MEDICI simulated results.

Having explored the surface potential and threshold voltage based comparative analysis of the
proposed WFEG CG MOSFET in the previous figures, Fig. 4.3.7 shows the variation of drain current
against drain to source voltage with gate to source voltage as a parameter of WFEG cylindrical MOS
structure at a particular channel length of 60nm along with the same for its CG equivalent. The
order of channel length considered (60 nm) indicates that the drain characteristics of the device
under consideration will be inevitably affected by the undesired short channel effect of Channel
Length Modulation resulting in a finite slope in the saturation region of the In-Vps characteristics as
clearly visible from the said figure. Low value of threshold voltage of the WFEG structure (as seen

from the previous figures), results in a higher current driving capability of the WFEG structure.

Finally, comparative analysis of the WFEG CG MOS with respect to its CG counterpart is presented
in Figures 4.3.8, 4.3.9 and 4.3.10 in terms of different device parameters such as drain conductance
(ga), trans- conductance (gm) and voltage gain respectively. The unique feature of linearly graded
gate removes the uneven transition in channel electric field, thereby reducing the value of drain
conductance. A higher current drivability of the WFEG CG MOS compared to normal CG MOS leads
to an increased value of device transconductance. Improvements in these two parameters in turn

results in a desirable increase in the voltage gain (gm/gd) of the proposed WFEG CG structure.
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Fig 4.3.7. Output or Ip-Vps characteristics of WFEG CG and normal CG MOSFET structures having channel
length of 60 nm considering different gate biases (Ves=1V, 0.8V and 0.2V).
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Fig 4.3.8. Variation of Drainconductance, gq¢ with Channel Length, L and Vgs=0.5V and Vps=0.75V for WFEG
CG and normal CG MOSFET structures.
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Fig. 4.3.9 Variation of Trans-conductance, gm with Channel Length, L and Vgs=0.5V and Vps=0.75V for WFEG
CG and normal CG MOSFET structures.
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Fig. 4.3.10. Variation of voltage gain (gm/gq) with respect to channel length of WFEG CG and normal CG
MOSFET structures with Vgs=0.5V and Vps=0.75V.

4.4 Quadruple Gate MOSFET with Linearly Graded Binary Metal Alloy Gate: a quasi 3D

analytical approach for better short channel device performance analysis
4.4.1. Overview and recent research trend

The essence of the present chapter is to explore the benefits associated with a non-conventional
multi gate device structure with the incorporation of innovative concept of gate material engineering
by using a binary metal alloy as gate electrode in different multi-gate MOS structures. The first sub
section has already presented an in depth study of the attributes of device structure asymmetry of a
Linearly Graded Double Gate MOSFET. One of the major drawbacks of a DG MOS is its associated
fabrication complexity. As discussed previously, several improvised non-conventional devices are
recently gaining research spotlight to overcome the issues related with Double Gate MOSFETSs in
order maintain the unhindered trend of device dimension down scaling to ultra nano regime, out of
which, surrounding gate devices have been gaining significant research interest by dint of their
unique feature of gate wrapped channel. The merits associated with a surrounding gate MOSFET
has already been discussed in the previous sub section where a cylindrical gate MOSFET shows the
unique feature of channel wrapping by the entire gate increasing the device packing density along
with the added benefit of better gate electrostatic control over the conducting channel resulting in
notable improvement in the device sub-threshold characteristics and enhancing overall current
drivability of the device by shielding the device operations from harmful effects of Short Channel
Effects (SCEs) compared to conventional planar single and double gate MOSFETSs [4.50-4.52]. The

surrounding gate geometry, as already discussed can be either cylindrical or rectangular in cross
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section. The cylindrical cross section surrounding gate MOS structure has already been discussed in
the second subsection incorporating work function engineered binary metal alloy gate electrode with
a view to substantiate the efficacy of the WFEG concept in cylindrical MOSFETs.

Finally, in this sub section, detailed investigation of the second special case of surrounding gate
MOS i.e. surrounding gate MOSFET with rectangular cross section has been adopted by considering
a fully depleted quadruple gate (QG) MOSFET. The QG structure indeed is a three dimensional
structure which necessitates the consideration of a three dimensional Poisson’s equation as the
initial step of analytical modeling. 3D Poisson’s equation defines the variation of channel
electrostatic potential in all three (i.e. x, y, and z coordinates) making its solution very much
complex. This mathematical complexity can be simplified by adopting the novel concept of effective
number of gates (ENG) proposed for the first time by J.P. Colinge [4.58]. This concept is basically
based on the well known approach of Perimeter Weighted Sum (PWS) coined by Auth and Plummer
[4.59]. According to this concept, a QG structure can be seen as the combination of two DG structures
surrounding the rectangular cross section silicon channel from top to bottom (constituting a vertical
DG arrangement) and one side to the other (constituting a horizontal DG arrangement). The PWS
approach makes the calculation of natural length of a QG MOSFET very easy just by knowing the
natural lengths of its constituent vertical and horizontal DG MOSFETs.

This sub section will focus on presenting a detailed analytical study of the fully gate wrapped
Quadruple Gate (QG) MOS structure considering the gate electrode to be comprised of a linearly
graded binary metal alloy [4.25] in order to investigate the dual benefits associated with a QG
structure as well as the recently popular idea of work function engineered gate electrode. The
analytical modelling presented in this work involves formulation of threshold voltage of the proposed
Work Function Engineered Gate Quadruple Gate (WFEG QG) MOSFET from the position of
minimum central potential in the channel region evaluated by solving a quasi three dimensional
scaling equation adopting the simplified approach of ‘effective number of gates (ENG)’. Based on the
results obtained from this analytical modelling, an in depth comparative performance study has been
investigated in terms of some important short channel parameters like Threshold Voltage Roll-Off
(TVRO) , Drain Induced Barrier Lowering (DIBL) and sub-threshold behaviour in order to
substantiate the superior short channel characteristics of the proposed WFEG QG structure than a

conventional QG MOSFET.
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4.4.2. Analytical Modeling

A schematic diagram of the proposed Work Function Engineered Gate Quadruple Gate (WFEG QG)
MOSFET is shown in Fig.4.4.1 below in a three dimensional plane.
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z
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Fig. 4.4.1 WFEG QG MOSFET : (a) Rectangular cross sectional view in 3D, (b) & (c) cross sectional
schematic of equivalent two dimensional DG MOSFETSs along x-z and y-z planes respectively.

According to the Perimeter Weighted Sum (PWS) approach, the three dimensional QG structure can
be simplified by two equivalent independent two dimensional DG MOSFETSs along x-z and y-z [4.59].
Starting from the 3D Poisson’s equation, the expression of quasi 3D scaling equation of QG
MOSFET’s central channel potential can be written as follows from the knowledge of scaling theory

[4.60]:

d2¢c (2) 1

dz® g

(0. (2)—¢)=0 (4.4.1)
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Where ¢ (Z)represents the channel central potential of the short channel device, @ represents the

conventional long channel central potential and ZQG stands for the natural length of the proposed

fully depleted QG MOSFET.
4.4.2.1 Natural Length Calculation

The scaling equation written above (equation 4.4.1) relates the channel central potential of a
quadruple gate (QG) MOSFET in terms of its natural length. The natural length calculation of a
three dimensional QG structure can be simplified using the ENG concept of Colinge et. al. [4.58]
which expresses the ENG of the QG MOSFET as the simple sum of individual natural lengths of the
two DG MOSFETs that constitute the QG MOSFET based on the PWS concept mentioned earlier
[4.59].

Thus, it can be simply be written as: ENGy; = ENGp, + ENGg, (4.4.2)

Again, from the definition of Effective Number of Gates, the ENG of a QG MOSFET and DG
MOSFET can be defined as

2 2
ENG; = AS—ZG &ENG,; = @ (4.4.3)
G ﬂ’DG

Where ZSG,ZDG and/iQG represent the natural lengths of single, double and quadruple gate

MOSFETsS respectively.

Substituting the expressions of ENG of double gate and quadruple gate in equation 4.4.2, the

resultant expression of the natural length of a QG MOSFET can be determined and is given as:

1 _ 1 N 1
Aée /1;61 /Iéez

(4.4.4)

It is well known and established by various researchers [4.58, 4.60] that considering device operation
in bulk conduction mode, the natural lengths of the equivalent DG MOSFETSs comprising the QG
MOSFET can be individually expressed as:

1 8C 1 8C

= % and ——= x (4.4.5)
e MWeg +C W e, 4Heg+C H
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Where Cox signifies per unit area gate oxide capacitance while width and height of the QG MOSFET
are represented by W and H respectively (refer to Fig. 4.4.1). This makes the natural length
calculation of complex three dimensional QG structure very simple and can be employed in the

subsequent potential modeling.

4.4.2.2. Central Potential Modeling

The three dimensional scaling equation of a quadruple gate MOSFET has already been given in
2

d°e.(2) 1
dz’

Aqe

2 (¢C(Z)_¢I):0

equation 4.4.1 as:

The expression of the long channel central channel potential can now be written as [4.60]

chh

Si

2
P =Ves =V — Age (4.4.6)
Where, Nen is the channel doping concentration, Vs is the gate-to-source bias and Vrs is the device

flatband voltage given as Vg = @, (2) — s .

Incorporating the WFEG concept in the QG MOSFET by using a binary metal alloy as the gate
electrode modifies the overall expression of gate flat band voltage and the resulting expression of

effective work function expression for the gate metal can be formulated as [4.25]:
Grerr (2) =(2/ L)g, +(1-2/ L) (4.4.7)

Where ¢1and ¢2 are work functions of Platinum and Tantalum respectively constituting gate

electrode binary metal alloy where the component mole fraction is continuously varied along the
horizontal channel direction i.e. along z axis as shown in Fig. 4.4.1 and horizontal component z is

normalized with channel length.

Substituting the expression of Vrs in the expression for long channel potential and putting

appropriate effective work function, we can write:

aN,

Si

@ =Vos = (Ieit (2) —¢si) — ,1(:2)(3

Now, substituting the value of ¢, , equation 4.4.1 can be re-written as:
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d?p.(z 1 1
2c(2)_ 1 o )+t g0

dz? Aos Aos

:>d (/JC(Z)_wc(z)+ 12[Ves—(¢meﬁ (Z)_%)_qgm 1&,}0

dz* AQGZ Aos i
— dz(”c (2) P (2) n Vax _ et (2) _ N, _

0
dz’ dos’ e’ s’ Esi

Where Vgy =Vgs + &

Arranging the obtained equation, the fundamental differential equation of channel central potential

can be formulated as:

dz(”c(z) N Le (2) _ Pt (2) _ AN, _ Vex

dz? AQGZ /1QG2 Esi AQGZ

(4.4.8)

Solving this differential equation results in the final expression of the channel central potential and

can be written as:

_ - N
¢C (Z) — KleZMQG + Kze ZMQG +(¢1—L¢2) Z +|:VGX _¢1 _ q ch AéGj| (449)
Si
Where K: and K2 are the two coefficients which can be calculated using the typical boundary
conditions at the source and drain ends (¢, (2 =0) =V,; and ¢.(z=L)=V,; +V,) and are given as

[4.61]:

Ll ~Lldgg chhAQZG ~Ligs Ulge
Vps +V,i(l—e %)=V (1-e ) +——=(1-e ") +(4,—ge )

- &
K, = (eLMQG _p s )

Ll e L2 chhAéG Ll dgq Ll e
_VDS _Vbi (1_9 )+VGX (1_6 )_T(l_e )+(¢1e _¢z)
K2 — Si

(eL//IQG _e-LMQG )
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4.4.2.3. Threshold Voltage Modeling

From the classical definition of threshold voltage modeling, the position of central potential minima
in the channel (zmin) 1s calculated by equating the first order derivative of channel central potential

to zero and is given as:

do.@|  _,
dz

Z=Zpin

Now, ¢, (2)= KleZMQG + KZe_ZMQG +(¢1;L¢2j z +|:VGX _¢1 - qNCh ﬂ“é(j
&

Si

Differentiating the central potential expression and equating it to zero at z=zmin, we get:

d(DC (Z) — Zin A6 _( j ~Zrin/ 2o (Mj —
i (}QQGJKle %QG K,e + 1 0

KleZminMQG _ Kze—Zmin/ﬂQG — ﬂQG [¢2 [@J

A

terms for computational brevity and written as:

K Yo e, (2220

= (K o) oK, = oK oA )0

Considering ~°¢ to be very small, the exponential terms can be expanded neglecting the higher order

Rl (koK)

(K, +K,)

Therefore, Z;, = (4.4.10)

As defined by the classical definition of threshold voltage, it is that particular value of gate to source
voltage for which the minimum value of channel central potential equals two times the value of
Fermi potential. The minimum value of the channel central potential can be calculated by

substituting the above expression of zmin into the expression of central potential (equation 4.4.9). By
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using the condition ¢ i, =2¢- we have calculated for Vas to find the threshold voltage expression

which is given by [4.60]:

Vin = 20 — KlezminMQG - Kze_zmin e - (¢1 —¢ )(Zml/) P+ + ChﬂQG (4.4.11)

&

However, it must be noted that the modeling done so far considers a three dimensional device having
channel length in the range of nano meters. Obviously, Quantum mechanical (QM) effects come into

play in such a low dimensional 3D device geometry resulting in bandgap widening action as [4.62]:

E =E,. +AE (4.4.12)

9,.QM 9.CL g

Where Eg’QM represents the effective device bandgap incorporating quantum mechanical effect,

Eg'CL represents the classical long channel bandgap and AEg stands for the widening in channel

material bandgap as a result of QM effect and is written as:

232
7h

AEg = Qo = m (4.4.13)

Where bandgap widening induced incremented potential barrier is represented by ¢QM .

Thus, while considering the inevitable QM effect in such low dimensional gate all around device
geometry, this increased potential barrier must be added to the classical long channel device

potential barrier to formulate an expression of the QM effect induced effective device threshold

voltage (V, oM ) which can be given as:

T h?
Vth,QM =Vth,CL +2q—*

4.4.14
mt2 ( ‘

Where V, ¢ is the classical long channel device threshold voltage (V,,) as given by equation 4.4.11.

The Drain Induced Barrier Lowering (DIBL) can be analytically determined by calculating the
difference between the device threshold voltages considered at a low and a high value of drain bias

respectively and is expressed as [4.63]:
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DIBL =Vy, (VDS =0V )_Vth (VDS_HIGH )

4.4.3 Results and Discussions

This subsection aims to investigate the performance evaluation of the proposed WFEG QG
MOSFET and a normal QG MOSFET based on the analytical modeling discussed so far
incorporating QM effects. MEDICI simulator data have also been provided to validate the
computational accuracy of the proposed model. In both the cases, simulation has been carried out

with the parameter values as listed in Table 4.4.1.

Table 4.4.1: Parameter Table

Parameter | Substrate Source/ Channel Front Film
doping width : .
Drain doping Channel Oxide thickness
concentration . X
(Nso) concentration height thickness | (tsi)
SUB
(Nsmp) (tox)
Value 10'% cm™ 1017 em-3 20 nm 20 nm 1nm 20 nm

Initially, the variation of channel central electrostatic potential with channel position of QG
MOSFET with or without incorporating the WFEG effect has been illustrated in Fig. 4.4.2

considering different values of drain-to-source voltages.
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Fig. 4.4.2. Variation of central electrostatic potential along channel position of WFEG QG and normal QG
MOSFETs having channel length of 60nm at applied gate bias of 0.1V. Circular dots represent MEDICI
simulated data for WFEG QG MOSFET (Vps=1V).
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It becomes apparent from a careful observation of the said figure that as the device dimesion gets
scaled down to sub-nanometer regime, the central potential minima of the proposed WFEG QG
structure having a spatial composition graded binary metal alloy gate electrode gradually shifts
towards the source end instead of being located at the middle of the channel, thereby shielding the
potential minima from any random variation in drain bias. On the contrary, the central potential
minima of the normal QG MOSFET does not exhibit this source-side shift and remains essentially
positioned near the middle of the channel. Moreover, it can be clearly understood from the said
figure that the position of channel potential minima of the WFEG QG MOS is shifted up with respect
to its normal QG equivalent which testifies the superiority the WFEG concept in mitigating the
DIBL and other SCEs. This fact is supported by Fig. 4.4.3 elucidating central electric field
distribution along the channel. It is clearly visible that the peak electric field near the drain end of
the proposed WFEG QG MOSFET is much reduced compared to that of normal QG MOSFET due to
the continuous adjustment of effective work function along the channel direction from source end
towards drain. A significant reduction in drain side peak electric field ensures sufficient immunity of

the proposed WFEG QG device from impact ionization induced hot carrier effects.

25

——WFEG QG MOSFET
—+— QG MOSFET

Central Electric Field (Mv/cm)

48 a0 52 54 56 58 [=in]
Pasition alang the channel {nm)

Fig. 4.4.3. Variation of central electric field along channel position of WFEG QG and normal QG MOSFETs
having channel length of 60nm at a constant gate bias of 0.3V. Circular dots represent MEDICI simulated data
for WFEG QG MOSFET (Vps=0.5V).

Figure 4.4.4 nicely depicts a comparative analysis of the variation of the threshold voltage
against the channel length of a WFEG QG with respect to normal QG MOSFET (without considering
any structural or doping modifications). It can be understood from Fig.4.4.4 that the threshold
voltage roll off is notably improved in the proposed WFEG QG attributed primarily by the
continuous lateral mole fraction modulation of the binary metal alloy gate material indicating the

superiority of the proposed WFEG QG MOS structure in suppressing unwanted SCEs.
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Fig.4.4.4. Variation of threshold voltage, Vin with channel length L for WFEG QG and normal QG MOSFET
structures (Ves=0.1V and Vps=0.1 V). Circular dots represent MEDICI simulated data for WFEG QG MOSFET.
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Fig.4.4.5 Variation of threshold voltage, Vi, with channel length L of WFEG QG MOSFET structure
(Ves=0.1V and Vps=0.1 V) for different gate oxide thicknesses.

Next, the threshold voltage behavior of the proposed WFEG QG device has been studied for
various gate oxide thicknesses in Fig. 4.4.5 indicating that a thinner gate oxide reduces device
natural length which in turn induces a considerable reduction in threshold voltage roll-off making

the thin gate structure a possible alternative device in suppressing performance degrading SCEs
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[4.17]. However, a thin gate oxide on the other hand is affected by the allied problems of enhanced
gate leakage current which leads to an effective increase in static power consumption. Thus, a trade-
off has to be considered for simultaneous suppression of SCEs along with avoiding an increase in

static power consumption to sort out an optimal solution.
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Fig.4.4.6 Variation of threshold voltage with channel thickness tsi of a WFEG QG MOSFET with and
without quantum mechanical effect. Circular dots represent MEDICI simulated data for WFEG QG
MOSFET.

Fig. 4.4.6 establishes an important observation from the present research endeavor by depicting
threshold voltage variation with channel thickness of the proposed WFEG QG MOSFET including
and without including quantum mechanical effect. Observing the said figure, it can be inferred that
the quantum threshold voltage deviates distinctly from the classical threshold voltage when the
channel thickness is scaled down gradually. This is due to the QM band gap widening discussed in
the earlier section which leads to an effective increase in the device threshold voltage according to

eq. 4.4.14.

Having studied the threshold voltage behavior, the next two figures attempt to study the
variation of DIBL with channel length. Figure 4.4.7 describes the impact of inclusion of WFEG effect
in a QG MOS device. It is clear from the said figure that DIBL increases with a reduction in channel
length as expected from the knowledge of short channel device physics. However, the comparative
picture testifies that the increment in DIBL is significantly less in WFEG QG MOS than its normal
QG counterpart establishing the superior DIBL performance of WFEG QG structure.
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Fig 4.4.7. Variation of DIBL with channel length L for WFEG QG and normal QG MOSFET structures
at a gate bias of 0.1V. Circular dots represent MEDICI simulated data for WFEG QG MOSFET.
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Fig.4.4.8 Variation of DIBL with channel length L of WFEG QG MOSFET structure considering a gate
bias of 0.1V and drain bias of 0.1 V for different gate oxide thicknesses.

Finally, in Fig. 4.4.8, the nature of variation of DIBL with channel length has been demonstrated
considering different gate oxide thicknesses of the WFEG QG MOSFET. It is quite obvious from the
earlier discussions that a device with thin gate oxide will be more effective in controlling unwanted
DIBL which is once again confirmed by observing the notable reduction in DIBL corresponding to

gradual decrement of gate oxide thickness ensuring better SCE repression in nano dimensions.

This chapter basically aims to explore the effectiveness of incorporating the novel concept of linearly
varying the mole fraction of a binary metal alloy used as gate electrode (i.e. work function engineered
gate) coined by Sarkar et. al. in multigate MOSFET devices with the primary objective to establish

the effectiveness of the ‘work function engineered gate’ concept in subduing the detrimental SCEs in
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short channel semiconductor devices. This purpose has been exploited in different sub sections by
incorporating the work function engineered gate concept into different multigate device structures
such as Double Gate MOSFET, Cylindrical Gate MOSFET and Quadruple Gate MOSFET as
discussed in details throughout the chapter.
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5.1. Introduction

The unimpeded advancement of VLSI industry from micro to nano regime has been possible by the
continuous miniaturization of device physical dimension with a view to develop ultra low
dimensional low power consuming high speed devices to quench the technological requirements of
modern tech savvy civilization. This aggressive pace of continuous device dimension down scaling is
facing some severe performance related issues like unavoidable Short Channel Effects (SCEs),

impurity concentration induced carrier mobility degradation , enhanced gate tunneling effect due to
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down scaling the thickness of transistor gate oxide, measurable p-n junction leakage current
enhancement attributed to the equivalent reduction in junction thicknesses [5.1]. These unwanted
short channel effects pose severe threat to the performance of conventional bulk devices which can
no longer match the required high performance. This necessitates extensive research on the
innovation of non conventional device structures which can alleviate the said performance deterrents
and maintain the superior performance specified by the requirements listed by ITRS [5.2]. The
previous two chapters of this dissertation have focused on some of the recently evolved non-
conventional semiconductor device structures such as Fully Depleted Silicon-on-Insulator/Nothing
(FD SOI/SON) MOSFETSs and several multigate MOSFET structures like Double Gate MOSFET
(where two gates: front gate and back gate are used instead of a single gate) and surrounding gate
MOSFET (where the gate completely covers the cylindrical or rectangular cross sectional channel)
[6.3-5.7]. All the device structures discussed so far, however, are junction based devices. The major
drawback of ultra scaled junction based devices lies in the creation of ultra sharp source-to-channel
and drain-to-channel junctions due to the challenges associated with available doping facilities and
limitations on temperature estimations [5.8-5.9]. The allied problems of junction based devices have
urged the researchers to explore some innovative device structure which can solve the sharp junction
related issues. This has shifted the research interest to the growth of junctionless (JL) devices
which altogether removes the need of formation of source-channel and drain-channel junctions
[56.10]. The junctionless (JL) devices by dint of their novel architecture, proves to be very effective in
eliminating the problems related to precise impurity diffusion and creation of ultra sharp doping
profile. Naturally, the JL MOSFETs exhibit significantly improved turn-on and output
characteristics [5.11-5.13], almost ideal value of sub-threshold swing and appreciably high value of
device ON state current along with interesting temperature characteristics which is attributed to the
average sensitivity of carrier mobility on temperature when the impurity concentration is

sufficiently high.

Moreover, one more emerging research idea of ‘work function engineered gate’ has already been
elaborated in the last two chapters which involves the use of a binary metal alloy gate electrode
whose effective work function can be precisely adjusted to the desired value by linearly adjusting the
mole fraction of constituent metals along the channel length from source gradually towards the
drain. This chapter intends to explore the performance improvements of the emerging junctionless
devices incorporating ‘work function engineered gate’ into conventional junctionless equivalent
device structures (without using work function engineered gate electrode) by achieveing much
reduced Threshold Voltage Roll off (TVRO) and Drain Induced Barrier Lowering (DIBL), particularly
highlighting the efficacy of the novel gate material engineering technique even on Junctionless

devices.
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5.2. Recent research trends

The evolution of silicon industry from the domain of microelectronics into nano electronics is
dominated by the tremendous down sizing of the semiconductor device dimensions. This trend has
persisted over several decades when innovative research endeavors in the domain of electron devices
are mostly associated with the development and implementation of innovative low power nanoscale
devices to achieve considerable performance improvement of VLSI circuits. Obviously there is some
price to pay associated with this explosive technogy boon. Some of the allied complications with this
incessant pace of device dimension down scaling from sub-micron to nanometer regime can be
summarized as irreversible threat to device reliability, carrier mobility degradation due to excessive
impurity doping, problems of poly silicon gate depletion, boron penetration, enhanced gate tunneling
effect due to an equivalent down scaling of gate oxide thickness and most prominently the
unavoidable Short-Channel Effects (SCEs) such as Hot carrier effect (HCE), Drain-Induced Barrier
Lowering (DIBL), undesired current conduction in sub threshold region and a measurable increase
in p-n junction leakage current attributed to the equivalent reduction in junction thicknesses etc. In
spite of these challenges related to short channel devices, maintaining this trend of continuous
device dimension downsizing without affecting device functionality is feasible only through a perfect
blend of device dimension miniaturization, improvised novel structures and material engineering.
This paved the way for extreme research initiatives in the area of electronic devices to develop a
multitude of non-conventional device structures capable of addressing the problems of short channel
effects affecting performance of devices having dimensions down to nanometer range. SOI/SON
technology can be regarded as a possible alternative to conventional MOS technology by means of
their superior short channel device performance achieved by replacing bulk silicon substrate under
the conduction channel by a layer of buried oxide (BOX). Another possible improvisation over
existing basic MOSFET structure can be the incorporation of the multigate concept, where multiple

gate electrodes are used to control the resultant device current.

Double Gate (DG) MOS structures have attracted significant research attention owing to their
superior scalability, excellent SCE suppression, near ideal value of sub-threshold slope, excellent
control of the gate electrode over the channel resulting in ON state current almost twice that of
single gate MOS, thereby making it feasible to realize ultra low device dimension even beyond the
constraints of conventional fabrication technologies [5.4-5.6]. On top of this, the most interesting
feature of a surrounding gate (SRG) MOSFETSs lies in its novel device geometry where the gate
almost envelops the entire channel which effectively increases packing density of the resultant IC in

addition to the extra assistance of superior electrostatic control of the gate over the channel potential
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profile resulting in considerable improvement in sub-threshold characteristics and superb resistance
against detrimental Short Channel Effects (SCEs) in sharp contrast to single gate and double gate
counterparts [5.14-5.16].

Inspite of having so many advantages, a major challenge faced by all junction based devices
elaborated in the previous chapters is the need of forming ultra-sharp source and drain junctions for
extremely down scaled devices. If the device channel length is considered to be as small as 10 nm,
formation of ultra-sharp source and drain junctions implies that the highly doped source and drain
regions will be separated from the low doped channel by a very sharp junction having significant
difference in doping concentration over a separating distance as low as some nano-meters. This
drastic concentration gradient imposes stringent conditions on fabrication techniques of doping and
device temperature estimations [5.9]. In order to surmount these challenges associated with normal
junction based devices, a possible alternative, namely junctionless (JL) transistors are reported in
some recent literatures [5.9-5.11]. These novel devices proposed here can be fabricated using similar
fabrication set up even more easily as there is no need to form precise junctions. The main essence of
this junctionless architecture is that the polarity and doping concentration of the channel region is
exactly similar to source and drain doping. Thus, sharp concentration gradient at the source and
drain junctions have been successfully avoided. This prevents any chance of dopant diffusion during
thermal processing steps, thereby sufficiently relaxing the thermal budget.

Moreover, the physics behind the operation of junctionless devices suggests that these
devices operate in accumulation mode unlike the inversion mode operation of conventional
MOSFETs as the channel doping concentration is same as that of the source/drain regions. Thus,
the accumulation-mode devices exhibit improved contact resistance and reduced sensitivity to gate
overlap or underlap issues. These devices are not affected by doping-fluctuations and thermal
instability due to negative bias compared to equivalent inversion-mode devices showing less
dependence of device current on the doping concentrations. These advantages make JL MOSFET a
much better alternative to junction based devices due to significantly improved turn-on and output
characteristics, almost ideal value of sub-threshold slope and substantially high value of device ON
state current along with interesting temperature characteristics which is attributed to the average
sensitivity of carrier mobility on temperature when the impurity concentration is sufficiently high as
seen in the case of JL MOSFETs.

Exploring the popular idea of multiple metal gate, Deb et. al. introduced an improvised
novel idea that instead of a single metal electrode, a binary metal alloy (A« B1.«) can be used as gate
electrode in a FD SOI MOSFET [5.17]. The mole fraction of this alloy can be continuously varied
from source side (100% A) to drain side (100% B) in order to suitably tune the effective work

function. This pioneering concept of ‘gate material engineering’ can be included into various non-
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conventional device structures to realize improved short channel device performance as compared to
their normal device counterparts without ‘work function engineered gate’. The detailed literature
survey of this ground breaking concept and its fabrication feasibility has already been elaborated in
Chapter 4 [5.17-5.21]. The improved results achievable using this binary metal alloy gate electrode
have been the major motivation to incorporate this concept into Junctionless device structures in this

Chapter with a view to realize better device performance.

The first section of analytical modelling discussed in this chapter will investigate a
comparative performance analysis of a Junctionless Work Function Engineered Gate Double Gate
(JL WFEG DG) MOS structure with respect to normal JL. DG MOS without any binary metal alloy
gate on the basis of analytical surface potential modeling. The next section will present similar
analytical modelling based performance investigation of Junctionless Work Function Engineered
Gate Cylindrical Gate (JLL WFEG CG) MOS structure in contrast to its simple JL. CG MOS
equivalent. Both the studies will exhibit superior performance of the WFEG JL structures compared
to their simple JL counterparts in terms of Drain Induced Barrier Lowering (DIBL), Threshold
Voltage Roll-Off (TVRO) and voltage gain.

5.3. Junctionless Double Gate MOSFET with linearly graded binary metal alloy gate: an

analytical modeling based performance comparison

5.3.1. Overview

In view of the above presented discussion on the ongoing research trend starting from the inception
of the search for non-conventional device structures to alleviate the shortcomings associated with
conventional planar devices, it can be well understood that introduction of junctionless devices may
open a new corridor of contemporary research in the field of low dimensional devices. The wide
range merits of the junctionless concept originate from the very device geometry which eliminates
sharp concentration gradient at the source/drain to channel junctions by maintaining a uniform
doping concentration all over the device starting from source to drain regions. Moreover, it is a well
known fact that Double Gate (DG) MOSFET structure by virtue of having two gates (front and back)
exhibit enhanced gate control over the channel (both front and back gates controlling the charge in
silicon channel), which in turn is reflected in the superior device performance in terms of SCE
suppression ensuring further scalability of device dimensions. Moreover, the pioneering concept of
work function engineered gate electrode has already been established in the preceding chapters to
improve short channel performance of low dimensional devices. Taking these into consideration, this

section of the thesis chapter aims to investigate the intricacies of analytical threshold voltage
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modelling of a Junctionless ‘Work Function Engineered Gate’ Double Gate MOSFET (JL. WFEG DG
MOS) and perform a comparative analysis of the proposed JL WFEG DG structure with its normal

JL DG counterpart to emphasize on the effectiveness of WFEG scheme incorporated.

5.3.2. Analytical Modeling

The basic operating principle of a conventional junction based device discussed in the earlier
chapters involves channel inversion and induces a layer of minority carriers at the junction of
semiconductor and gate oxide which forms a continuous channel connecting the two heavily doped
regions of source and drain. On the contrary, the physics governing the operating principle of
junctionless devices is based on depletion or accumulation region operation where the majority
carriers of the heavily doped substrate is involved in channel current subjected to application of
suitable gate voltage. The fundamental difference between a junction based and junctionless device
lies in the mechanism of current conduction. Channel current in a junction based device is due to the
conduction of minority carriers through the inverted channel at the oxide-semiconductor interface,
whereas device current of a junctionless device arises due to the conduction of majority charge
carriers through the entire volume of silicon film. The schematic structure of the proposed JL WFEG
DG MOSFET is illustrated in Fig. 5.3.1. The source and drain region thicknesses are assumed to be
almost negligible and source and drain electrodes are placed at the two sides of the heavily doped

bulk silicon layer.

e Flectrode s Oxide /] Silicon

Fig.5.3.1 Schematic cross sectional view of a Junctionless Work Function Engineered Gate electrode Double
Gate MOSFET

The formulation of the expression of effective workfunction of a linearly graded binary metal alloy as
a function of channel position has already been elaborated is the previous chapter. Following that,

the expression of the effective work function has been re-written below [5.21]:
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Broeit (X) = (X L)@, + (1 —x/L)¢ (5.3.1)

Where @ and ¢, represents the pure constituent work functions of Platinum and Tantalum

respectively. The x component (along the horizontal direction) is normalized with channel length L

and the channel is assumed to be fully depleted.

5.3.2.1. Surface Potential Modeling

The two dimensional Poisson’s equation for n-channel junctionless WFEG DG MOSFET under

consideration operating in sub-threshold region is given as [5.22-5.23]:

Op(x.y) , p(xy) _ dNa
ox? oy’ &

(5.3.2)

Where @(X,Y)represents the channel potential which is two dimensional in nature, Ne is the
doping concentration of the uniformly doped channel of the junctionless structure and &gis the

relative permittivity of silicon.

Following earlier modeling basics, the two dimensional channel potential can be approximated

considering Young’s parabolic potential profile [5.24] as:

P(%,y) =d,(X) +d,(x)y +d;(x) y? (5.3.3)

Considering the channel length along x axis and the normal direction to the channel is taken along

along y axis keeping the origin at the centre of the silicon film.

1. Thus the central potential along x direction can be obtained by putting y=0 in equation 5.3.3

and is given by-

@ (X) = p(x,0) =d,(X)

2. The electric field at the back gate-channel interface (where Y = b ) ) is given as:

o0p(X,Y) _ Egox Vs = @5 (X) =Vig
ay y:t% &y tgox
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3. Similarly, the electric field at the front gate oxide-silicon channel interface (where
t / L
y=- ) ) 1s given as:

_ Egox Ps(X) —Vgs +Veg
yzft% gSi tgox

op(X,Y)
oy

Where ¢g(X)=@(X,y = —t% ) is the surface potential, Vas is the externally applied gate to source

bias, tsiis the silicon film thickness, fgx is the gate oxide thickness (front and back gate thicknesses

being equal), Egox is the gate oxide permittivity and Vrs represents flat-band voltage

(v et~ = 6+ (6~ )(f)—%}

It must be noted at this point that both the front and back gates are connected to the same supply
voltage Vas making this Double Gate MOSFET a tied three terminal Double gate (3T DG MOSFET)

device structure.

Using the above boundary conditions, the 2D Poisson equation (eq.5.3.2) can be re-arranged and

expressed as a function of central potential of the channel as:

dz(”c (X) 8Cg Nt aN ts
_ X X)=V.. +V_. — ch™si ch~Si
¢ dotorC 2| o) Ve PV T e g

gox -Si gox

=0 (5.3.4)

g . . . .
Where Cgox = g% represents the capacacitance of gate oxide measured in per unit area.
gox

The differential equation of 5.3.4 can be solved mathematically to obtain the channel central

potential which can now be represented as a function of horizontal ‘<’ coordinate by the following

expression:
. Nt  ONgts
¢C (X) — Pex//l +Qe x/l ¢2 (A) 1 q ch™Si q ch™Si +VGS +¢Si (5'3.5)
Cgox 8“E‘Si
1 8Cgox . .
Where ? = W represents the generic expression for natural length of a DG MOSFET.
Esilsi + Cynlsi
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A proper picture of the nature of variation of the evaluated central potential with positional
coordinate X’ can be obtained by calculating the coefficients P and Q of equation 5.3.5 taking into

account the boundary condition of channel potential at the source and drain extremities of a

junctionless device as @.(X=0)=0 and @.(X=L)=Vsrespectively [5.22]. The formulated

coefficients are given by:

2
ON s +chhtSi Vo + (1_e—|_//1)

DS _(¢1 - ¢2 ) o _¢1 + 2Cgox 883i

P=
ellA _ gLl

2
chhtSi +chhtSi +VGS+¢Si (1_eLM)

_VDS + (¢1 - ¢2 ) + _¢1 + ZCgox Bgsi

Q=
al/A _ gLl

5.3.2.2. Threshold Voltage Modeling

For the sake of computational brevity, the threshold voltage of the JL WFEG DG MOS under

consideration can be evaluated from the classical definition of threshold which is defined to be the

gate-to-source voltage for which the channel central potential minima becomes zero (@c min = 0). For

this, calculating the position of minimum central potential (Xmin) 1s crucial which can be extracted by

equating the first order channel central potential expression (eq. 5.3.5) to zero and written as

_ _}“2(¢2_¢1)_ _
Xmin—%P_'_Q)where K——L A(P-Q)

Putting this value of xmin into the expression of channel central potential, the minimum central
potential can be determined which can eventually be equated to zero and solved to find the value of

Vasto find the threshold voltage expression which can be given by [5.22]:

C]N hts' C]N htsz' Xemin /A ~Xemin /A (¢1_¢2J
Vo, = — g — s LZehsi_ pgtnlt _Qe~mn/A _| V2 |y (5.3.6)
o ae 8, L

gox i

Once the expression for threshold voltage has been formulated, it can now be utilized to obtain the
Drain Induced Barrier Lowering (DIBL) which is simply the difference between the device threshold

voltages considered at a low and a high value of drain bias respectively and is given as:

DIBL =Vqy (VDS = O'lv)_VTH (VDS_HIGH )
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5.3.3. Results and Discussions

This subsection of the thesis demonstrates a contrastive performance study on the basis of a detailed
two dimensional Poisson’s equation based analytical modeling of a JLL WFEG DG MOSFET and
normal JLDG MOSFETs along with simulation results. 2-D MEDICI simulator data has also been
provided to validate the accuracy of proposed analytical model. In both the cases, simulation has

been carried out with the parameter values as listed in Table 5.3.1.

Table 5.3.1: Parameters used for simulation

P N, = i 0x L
arameters S/D: ts tg ¢1 ¢2
Nch
Values 5x1026 10 2 100 5.3 4.4
m-3 nm nm nm eV eV

To begin with, Fig. 5.3.2 depicts the nature of variation of central potential profile in the channel
along the channel position from source to drain for both proposed JL. WFEG DG MOSFET and a
normal JL. DG MOSFET (without work function engineered gate electrode) for different values of
drain bias considering the device channel lengths to be 100 nm. The solution of Poisson equation has
been based on Young’s Parabolic Potential Approximation to formulate the final expression of
channel central electrostatic potential consolidating the recently evolving innovative idea of a binary
metal alloy gate electrode with linearly graded mole fractions of constituent metals. It 1s quite
apparent from the said figure that for a relatively longer geometry MOS structure (as in case of
Fig.5.3.2), the presence of the (x/L) term in the expression of channel central potential (refer to eq.
5.3.5) results in a finite linear slope in the central potential variation along channel position, thereby

manifesting the impact of ‘work function engineered’ gate on device potential profile.
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Fig.5.3.2 Central potential distribution along the channel position of JL WFEG DG and JL DG MOSFET for
different values of Vps
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Fig.5.3.3 Variation of channel central potential along channel position of JL WFEG DG and JL DG MOSFETs
considering different values of Vps for a chanel length of 50nm. MEDICI simulated data for JL WFEG DG
MOSFET (Vps=1V) are represented by circular dots.

Fig. 5.3.3 depicts similar variation of channel central potential as in Fig.5.3.2, but for a
smaller device channel length. It can be well understood from the figure that the parabolic symmetry
in the potential profile gets restored by the WFEG effect for the considered device structure having
channel dimension in the range of nanometer compared to conventional long channel MOS, which is
a clear indication of its immunity against various short channel effects in smaller dimension.

Moreover, it can be clearly observed from both the figures (Fig.5.3.2 & 5.3.3) that the potential
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minima of the JLL WFEG DG MOS is higher than that of the JL. DG MOS and is gradually shifted
towards the source/channel junction which circumstanciates the supremacy of the proposed JL
WFEG DG structure under consideration in alleviating short channel effect induced performance

degradation by shielding the minima of channel central potential from any unwanted impact of drain

bias variations[5.17, 5.21].

Having established the superiority of proposed JL WFEG DG structure over normal JL. DG
MOS, Fig.5.3.4 attempts to investigate the variation of central electrostatic potential with channel

position for different gate oxide thicknesses (fgox).

—— JLWFEG DG MOSFET (tox=dnm)
0 —+— JLWFEG DG MOSFET (tox=3nm)
L WFEG DG MOSFET {tox=2nm)

E —&—.JL DG MOSFET (tox=4nm)
= -1 : =w=JL DG MOSFET (tox=3nm)
E 1 —*==JL DG MOSFET (tox=2nm)
o
=
]
g7
E
E -4
]
-5
-5 L : . : A
0 20 40 B0 80 100

Position in the channel (nm)

Fig.5.3.4 Variation of channel central potential along the channel position of both JL WFEG DG and JL DG
MOSFETs considering different gate oxide thicknesses (tgox)

It is clearly evident from the above figure that with a gradual decrease in gate oxide
thickness, the electrostatic control of the gate electrode on channel charge density increases,
resulting in an upward shift of central potential minima indicating clear performance improvement.
On the basis of this observation, it can be deduced that thin gate oxide is a better choice for

nanoscale devices for suppressing the harmful SCEs.

Next, the variation of channel central electric field with the channel length has been depicted
in Fig.5.3.5 (particularly the variation near the drain end as high electric field near drain end results

in a number of detrimental short channel effects).
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Fig.5.3.5 Variation of channel central electric field with respect to the position along the channel near the
drain end for JL WFEG DG and normal JL DG MOSFETSs keeping Vgs = 0.15V, Vps = 0.75V . MEDICI simulated
data for JL WFEG DG MOSFET are represented by circular dots.

The figure above clearly shows a considerable reduction in the electric field profile of
proposed JL WFEG DG MOS compared to JL DG MOS which is primarily attributed due to
continuous adjustment of alloy mole fraction from source end towards the drain end. This reduction
eventually reduces the peak electric field at the drain end in the proposed JL. WFEG DG structure
resulting in significant suppression of SCEs, particularly Hot Carrier Effect (HCE) caused by high
field impact ionization near the drain end. The reduction in HCE creates a further scope for gate
oxide thickness down scaling which is indeed a requirement to continue the trend of device

dimension miniaturization for future VLSI industry.

Having studied the potential and electric field profiles of the proposed structure, the
following figures will provide some insight to the threshold voltage and DIBL variation of the

considered device.
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Fig.5.3.6 Variation of threshold voltage, Vi, with channel length L for JL WFEG DG and normal JL DG
MOSFET structures with same values of parameters as in table 5.3.1. MEDICI simulated data for JL WFEG DG
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Fig.5.3.7 Variation of DIBL with channel length L for JL WFEG DG and normal JL DG MOSFET structures with

same values of parameters as in Table. 5.3.1 Circular dots have the same significance as that in Figs. 5.3.5

and 5.3.6 with the same values of parameters as listed in Table 5.3.1.

Threshold voltage variation with channel length of the proposed JLL WFEG DG MOSFET is depicted

in Fig.5.3.6. By continuously tuning the mole fraction of binary metal alloy gate of the proposed JL
WFEG DG MOS, the threshold voltage roll-off with reduction in channel length is made almost

insignificant compared to significant roll-off exhibited by its normal JL. DG counterpart indicating

the effectiveness of the WFEG concept by protecting the proposed device structure from any
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detrimental short channel effect. This has been again shown by presenting a comparative analysis
of DIBL values for different channel lengths in Fig.5.3.7. The said figure undoubtedly establishes
the superiority of our proposed JL. WFEG DG structure compared to a normal JL. DG MOS by
achieving better DIBL behavior, ensuring the possibility of further device miniaturization to keep

up with the ITRS specifications.

5.4. Junctionless Cylindrical Gate MOSFET with linearly graded binary metal alloy gate:

a two dimensional analytical study

5.4.1. Overview

The preceding subsection has presented the intricacies associated with the analytical modeling and
comparative performance analysis of a Junctionless Work Function Engineered Gate Double Gate
MOS transistor with its normal Junctionless Double Gate counterpart without considering a linearly
graded binary metal alloy gate electrode to emphasize on the effectiveness of the WFEG concept in
subduing unwanted SCEs in nano scale devices. In spite of having improved performance due to the
enhanced gate control over channel (by both front and back gates), the practical use of DG MOSFET's
is still facing some issues of fabrication related process complexity [5.6]. The problems associated
with Double Gate MOSFETSs can be tackled by adopting surrounding gate/cylindrical gate MOSFETs
which further enhances the gate control over the channel charge to a next level by dint of its novel
geometry of completely wrapping the silicon channel with gate electrode, which in turn increases the
device density in ICs with the added benefits of exhibiting significant improvement in sub-threshold
behaviour along with outstanding imperviousness against detrimental Short Channel Effects
(SCEs). Recent research endeavors on surrounding gate has already been discussed in details in the
literature survey section [5.14-5.16]. In addition to this, the much discussed concept of Work
Function Engineered gate electrode can be incorporated into a surrounding cylindrical gate
MOSFET by considering a binary metal alloy gate electrode where the mole fractions of constituent
metals are continuously adjusted from the source side to drain side ensuing remarkable
improvement in device short channel behaviour. In view of this, the current section of this chapter
will investigate a detailed analytical modeling based comparative performance analysis of a
Junctionless Cylindrical Work Function Engineered Gate MOSFET with respect to its normal
Junctionless Cylindrical equivalent to reap the compound benefits of junctionless cylindrical gate

device structure along with gate material engineering technique.
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5.4.2. Analytical Modeling

It has already been discussed in the previous section that physics behind the operation of
Junctionless device bear no resemblance with that of a junction based device. In case of normal
junction based devices, the conduction of current is dependent on the creation of an inversion
channel by inducing a layer of minority carriers at the substrate-gate dielectric interface achieved by
by the application of suitable gate bias. On the contrary, current conduction in a junctionless device
is primarily due to the depletion or accumulation of majority charge carriers from the heavily doped
silicon substrate by applying suitable gate bias. Current in conventional junction based is attributed
by the conduction of minority carriers through the narrow inverted channel formed near the
interface of substrate and gate oxide, which is in sharp contrast to the case of a Junctionless device,
where the flow of majority carriers through the entire volume of the silicon film contributes to the

resulting device current [5.8-5.10].

A schematic cross-sectional view of a Junctionless Cylindrical gate MOSFET with a binary
metal alloy as gate electrode has been presented in Figure 5.4.1. As the device cross-section is
cylindrical in nature, a cylindrical coordinate system has been adopted with radial and horizontal
coordinates represented by ‘v’ and ‘z’ respectively. The device structure is assumed to be symmetrical
such that the potential and electric field in the channel will not vary along the angular direction.
Depending on this particular assumption, the angular direction of the cylindrical coordinate system
can be neglected for the sake of mathematical brevity reducing the three dimensional scenario into a
two dimensional one. This makes a two dimensional approach suitable for the analytical modeling of

the present device structure [5.23].

Drain

(a) (b)

Figure 5.4.1 (a) Two dimensional cross-sectional view of a Junctionless WFEG Cylindrical Gate MOSFET

considering channel length along z-axis (b) Device Structure
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The gate electrode of the proposed structure is considered to be comprised of a binary metal alloy
with linearly varying constituent mole fraction along channel direction. Thus the effective work

function of the gate electrode can be formulated as [5.21]:
Greit (2) = (21 L)g, + 1-2/L)¢ (5.4.1)

Where @ and ¢ represents the pure constituent work functions of Platinum and Tantalum

respectively. The z component (along the horizontal direction) is normalized with channel length L.

5.4.2.1. Channel Potential Modeling

Considering cylindrical device cross section, the an expression for channel surface potential of the
proposed Work Function Engineered Gate Cylindrical MOSFET (WFEG CG MOS) can be formulated

by solving the cylindrical Poisson’s equation (reduced to two dimension) given as:

2
1g(r aco(r,Z)]+ 2 (p(rz, z) _ AN, (5.4.2)
ror or oz &g

i
where @(r,z)is the 2-D channel potential profile, Nen is the uniform channel doping and &g is the
silicon permittivity.

Assuming Young’s parabolic potential profile [5.24], the 2D channel potential varying along both

radial and horizontal directions can be written as:
P(r.2) =0, () +d,(Dr +d,()r* for 0<z<L;0<r<') (5.4.3)
Where ¢, (z), di(z) and dz(z) are the functions of z only.

The channel length has been considered along the z direction while the channel thickness along the

radial direction keeping the origin at the centre of the silicon film.

Following the basics of analytical device modeling from the previous chapters, it can be stated that
formulation of an analytical expression for channel potential requires the solution of the two
dimensional Poisson’s equation (eq.5.4.2) considering the device boundary conditions listed below
[5.25]:

1. Surface potential of the channel is given by:
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0.(D)=0(r=R="92)

Where, R is the radius of the cylindrical channel and is equal to half of channel thickness

1.e. tsi/2.

2. Channel central potential is given by:
¢ (2) =p(r=0,2)
S0 (2) =9 (2)

3. Channel central electric field is given by:

do(r,z)

=0=d (z2)=0
ar =d,(2)

r=0

4. Electric field at the surface of the channel is given by:

M =@|:VGS —Vis _¢s(z):|

dr

=R Esi Lo

Where t. =R |n(1+tg°% j

Vre is the flat band voltage of the binary metal alloy gate and 1is given

(VFB =Gt (1) — 05 =+ (4, — ) (Ej — ¢y j
by

. . . Eqox -
9% is the gate oxide thickness and 9*is the
relative permittivity of the gate oxide. Thus, gate oxide capacitance can be expressed as

&

Cgox = 9 measured in per unit area.
gox

Considering the above mentioned boundary conditions, eq. 5.4.3 can be re-written as follows to give

an expression of total channel potential:

C OX
o(r,z) = (2)+ ﬁ(ves ~Veg — 0 (z)) r? (5.4.4)

Si
Substitution of equation (5.4.44) into the cylindrical Poisson’s equation and subsequent

simplification results in the differential equation of central channel potential expressed as:

dz(pc(z) _ @ (2) _ Prert (2) _ AN, _VG_X

dz? n’ o’ 18 @

(5.4.5)
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Where V, =V +ds, 17° =% , 0 =% and

2
B Cyu?T = 2C,, 1 Cy?R - zcoxg, - 1
2Regg Reg, 2¢&g

R“E‘Si (1+Cgox% j
Si

Solving the obtained differential equation finally yields an expression for the central electrostatic

Z:

potential in the silicon channel and is given as:

AEsi @ @

2 N 2 2 V 2
¢C(Z):F)lezh]_'_l:)zefl/ﬂ +(U42)(¢1_¢2)(%_)+|:q el _¢1772 + GX? :| (5.4.6)

Finding the coefficients of this differential equation will depict the exact nature of channel central
electrostatic potential. A complete picture of the nature of variation of the formulated central
potential can be obtained by calculating the two coefficients P1 and P2 in the expression of central

potential (vide eq. 5.4.6) taking into account the boundary condition of channel potential at the

source and drain extremities of a junctionless device as @.(Xx=0)=0 and

Pc (x=L) =VDS respectively [5.23]. The evaluated coefficients are given as:

2 N 7?2 2\ 2 o
VDS_(U42J(¢1_¢2)_|:CI o’ _¢2272 + G;g j|(1_e )

XEsi
Pl - eL/77 _efL/n
2 N 2 2 V 2
Voo +(7742j(¢1_¢2)+|:q on’7 _¢1772 n Gx:7 :|(1_eL/77)
XEsi w %
PZ - eL/r] _e—L/q

5.4.2.2. Threshold Voltage Modeling

Potential minima can be defined as the position along the channel length at which the potential
reduces to its minimum value. After formulating the expression of channel central electrostatic
potential (vide eq. 5.4.6), the central potential minima (zmin) can be easily obtained by calculating the

first order derivative of eq. 5.4.6 and equating it to zero and is written as:
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T A (ffz[m ~{n(R-P)}
Zinjin = (P +P) (5.4.7)

Substituting the expression for zZmin in eq. 5.4.6, minimum central potential can be obtained. Now, by

using the condition @ i, =0, the resulting expression of minimum central potential can be

calculated for Vas in order to find out the expression for device threshold voltage [5.23] given by:

. | N, @
VTH :(QZZ)[_He mln/ﬂ—Pze mm/ﬂ]_(¢l_¢2)(zm%j_q—hw+¢l_¢Si (5.4.8)

XEsi

Drain Induced Barrier Lowering (DIBL) is simply the difference between the device threshold
voltages considered at a low and a high value of drain bias respectively and can be calculated from

the following expression:

DIBL =V, (Vs =0V )~V (Vs _iar ) (5.4.9)

5.4.2.3. Drain Current Modeling

The proposed Junctionless WFEG Cylindrical MOSFET device considered so far is an ultra scaled
device where the device channel length is in nanometer scale. The current characteristic of such low
dimensional semiconductor device is quite expected to be affected by inevitable Short Channel Effect
of Channel Length Modulation (CLM) resulting in a finite slope in the drain characteristics beyond
saturation. Thus, accurate modeling of drain characteristic of such a short channel length device
demands prior incorporation of various SCEs like CLM, field dependent mobility etc. which will now

be presented in details in this subsection.
The resulting final expressions for drain current can be formulated as [5.21, 5.26-5.28]:

27Z-R/“lne C 0X ' 1 ] ]
_ ff g }[(Ves ~Vy,, Wips — % V2] (for linear region operation) (5.4.10)

los
L1 |e/ Vos

Crit
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_ 27R ey C e }[(Ves _VTHI)VDS,sat _ %V 2 (for saturation region operation) (5.4.11)

I DS ™ DS sat
L 1 _ Ief/ + VDS ,sat
L I-ECrit

Where letr is the effective channel length measured from the drain end across which the potential

difference of (Vps-Vbs,sat) is dropped beyond the point of device saturation and is obviously a

function of the drain bias. Ve’ is the effective threshold voltage which is basically (Vra-DIBL); Ecrit

is the critical electric field at which the electron velocity Vsat saturates ; Vps sat 18 the drain-to-source

saturation voltage ;ynEff represents the effective carrier mobility dependent on electric field given
as:-
2V Hno
i = sat Vv _ Vgs —Vin Hneft =
rit Lo DS, sat 1+VG5 _VTH 1+0(VGS _VTH )
LE

Crit

Where, the low field mobility is represented by Hno and @is considered to be a suitable fitting
parameter [5.26].

The final expressions of drain current incorporating the SCEs for both linear and saturation regions
can be used further to obtain the performance parameters of the Junctionless WFEG Cylindrical
Gate MOSFET under consideration. The drain or output conductance of the device can be calculated
by simply differentiating the drain-to-source current with respect to drain-to-source voltage, Vps
(keeping Vs constant). Similarly, the transconductance can be obtained by differentiating the drain
current w.r.t. gate to source voltage, Vas (keeping Vps constant) respectively and their expressions

are given as:

(VGS _VTHI _VDS )

R e —— -
{1_[|e%j+ VDS }
LE;;
g _ZﬂRﬂnefngox d o
ln = | (dlg * 2
o N S
2
L{1- '“/ p Vs
L LECrit

(for linear region operation) (5.4.12)
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(dley ) (VGS Vi )VDS,sat
Vs }/Ecm _ % Vés w

27R 1t C
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5.4.3. Results and Discussions

This results and discussions sub section aims to describe a comparative study of the performance
of the proposed junctionless WFEG CG with respect to a normal junctionless CG device (without
incorporating the concept of ‘work function engineered gate’) on the basis of detailed analytical
modeling. The 2-D MEDICI simulator data is also provided to validate the computational accuracy of

the proposed model. In both the cases, simulation has been carried out with the parameter values as

listed in Table 5.4.1.
Table 5.4.1 Parameter Table

Parameters Value
Substrate doping concentration (Nsus) 1021 m3
Uniform channel- S/D doping concentration (Nech) 1026 m3
Front Oxide thickness (tgox) 2 nm

Film thickness (tsi) 20 nm

2] 0.02

n0 ~0.11m?/V-s
Veat 10°m/s
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Figure 5.4.2 Variation of central electrostatic potential along the channel position of JL WFEG CG and
normal JL CG MOSFETs considering channel length L = 60nm, Vgs=0.1V. MEDICI simulated data for JL WFEG
CG MOSFET (Vgs=1V) are represented by circular dots.

Fig. 5.4.2 enunciates the variation of central electrostatic potential of the proposed Junctionless
WFEG CG MOSFET and a normal JLL. CG MOSFET (without incorporating ‘work function
engineered gate’) along the channel position considering different values of applied drain-to-source
voltages. It can be easily noticed from the said figure that the parabolic symmetry is no longer
maintained in such an ultra scaled device and there is a gradual shift of central potential minima
towards the source end instead of being positioned at the centre of the channel. Moreover, the
upward shift of potential minima of the junctionless WFEG CG MOS than that of the junctionless
CG equivalent is a clear indication of the superiority of proposed WFEG structure in curbing the

harmful effects of DIBL and other SCEs.

Similarly, Fig.5.4.3 depicts the variation of central electrostatic potential of JLL. WFEG CG and
normal JL. CG MOSFETSs along channel position for different thicknesses of gate oxide (tgox). As the
gate oxide thickness increases gradually, the gate loses its sole control over the channel electrostatic
charge leading to a net reduction in gate oxide capacitance shifting the position of central potential
minima downwards as evident from Fig. 5.4.3. Thus, it can be deduced that devices with thinner

gate oxide offers better immunity to short channel effects.
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Figure 5.4.3 Central potential distribution along the channel position of JL WFEG CG and normal JL CG
MOSFET for different values of gate oxide thickness tgox.

The next two figures (Figs.5.4.4 and 5.4.5) illustrate the threshold voltage and subthreshold slope
variation of the proposed JL WFEG CG device structure w.r.t. JL. CG equivalent against different
device channel lengths. The WFEG concept incorporated in the proposed device results in continuous
variation of binary metal alloy mole fraction which in effect considerably reduces both Threshold
Voltage Roll-Off (TVRO) and subthreshold slope, indicating suppression of short channel effects in
the proposed JL WFEG CG device.

Do2at —e&— ILWFEG CG MOSFET
—#— L CG MOSFET

Threshaold Valtage W)

02f 1

D. 1 8 1 1 1 1 1 1
30 40 a0 60 70 80 an 100

Channel Length (nm)

Figure 5.4.4 Variation of threshold voltage, Vi, with channel length L for JL WFEG CG and normal JL CG
MOSFET structures with same values of parameters as in Table 5.4.1. MEDICI simulated data for JL WFEG
CG MOSFET are represented by circular dots.
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Figure 5.4.5 Fluctuation of Subthreshold slope with channel length L for JL WFEG CG and normal JL CG
MOSFETs considering parameter values as in Table 5.4.1. Circular dots have the same significance as that in
Figs 5.4.2 and 5.4.4 with the same values of parameters as listed in Table 5.4.1.

One of the most common SCE deteriorating the performance of short channel devices is the Drain
Induced Barrier Lowering (DIBL) which illustrates the unwanted role of drain bias in controlling
channel charge density attaining channel inversion before threshold condition. The variation of
DIBL with respect to device channel length for both JLL WFEG CG and normal JL. CG MOSFETSs is
clearly described in the figure below (Fig. 5.4.6) which is sufficient testimony to the fact that
proposed JLL WFEG CG MOSFET can be chosen as a suitable alternative device for short channel

operation by exhibiting much improved DIBL performance.

0.025
—®— L CG MOSFET
—& —WFEG JL CG MOSFET
002+
0oar
z
_
]
]
0oy
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i} L L L L L ]
jEin] 40 a0 [=in] 70 ain] a0 10a

Channel Length {nm)

Figure 5.4.6 Variation of DIBL with channel length L for JL WFEG CG and normal JL CG MOSFET structures
with same values of parameters as in Table 5.4.1. Circular dots have the same significance as that in figure

5.4.2 and 5.4.4 with the same values of parameters as listed in Table 5.4.1.
- |
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Figure 5.4.7 Output or Ip-Vps characteristics of JL WFEG CG and normal JL CG MOSFET structures
considering different gate biases Vgs: for 1V, 0.75V and 0.5V . Channel length L = 60nm and other parameters
have the values listed in Table 5.4.1.

w10
? T T T T T T T T
—& —WFEG JL CG MOSFET
B —¥*— JL CG MOSFET a
51
T
=
2R
347
c
=
]
E
=
53
3
@
2
5
=
2+
1F
. . . . . .

0 1 1
10 20 30 40 a0 60 70 a0 20 100
Channel Length (nm)

Figure 5.4.8 Variation of Transconductance, gm with Channel Length, L for JL WFEG CG and normal JL CG
MOSFET structures
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Figure 5.4.9 Variation of Drain conductance, g4 with Channel Length, L for JL WFEG CG and normal JL CG
MOSFET structures
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Figure 5.4.10 Variation of voltage gain (gm/gd) with Channel Length, L for JL WFEG CG and normal JL CG
MOSFET

Having studied the central potential profile, threshold voltage and subthreshold slope of the
proposed device structure, Figs. 5.4.7 to 5.4.10 will now investigate a comparative study of device
current characteristics of the proposed structure under consideration with respect to its normal JL
CG counterpart. Operation of a device having such aggressively down scaled channel length
(L=60nm) will obviously be affected by the detrimental Channel Length Modulation (CLM) effect
resulting in a finite slope in the saturation region of the drain characteristics beyond the saturation
voltage as evident from Fig.5.4.7. Furthermore, the threshold voltage of our proposed JL WFEG CG

being lower improves current drivability of the device. The variations of transconductance (gm), drain
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conductance (ga) and voltage gain of the JL WFEG CG MOS structure are shown in Figs. 5.4.8, 5.4.9
& 5.4.10 respectively. The removal of uneven transition of channel electric field as a direct effect of
the WFEG structure results in a lower value of gda. Again, a higher drain current of the WFEG

structure leads to an increased transconductance, gm, thereby increasing the voltage gain (gm/ga) of

our proposed JL WFEG CG MOS structure.
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Chapter 6

Improvised Tunnel Field Effect Transistors (TFETSs)
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6.1. Introduction

Throughout this dissertation, the ongoing research trends in the field of semiconductor
devices have been discussed covering the intricate details. It is apparent from the essence of this
thesis work that today’s microelectronics industry is predominantly driven by the design and
implementation of low power nanoscale devices to meet the accrescent technology demands of human
beings. The primary area of focus in contemporary ULSI industry has been continuous scaling down
of device dimension along with increment in the speed of operation and reduction of circuit power
consumption. The industry has seen a long journey in pursuit of circuit performance improvement by
device miniaturization starting from voluminous vacuum tubes that resulted in computers occupying
large rooms, to first MOSFET with gate length of 300 micrometer to some ultra scaled MOSFETs
with gate lengths of 14 nanometer or less [6.1]. Short channel devices with gate lengths in sub nano
orders have led to integrated circuits containing billions of transistors realizing a multitude of
complex high speed operations with minimal power dissipation. However, reduced gate length
results in reduced gate capacitance, thereby increasing switching speed of the circuit. Proportionate
voltage scaling on the other hand reduces device power consumption. These scaling induced
performance improvements, however, come hand in hand with reduced control of gate electrode over
the channel and increased effect of various parasitic capacitances which effectively degrades device
performance manifested by an significant increase in various Short channel Effects (SCEs) namely
Hot Carrier Effect(HCE), Threshold Voltage Roll Off (TVRO), Drain Induced Barrier Lowering
(DIBL), sub-threshold slope enhancement along with an abnormal rise in leakage current flowing

even if the device is in OFF state thereby increasing overall power consumption [6.2].

Out of these short channel effects deteriorating the device performance, the most basic
drawback of conventional MOSFET is the non-scalability of sub-threshold swing (limited to
60mV/dec). This constraint increases device leakage current with a resultant boost in power
dissipation posing a serious threat to the industry in continuing with the frantic pace of device down
scaling in the days to come. Rigorous research activities have been conducted to find a solution to
this threat to the industry benchmarking Moore’s law with a motive to innovative alternatives to

MOSFET keeping all its benefits intact.

This has paved the way for an altogether new transistor namely Tunneling Field Effect
Transistors (TFETs). The fundamental difference which makes TFETSs a better device alternative to
conventional MOSFETs is the mechanism of current control. It is known to all that thermionic

emission of free carriers from the heavily doped source region into the channel region across the
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potential barrier at the source-channel junction is the governing physics behind current conduction
in MOSFETSs. On the other hand, current in TFETs depend on the band-to-band tunneling of charge
carriers from the source valence band to the channel conduction band through the potential barrier
existing at the source-channel junction. Normally, under thermal equilibrium (i.e. no external bias is
applied and the device is in OFF state), this source-channel junction potential barrier is sufficiently
high ensuring nominal OFF state leakage current in TFETs which therefore breaks the subthrsehold
limit of 60 mV/dec (in MOSFET) and can achieve subthreshold slope less than this limiting value
[6.3]. Some of the added advantages offered by TFETs are enhanced immunity against SCEs,
reliability, ultra low power applications and ability to reuse the MOSFET technology due the
striking structural resemblance of TFETs with MOSFET [6.4-6.6]. Moreover, TFETs have an
additional advantage of temperature independence of sub-threshold swing making them a promising
candidate for quasi-ideal digital switch used in critical applications involving high temperature [6.6-
6.8]. These prominent advantages of TFET in sharp contrast with MOSFET make TFETs a better
device than MOSFETsSs for low power, low voltage applications.

6.2. Recent research trends

Originally, Tunnel Field Effect Transistor is nothing but a simple p-i-n diode. TFET is basically a
gated reverse biased p-i-n diode in which tunneling of the carrier take place through one band to
another band. A basic TFET structure consists of source and drain regions which are heavily doped
with impurities of opposite polarities, while the channel region is intrinsic in nature. However, in
spite of having several operational advantages, TFETSs also have certain limitations. The operating
principle governing current conduction in TFETSs is based on band-to-band tunneling phenomena
which although aids in achieving low OFF state leakage current, is also the reason behind low ON
state current in TFETs [6.10] which is far less than that required as per ITRS specification [6.11].
Several improvisations are being studied with an aim to improve the ON current of TFET. Different
modifications of the gate positioning have been proposed by Vanderbeghe et.al. in the literature
[6.12] where the point tunneling current component can be sufficiently eliminated by placing the
gate electrode over the area near the source only. A similar structure with gate only on the source

region has also been studied [6.13] showing considerable improvements.

Gate engineered MOSFETSs studied in the preceding chapters undoubtedly establishes the
effectiveness of ‘multi gate’ structures over planar single gate structures in achieving higher package
density and remarkably enhanced current drivability. This has motivated the researchers to
incorporate gate engineering concept in TFETs to surmount the limitation of lower ON current in
TFETs. Double Gate (DG) TFETs can be regarded as a promising alternative choice by virtue of

having one additional gate which increases the number of devices integrated on an IC along with a
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notable enhancement in the electrostatic control of the gate over the channel leading to a
proportional increment in ON state current, subthrehold slope improvement and superb immunity
against harmful Short Channel Effects (SCEs) [6.14]. Many contemporary researchers are working
in this domain to determine physics based accurate analytical model which will be helpful in
understanding the intricacies of TFET operation. An analytical model presenting comparative
performance investigation of single gate, double gate and gate all around TFETs has been proposed
by Verhulst et. al [6.15] with a view to explore the role of different device parameters on the TFET
current. On the other hand, Vandenberghe et. al. [6.16] proposed a new DG TFET structure where
the gate electrode was placed only over the source region and subsequently developed an analytical
model for this structure. Again, another group of researcher (Shen et. al. [6.17]) insinuated a new

approach for modeling TFETs based on non-linear Poisson’s equation.

Akin to gate engineering, the well known concept of ‘gate material engineering’ may also be
incorporated into the basic TFET structure to serve the motive of enhancing otherwise lower ON
state current in TFETs by lowering the barrier at the source-channel junction, whereas the drain-
channel barrier is maintained to be high so as to suppress the OFF-current by properly choosing the
workfunctions of the gate metals. A Dual Material Gate (DMG) TFET structure was proposed by M.
J. Kumar et. al. [6.18], where, two metals with different work functions were amalgamated side by
side realizing a single gate electrode. The disparity in work function results in an effective increase
in channel electric field near the source-channel junction, thereby enhancing the tunneling of
carriers from source into the channel and their subsequent conduction towards drain end leading to
a proportional boost in device ON state current. Taking one step further, the concepts of ‘multi gate’
TFETSs and ‘gate material engineered’ TFETs have been merged together to explore improved device
functionalities in some improvised TFET structures like Dual Material Double Gate TFETSs
(proposed by Balamurugan et. al. [6.19]) and Dual Material Gate All Around TFETSs (proposed by
M.J.Kumar et.al [6.20]). Placing three metals side by side will result in a Triple Material Gate TFET
structure (recently proposed by Bagga et. al. [6.21])

Exploration of the concept of gate material engineering to an extreme level has proposed the recently
developed concept of ‘binary metal alloy gate’ which has been studied widely in MOSFETSs. This
innovative concept considers a binary metal alloy (A« Bia) as the gate electrode where the mole
fractions of constituent metals are continuously varied horizontally from the from source side (100%
A) to drain side (100% B) along the channel length [6.22-6.26]. This continuous lateral variation of
effective work function of the binary metal alloy gate electrode alters the vertical electric field in the
channel, which, in turn adjusts the overall channel electric field, thereby restoring the surface
potential asymmetry in nano dimensional devices which consequently alleviates the DIBL effect to

ensure improved device performance. Motivated by the possibility to fabricate such binary metal
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alloy gate electrode [6.27-6.33], this chapter attempts to present some research endeavors to
incorporate this novel concept of ‘work function engineered’ gate electrode into the basic TFET
structure 1in order to realize some improvised TFET structures which can alleviate the short

comings of a simple TFET.

The first section of this chapter will investigate the analytical modelling based comparative
performance analysis of a Work Function Engineered Gate Double Gate (WFEG DG) TFET structure
with respect to normal DG TFET. The next section will present similar analytical modelling based
performance analysis of a Binary Metal Alloy Silicon-on-Nothing (BMA SON) TFET compared to its
simple SON TFET equivalent with special emphasis on the effects of interface trapped charges near
the source region on the device performance. Both the studies will exhibit superior performance of
the work function engineered/binary metal alloy gate structures compared to their normal single

material gate counterparts.

6.3. Double Gate Tunnel Field Effect Transistor with Work Function Engineered gate

electrode: a 2D modeling approach to investigate superior Drain Current Performance

6.3.1. Overview

From a detailed study of the journey of semiconductor devices from MOSFETSs to TFETSs, it can be
stated for sure that TFETs have opened a new research conduit and will replace conventional
MOSFETSs to continue the unimpeded development of low dimensional devices. Tunneling Field
Effect Transistors (TFETs) with an inherent feature of band-to-band carrier tunneling assisted
current conduction exhibits remarkably improved short channel effect immunity and has thus been
playing a key role in continuing the unhindered progress of device dimension miniaturization. This
subsection aims to explore a new venture of incorporating the recently popular innovative concept of
work function engineered binary metal alloy gate electrode into a Double Gate Tunneling Field
Effect Transistor (TFET), thereby presenting a new device structure, a Work Function Engineered
Double Gate Tunneling Field Effect Transistor (WFEDG TFET). The 2D Poisson’s equation has been
explicitly solved considering proper boundary conditions of the proposed Work Function Engineered
Double Gate Tunneling Field Effect Transistor in order to formulate an expression for the surface
potential of the proposed device which can be used to derive an expression for channel electric field.
Subsequently, exhaustive integration has been carried out on tunneling generation rate over the
entire tunneling window to obtain an expression of tunneling current in TFET. The analytical
results thus obtained are studied extensively in terms of surface potential, electric field and drain
characteristics to pursue a comparative performance investigation of WFEDG TFET with respect to

anormal DG TFET with an intention to establish supremacy of our proposed structure.
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6.3.2. Analytical Modeling

Fig. 6.3.1 illustrates a schematic cross-sectional view of the proposed Work Function Engineered
Double Gate Tunneling FET (WFEDG TFET) structure with Tantalum-Platinum alloy gate
electrode. tfox, thox and tsi are the thicknesses of front gate oxide, back gate oxide and silicon channel
respectively. From the device structure it must be noted that both front and back gates have been

connected to the same gate bias making this a three terminal (3T) tied Double Gate structure.

The gate electrode of the proposed structure consists of a binary metal alloy with linearly varying
constituent mole fraction along channel direction. Thus the effective work function of the gate

electrode can be formulated as [6.23]:
Gnert (X) = (X[ L), + (1—X/ L)} (6.3.1)

Where @ and ¢ represents the pure constituent work functions of Platinum and Tantalum

respectively. The x component (along the horizontal direction) is normalized with channel length L

such that @, . (X) = at x=0 (i.e. source end of the channel) and @, .4 (X) =@, at x=L (i.e. drain end

of the channel).
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Fig. 6.3.1 Cross sectional view of the proposed n-type WFEDG TFET structure
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6.3.2.1. Surface potential modeling

From the basic knowledge of device modeling, it can be said that solution of a two dimensional
Poisson’s equation is the first step to find an expression for channel potential of two dimensional
semiconductor devices. Thus, in order to formulate an expression for channel potential of the

proposed WFEDG TFET structure, the 2D Poisson’s equation can be written as:

2 2
0 ¢(X, Y) n 0 ¢(X, y) — chh for (0 <x< L,OS y Stsi) (6.3.2)

ox? ayz &

Where, (D(X, y)represent the two dimensional channel potential, Nen stands for uniform channel

doping and &g;is the relative permittivity of silicon.

The analytical modeling scheme discussed in the previous chapters show that the channel potential
solution of a tied/independent gate, Double Gate MOSFET resembles a parabolic form. Similarly,
Young’s parabolic potential approximation (PPA) [6.35] can also be used to express the two

dimensional channel potential of a Double Gate TFET as:
p(X,y)=d,(x)+d,(X)y+d,(x)y? for (0<x<L,0<y<ty) (6.3.3)

Device modeling techniques assume that the channel potential and electric flux are continuous at

the gate oxide-silicon interface and are summarized in the following boundary conditions [6.5]:

(1) The front channel surface potential (for y=0) is given as:

?(X,0) = Pon (X) (6.3.4)
(11) The back channel surface potential (for y=tsi) is given as:

@ (X ts) = Ppack (X) (6.3.5)

(ii1) The electric field is continuous at the front gate oxide — silicon channel interface and is given

as:

d@(X, y) —c Pront (X) _VGS +VFB, front (X)
Si  “fox
t

(6.3.6)
dy y=0 fox

(iv) Likewise, the electric field is continuous at the back gate oxide- silicon interface and is given

as:
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do(x,y) _ Vs = Poack (X) —Veg pack (x)
Si box
t

— (6.3.7)
dy y=tg; box

where Vg o (X) =Vig pack (X) = B (X) =@ is the front/back channel interface flat band voltage
(as same set of binary metal alloy gate has been taken as front and back gate electrode), &g is the
relative permittivity of silicon channel and &, & &, are the relative permittivities of the front and

back gate oxides respectively.

Applying the above boundary conditions (Eqns.6.3.4-6.3.7), in equation 6.3.3, the co-efficient of PPA

equation can be expressed as:

Etox Prront (X) _VI;G
t

dl (X) = (/)front (X) dz(x) =

Si fox

Shox VBG _¢fl’0nt(x) _ Etox Pront (X) _V|;G (1_'_ gboxtsi ]

d (X) . gSi tbox gSi tfox gSitbox
3 =
& L
(2+ box *Si jtsi
Esilho

Where, Vg =Vas 1 =Veg ront (X) and Vg =Vgs ) —Veg paek (X) - The structure under consideration

is a tied structure having same gate bias Vs applied to both front and back gates. Hence

Ves,f =VGS,b =VGS

Substituting the obtained co-efficient values in equations 6.3.2 and 6.3.3, the surface potential

equation can be written as:

d2¢ ron X ' ' N
— T t( )+G\/BG —OQont (X)_g¢front (X)+gVFG =L 6.3.8)

2
dx &

Epox 2 gfo/ (1 + (‘c"boxty jj

2( %Sitbox ) ( 8Sit fox j gsitbox
gboxtSi & oxt i

(2+( %Sitboxj)tSi (24_( ’ %gsitbox )jtSi

By simplification and substitution of expressions, equation 6.3.8 can be re-written as:

Where o = and ¢ =
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d 2(Dfront (X)

N
dX2 _/12¢front (X) _/12¢meff (X) = M _G(VGS,b + ¢Si )_g(VGS,f + ¢Si ) (6.3.9)

&y
Where A° =(O‘+g).

It can be understood that eq.6.3.9 is a simple non-homogeneous differential equation of front
surface potential. An expression of front surface potential can be formulated by solving eq. 6.3.9
using the knowledge of separation of variable technique and the resultant expression can be

written as:

qi\'_ch} (6.3.10)

&g

§0front() Pelx"‘Pe%x"'(@ $,) (A) [ GSb+¢s|) jz(VGS,f+¢Si)_¢l_

A clear insight on the nature of variation of the derived front surface potential can be obtained by

calculating the two coefficients P1 an P2 of eq. 6.3.10 by properly considering the source side and

drain  side  front surface potential as Do (X=0) = s +V = _kT |n( ]+Vs and

Oeon(X=L)=d; o +Vp = k_T|n{ N J +V respectively [6.36]. The calculated expressions of Pland
' q n

P, are given as:

Bio Vo —thise " —(4-¢)- %(Ves,b+¢3i) ;(Gsf ¢s.) ¢ — % (1_97“)

p_ L A2 & |
1 (e/u_ —e’“)
%i,seM +(¢1 _¢2)_¢bi,o _VD + %(VGS,b +¢Si) ;f ( GS, f ¢s|) ¢ j;\l;h (1—9M)
p2 — L Si |

(e/u_ _ ef/u_)

Where N, is the source p-type doping concentration, Nan is the drain n-type doping concentration, Vp
is the applied drain bias and Vs is the applied source bias (which in this case is zero as we have

considered the source terminal to be grounded).

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 231



6.3.2.2. Electric field modeling

Differentiation of the channel potential expression along vertical and horizontal directions results in
respective electric field expressions with a negative sign. The expression for transverse electric field

can be written as [6.36]:
E, =—d,(x)—2yd;(X) (6.3.11)

Similarly, the expression for lateral surface electric field can be written as:

E, = {;Lple“ —APe ™ + (4 WZ%} (6.3.12)

Consequently, the two dimensional total electric field can be calculated as: E = [EXZ + Ey2

6.3.2.3. Drain current modeling

The mechanism of current conduction in TFETSs is based on tunneling of charge carriers from the
filled valence band of heavily doped source to the empty conduction band of the nearly intrinsic
channel across the potential barrier existing at the source-channel junction. This mandates the
consideration of band-to-band tunneling probability while formulating a model for the drain current
of the proposed WFEDG TFET. According to the well established Kane’s model [6.37], this
probability term, known as carrier generation rate, decides the effective probability of carrier
tunneling and is dependent on the amount of electric field which in turn is a function of tunneling

path (shown in Fig. 6.3.2).

[=] Y ——
W

Fig. 6.3.2: Band diagram of n-type WFEDG TFET showing carrier tunneling at source channel junction
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Drain current in a TFET is basically the resultant tunneling current which can be expressed as

follows by integrating the tunneling carrier generation rate over the entire volume of a TFET:

I, = J'”dedydz (6.3.13)

where, G is the generation rate of the carriers given by Kane’s model, x is the direction along the
channel length, y is the vertical direction and z is the direction along the width of the channel.

Reducing eq. 6.3.13 into a two dimensional case (for per unit width), the drain current can now be

expressed as follows measured in (A/'um) :

lp = [[ Gxdy (6.3.14)

The carrier tunneling generation rate originates from traditional Kane’s model and can be written as

[6.37]:

G= AkEDke( j

where A, B,, and D, are the Kane’s parameter having values as listed in Table 6.3.1 [6.38] . The
factor E in the above expression is the electric field which comprises of two contributing factors: one

is the average channel electric field (E. ) and while the other one is the local field (E) in the channel

avg

[6.39]. The average channel electric field (E

E
E,.=| ¢ :
s [ A path j

Carriers may tunnel in both lateral and vertical directions making the tunneling phenomenon

) depends on the effective tunneling path (I . ) as

avg path

utterly complex. Thus, for the sake of mathematical brevity, lateral tunneling may be considered to
be dominant while neglecting vertical tunneling [6.14]. This reduces the derivation of drain current
expression into a two dimensional integration problem where the carrier generation rate is
integrated along the lateral (or ‘X’ direction along channel length) tunneling path over the total

channel thickness (‘y’ direction) and the drain current expression can be written as:

T (%
lo=q| [ AEED; " “/dxdy
XY (6.3.15)
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It can be understood from Fig. 6.3.2 that the tunneling of the carriers from source valence band to

channel conduction band starts at x=x where the surface potential reaches to (( E, +AE) /q) E,is

the bandgap of silicon channel and AEis the difference between valence band and Fermi level of

source. By using Eq. (6.3.10) X; can be formulated as.

E, +AE
P ()| _ = - (6.3.16)
X=X, q
Neglecting complex higher order terms, the expression of X can be simplified as:
N
E, +AE _q|:;(VBG +¢Si)+%(VFG +¢Si)_¢1 _jbzm:|_qpl_qu
X, = Esi
4AR, - AP, +Q[(¢1 1%)]
(6.3.17)

Similarly, when the channel potential reaches to (( E,+ A(p) /q)at a certain position along the channel
(let at x=x,) the tunneling of the carrier stops. A is the difference between the source valence band

and channel conduction band. *2 can again be calculated as:

E,+Ap
(Dfront(x) e : (6.3.18)
2 q
Similarly neglecting higher order terms, expression for X, can be simplified as:
E +Ap—q| & (V S, —g—MNa | _gp_gp
o TA0—0| 5 (Vo +65 )+ 25 (Vs +¢5)— =3 gr - gk,
“ = A y) A
, =
¢
qﬂPl—qﬂPﬁq[( n 2)
(6.3.19)

The channel distance between these two points (i.e. X,—X) actually represents the effective

tunneling path over which effective carrier tunneling is taking place. As the source region is heavily

doped, there is no depletion region extension into source side. Therefore, the effective tunneling path

| =X — , . : .
path 2% [6.14] is assumed to be present solely in the channel region. The two points x1 and x2

thus define the limits of integration used to get tunneling window through which the carriers tunnel

across the junctions [6.21]. Having calculated the effective tunneling path, eq. 6.3.15 can be re-

written as:

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 234



X=X Y=t E D1 @
lb=a [ [ AEWJ ) dxdy (6.3.20)
X=X y=0

Here, in this expression, the resultant electric field can be expressed as a function of both lateral and
vertical electric fields Ex and Ey respectively. Thus, substituting the expressions for lateral and
vertical electric fields from equations 6.3.11 and 6.3.12 in the expression of E in eq. 6.3.20, the

resultanat expression for electric field E can be written as follows:

E:[K2+d§(x)]%[1+ X +2yd2(x)d3(x)]

K 4di() K +di(x)

Where, KZ :ﬂz(a_Pz)z+2/‘L(F?[_Pz)(¢11¢2j+(¢1[¢2jzand T ZES(P:LZ — P22)+2‘2(P1+ PZ)(Q;L%]

Some higher order terms have been neglected for avoiding unnecessary mathematical complexity.

Next, the resultant expression of electric field E is substituted in equation 6.3.20 and the resulting
expression has been integrated involving tiresome double integration along ‘x’ and ‘y’ coordinates to
obtain a compact analytical expression of the drain current by considering various simplifactions and

1s given by [6.14, 6.21]:

D -1
|D _ qu Eg [K2 _l_dzZ(X)]}/2 {(M (Xz) M (Xl))[tsi + tsizdz(x)d3(x):}+[ ttg :I(N(Xz)_ N (Xl))} (6.3.21)

qot K2+dix) | | k2 +d2(x)

where the x-dependent functions M (x) and N (x) are defined as

7BKqux g, )
Ee[ /J {Eg(Dk_l)_X} and N(x)=Ege( Ag] {Eg(Dk—2)X_Egz(Dk—2)(Dk_l)_X2}

aB, B, gx qBy 9°B?

6.3.3. Results and Discussions

This subsection investigates an in depth analytical modeling based performance comparison of the
proposed WFEDG TFET in contrast to a normal DG TFET. SILVACO ATLAS simulator data have
also been provided to validate the computational accuracy of the proposed analytical model [6.40]. In

both the cases, simulation has been carried out with the parameter values as listed in Table 6.3.1.
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Table 6.3.1: Parameter Table

Parameters Value
Substrate doping concentration (p type) 1023 m-3
Source doping concentration (p+) 6 x 1026m-3
Drain doping concentration (n+) 1024 m-3
Channel Length 60 nm

Front Oxide thickness (tfox) 3 nm

Back Oxide thickness (thox) 3 nm

Film thickness (tsi) 10 nm

Kane’s Parameter

Ax 3.5 x 1021 m-12V-5/2g-1

Bk 22.5x 108 V/cm

Dx 2.5 for indirect
tunneling

2 for direct tunneling

The results shown in this subsection has been obtained from the band-to-band tunneling drain
current modeling of the proposed WFEDG TFET structure based on the solution of 2D Poisson’s
equation considering Kane’s model. The first figure, Fig. 6.3.3 shows the variation of channel surface
potential along lateral position of the channel for different values gate-to-source bias of the WFEDG
TFET under consideration and its double gate counterpart. From the basic physics of TFET, the bias
conditions Vas=0 volts and Vps=Vbpp volts represent device OFF state while the bias conditions
Ves=Vbp volts and Vps=Vop volts represents device ON state. When the TFET is in OFF state, there
is no overlap between source valence band and channel conduction band ideally preventing the
tunneling of any carrier from source to channel. When the device is switched ON by applying
appropriate biasing, the source-to-channel potential barrier height gets lowered causing the source
valence band to overlap with the channel conduction band encouraging tunneling of charge carriers
from source to channel region. As the gate voltage is increased gradually, the barrier height gets
more and more lowered as noticeable in Fig. 6.3.3 resulting in enhanced rate of carrier tunneling
with a subsequent increase in drain current. It can also be observed from the same figure that the

surface potential barrier height at the source-channel junction is lowered for the proposed WFEDG
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TFET as compared to its DG counterpart, resulting in improved current driving capacity of the
WFEDG TFET for obvious reasons.

2 . -
—=—=WFEDG TFET
15l DG TFET
Yids=1v
1 TVgs=D.1\-’, 0.2v, 0.3Y .
-
4

Surface Potential [+
(]
= [A]

0.4

1] 10 20 30 40 a0 60
Channel Faosition {nm)

Fig. 6.3.3. Variation of surface electrostatic potential along channel position of proposed WFEDG TFET and
normal DG TFET having channel length of 60nm. Circular dots represent SILVACO ATLAS simulated data for
WFEDG TFET (V4s=1V, Vgs= 0.3 V) with the same values of parameters as listed in Table 6.3.1.
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Fig. 6.3.4. Variation of surface electrostatic potential along channel position of WFEDG, DG and DMG TFETs
having channel lengths of 60nm. Symbols represent SILVACO ATLAS simulated data with the same values of

parameters as listed in Table 6.3.1.
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Fig. 6.3.5. Variation of surface electrostatic potential along channel position of WFEDG TFET having
channel length of 60 nm considering different values of drain bias keeping V4s=0.6 V

A comparative surface potential analysis of the proposed WFEDG TFET with that of normal
Double Gate (DG) and Dual Material Gate (DMG) TFETSs along the channel position is potrayed in
Fig. 6.3.4. It has been elaborately discussed that the essence of ‘work function engineering’ lies in
modifying the vertical (subsequently the overall) electric field by placing two metals with dissimilar
work functions adjacently forming a typical Dual Material Gate (DMG) structure. The presence of
two metals having two different work functions creates a step like feature in the surface potential

profile as evident from Fig. 6.3.4. This concept has been extended further by using a binary metal

alloy Aa Bl_a as gate electrode whose effective work function can be varied by continuous lateral

concentration variation of the mole fractions of the constituent metals starting from the source side
(100 % A) towards drain side (100 % B), which consequently adjusts the total electric field existing in
the channel, thereby restoring asymmetricity in surface potential profile of a nano dimensional
device. As a result, there is considerable reduction in barrier height at source-channel junction
enhancing the carrier tunneling probability (and subsequently the overall device current) in the

proposed WFEDG TFET in sharp contrast with its DMG counterpart.

The linearly graded work function of the WFEDG TFET gate electrode introduces an x-dependent
term in the final expression of surface potential (vide eq. 6.10) which is responsible for the slightly
linear nature of surface potential of WFEDG TFET as compared to DG TFET with single metal gate
electrode. Moreover, it can be observed from Fig. 6.3.4 that the surface potential profile of the
WFEDG TFET structure near the source-channel barrier is shifted slightly upwards compared to
those of DG and DMG TFETs, which is an obvious indication of enhanced carrier tunneling at the
source-channel junction and subsequent boost in the current driving ability of the proposed device.

The surface potential profile of WFEDG TFET for different values of drain-to-source voltages is
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depicted in Fig. 6.3.5 keeping the gate-to-source voltage constant. It is clearly visible from the said
figure the surface potential increases with an increase in drain bias Vps only near the drain end,
thereby screening the tunneling junction at the source side from any random variation in drain

voltage, subsequently reducing the DIBL effect [6.41].

Having investigated the surface potential profiles, the nature of electric field variation along
channel position of the proposed WFEDG TFET has been extensively studied in the next set of
results i.e Figs. 6.3.6 to 6.3.8. The lateral and transverse electric fields in the silicon channel are
illustrated in Figs. 6.3.6 and 6.3.7 respectively. Increasing the gate voltage turns ON the TFET and
the band bending is more near the source-channel junction. An increase in band bending results in a
proportional increase in the junction electric field, which, in turn, significantly enhances carrier
tunneling. It must also be noted from Fig. 6.3.6 that, at the middle of the channel, the lateral electric
field is somewhat increased compared to the source and drain ends which is attributed to an increase
in vertical electric field component on applying higher gate voltages. Fig. 6.3.7 clearly shows that the
electric field at the drain end is much reduced than that at the source end, thereby mitigating the
problem of ambipolar conduction in the TFET structure, which, in turn significantly reduces the
unwanted OFF state leakage current making the proposed structure suitable for low power
applications. The resultant electric field in the channel (which is a combination of both lateral and
transverse electric fields) is depicted in Fig.6.3.8 from which it can be understood that the electric
field near the source end is much higher than that near the drain region resulting in an enhanced
carrier tunneling at the junction between heavily doped source and almost intrinsic channel regions
[6.42] leading to an increased ON current, while simultaneously reducing ambipolar carrier

tunneling at drain-channel junction leading to decreased OFF current as discussed before.

By (Mvi/em)
=

=

Wys=0.3 Y E

0 10 20 30 40 50 B0
Channel Position (nm)

Fig.6.3.6 Variation of lateral surface electric field (x-component) along channel position of WFEDG TFET

considering different gate voltages
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Fig.6.3.7 Variation of transverse surface electric field (y-component) along channel position of WFEDG TFET
considering different gate voltages
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Fig 6.3.8. Variation of resultant surface electric field along channel position of WFEDG TFET considering gate
bias to be 0.1 V and drain bias to be 1V

Now, the device current characteristics will be elaborated in the following figures. A comparative
analysis of WFEDG TFET transfer characteristics is shown in Fig. 6.3.9 with respect to its DG and
DMG counterparts. A higher electric field at the source-channel tunneling junction of the WFEDG
structure increases the carrier tunneling probability which is manifested by a substantial increase in
overall device current. Dependence of drain current with varying silicon channel thickness for the
proposed WFEDG TFET structure is shown in Fig.6.3.10 which indicates a an increase in drain
current with the gradual reduction in channel thickness attributed by a resultant decrease in the
capacitive effects of the body. It can also be observed from this figure that for similar channel

thickness, the WFEDG TFET exhibits enhanced drain current compared to its DMG counterpart.
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Fig.6.3.9 Transfer or Ip-Vgs characteristics (in linear scale) of WFEDG TFET and normal DG TFET structures
having channel length of 60nm. SILVACO ATLAS simulated data are shown by symbols.
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Fig.6.3.10. Transfer or Ip-Vgs characteristics (in linear scale) of WFEDG TFET and DMG TFET with channel
length of 60 nm for different values of channel thicknesses. SILVACO ATLAS simulated data for t5=10 nm are

shown by symbols.
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Fig. 6.3.11. Transfer or Ip-Vgs characteristics (in logarithmic scale) of WFEDG TFET with channel length of 60
nm for different values of gate oxide permittivities. SILVACO ATLAS simulated data are shown by symbols.
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Fig. 6.3. 12. Transfer or Ip-Vgs characteristics (in logarithmic scale) of WFEDG TFET with channel length of 60

nm for different values of gate oxide thicknesses. SILVACO ATLAS simulated data are shown by symbols.

Figs. 6.3.11 and Fig. 6.3.12 show the Ip-Vgs i.e. characteristics in logarithmic scale. Introduction
of a high-k material as gate oxide of the WFEDG TFET results in a higher Ion/Iorr ratio [6.14]. If the
permittivity of gate oxide increases, the value of overall gate oxide capacitance also increases which
in turn enhances the control of gate electrode over the channel, thereby boosting drain current
considerably as can be inspected from Fig. 6.3.11. Increment in ON state current may also be
achieved by increasing the effective gate capacitance by reducing the oxide thickness as illustrated in
Fig. 6.3.12.
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Fig. 6.3.13. Output or Ip-Vps characteristics (in logarithmic scale) of WFEDG TFET with channel length of
60nm considering different values of Gate to Source voltages. SILVACO ATLAS simulated data are shown by

symbols.
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Fig. 6.3.14. Output or Ip-Vps characteristics (in logarithmic scale) of WFEDG and DMG TFETs with channel
length of 60nm considering different channel thicknesses. SILVACO ATLAS simulated data are shown by

symbols.
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Fig. 6.3.15. Output or Ip-Vps characteristics (in logarithmic scale) of WFEDG TFET with channel length of
60nm considering different gate oxide thicknesses. SILVACO ATLAS simulated data are shown by symbols.

Finally, the output or drain characteristics of the proposed WFEDG TFET has been investigated.
The variations of drain current with drain-to-source voltages (in logarithmic scale) of the proposed
WFEDG TFET are illustrated Figs. 6.3.13 to 6.3.15 considering different gate voltages and device
geometries. The Ip-Vp characteristics for different gate bias depicted in Fig. 6.3.13 clearly indicates
an effective increase in drain current with increasing gate voltages due to the lowering of barrier
height at the source-channel junction. It can also be deduced from Figs. 6.3.14 and 6.3.15 that a
reduction in the channel thickness and gate oxide thickness improves the body capacitive effect

resulting in a momentous enhancement in the device current.

6.4. An analytical modeling based study of a Binary Metal Alloy Silicon on Nothing
(BMASON) Tunnel FET to investigate the effects of Interface Trapped Charges

6.4.1. Overview

The unimpeded progress of the ever-evolving modern semiconductor industry from the domain of
microelectronics to the present nanometer domain is propelled by the advent of Tunnelling Field
Effect Transistors (TFETSs) which by virtue of their inherent performance superiority promise to be
a viable alternative to age old MOSFET technology. An in depth study of the surface potential
profile and drain current characteristics of a proposed Work Function Engineered Double Gate
(WFEDG) TFET presented in the preceding section of this chapter suggests that the incorporation
of a binary metal alloy gate into a double gate TFET structure results in significant performance
improvement over single metal double gate and dual material gate structures. The efficacy of this

work function engineered gate concept in TFET applications lie in the fact that proper choice of the
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binary metal alloy to be used as gate electrode makes it possible to suitably tune the potential
barrier at the source-channel junction with an intention to amplify band-to-band tunneling of
charge carriers from the filled valence band at source side into the empty conduction band of the
channel. The continuous variation of properly chosen work function from the source to drain side
lowers the source-to-channel potential barrier height so as to enhance the probability of carrier
tunneling from the heavily doped source into the almost intrinsic channel. On the contrary, a
comparatively lower value of metal work function near the drain end aids to maintain a higher
drain-to-channel barrier potential height restricting OFF state ambipolar current. However, while
considering operations of a device having gate length as low as 60 nm, the ultra low sub-100 nm
channel length invites some serious short channel effects. As the channel length is getting more and
more down scaled, the channel electric field increases abnormally and makes Hot Carrier Effect an
inevitable issue. Under the influence of a very high channel electric field, the carriers tunneling
from the source and entering into the channel can gain kinetic energy sufficient enough surmount
the obstructive barrier at the oxide-semiconductor interface resulting in unwanted gate leakage
current. The possible accumulation of trapped charges at the oxide-semiconductor interface near
source-channel junction can tune the flat band voltage. This in turn modifies the surface potential,
thereby affecting the shortest tunneling path which is manifested by the altered current
characteristics [6.43]. This has been the prime motivation to study the device performance
considering inevitable issues related to interface trapped oxide charges so as to gain a better insight

into practical nature of device performance.

SON structure has already been discussed in sufficient details in the previous chapters. The SON
architecture by dint of having air (having permittivity much less than oxide permittivity) in the
BOX layer, minimizes the source/drain to channel and channel-to-substrate parasitic capacitances
[6.44], which in turn results in higher circuit speed [6.45] achievable with SON devices as well as
providing the highest isolation of active channel region. This makes the SON structure a better and
faster device than conventional MOSFETs. Owing to the similarity in basic structure and
fabrication process of TFETs with conventional MOSFETs, a BOX layer (with air as the dielectric)
may also be introduced in a TFET realizing a SON TFET structure which is expected to show

improved speed of operation and better performance than a conventional TFET.

In view of this, the present section aims to analytically explore the impact of interface trapped oxide
charges (at the oxide-silicon interface near the source end) on the overall current behavior of a
device by adopting a Binary Metal Alloy SON (BMASON) structure. The developed analytical model
can thus be used to investigate the HCEs in TFETs with linearly graded binary metal alloy gate

electrode and the possible design of charge-trapped memory devices based on this concept.
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6.4.2. Analytical modeling

Device structure of the proposed BMASON Tunnel FET is illustrated in Fig. 6.4.1. As already
mentioned, the gate electrode of the proposed TFET structure is composed of a Binary Metal Alloy
(BMA) having linearly graded work functions of the constituent metal from source to drain side. To
realize an n-channel TFET, the source of the BMASON TFET is heavily doped with Gr. IIT (Boron)
dopants (Ns) and the drain is doped with Gr. V (Arsenic) dopants (Nq). The channel is kept lightly
doped with Boron dopants (Nen) with thickness Tsi. A BOX layer having air as dielectric has been
incorporated under the channel region to realize the advantages achievable using SON architecture
[6.23]. The thicknesses of the channel, BOX and the gate oxide are Tsi, Thox and Tox respectively (as
listed in Table 6.4.1). If the dimensions of a TFET are chosen to be in nanometer range, then its
operation will inevitably be affected by Hot Carrier Effect induced localized oxide and trapped
charges near the source end, thereby modifying the surface potential profile which in turn has an
effect on the device current characteristics [6.43, 6.46]. Thus, for the proposed BMASON TFET
structure with channel length as low as 60 nm, these unavoidable interface trapped charges have
been incorporated at the interface of silicon channel and gate oxide near the source end up to a
distance of Lagr from the source-channel interface towards the drain with a density of Ntrap (1012/

cm?).
Vo
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Fig. 6.4.1 Schematic cross sectional view of proposed BMASON TFET structure

The present work considers binary metal alloy gate electrode as well as accumulation of localized
trapped charges near the tunneling junction of the BMASON TFET. Both of these considered factors
have an effect on the flat band voltage which in turn affects the drain characteristics of the proposed
structure. Inclusion of binary metal alloy as gate electrode results in an effective gate work function

which can be expressed as [6.23]:
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P V) =Y/ L), + 1=y L)g (6.4.1)

¢ and ¢, are the work functions of two different metals considered such that @, =@ at at y=0

(source end) and ¢mGATE = ¢, at y=L (drain end) [6.22-6.25].

6.4.2.1. Surface potential modeling

Solution of two dimensional Poisson’s equation in the channel region is the first step of analytically
modeling the surface potential. To start with, the two dimensional Poisson equation in the channel

region of the proposed BMASON structure can be written as:

Op(xy), Fp(xy) _aNo for (0<y<L,0<x<Ty) (6.4.2)

ox? oy Esi

where, (D(X, y)is the two dimensional potential of the channel region which is uniformly doped with

doping concentration of Nc. According to Young’s Parabolic Potential Approximation [6.35], the
potential is considered to be parabolic in nature to avoid the sharp change in the potential profile

and can be given as:

P(%,y) = @5 (y) + 0y (Y)x+d,(y)X? (6.4.3)

where @, (y) represents the surface potential (at x=0), d;(y) and d,(y) are two ‘y’ dependent arbitrary
constants.

Consideration of interface trapped oxide charges effectively divides the entire channel region
(of length L) into two regions R: and R2 where R1 represents the trapped charges affected damaged

region of length Li=Las and Rz represents the rest of the channel region of length Le=L-Lat. The

surface potentials in two different regions can be collectively written as:

P;(xY) =g (V) +dy(Mx+dj(y)x*  forLia<y < Lj, 0 <x <Tsi (6.4.4)

where ¢g(y) (=1 and 2) is the surface potential for regions R1 and R: respectively. Here Lo is
considered as the starting point of the channel i.e. Lo is assumed to be zero; dj(y) and dj,(y) are
two channel position (along ‘y’ axis) dependent arbitrary constants.

As the entire channel region has been segregated into two distinct regions, the Poisson’s equation

needs to be solved separately for the two different regions of the channel. The boundary conditions

required for this analytical solution can be stated as follows [6.47]:
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1. Electric field at the front gate-oxide interface is continuous for the two channel regions (R1 and
R2). Therefore,

da (V)| _ fox a(¥) —Ves in region R1 (6.4.5)
dx x=0 Esi Tox

do, (4 Y)|  _ fox %2 —Ves2  in region Re (6.4.6)
dx x=0 Esi Tox

where Vg =Vgs —Veg and Vg, =Ves —Ves, - VGs 1s gate to source applied voltage, ¢ is the gate oxide

permittivity;

Neawo and Veg2 =Vego
C

0X

Veg1 =Vego —

where Vego=¢, (y)-4s1s the flat band voltage for the undamaged channel region without any

interface charge and C., =8% represents the capacitance of gate oxide measured in per unit area
ox

[6.43]. The effective work function of silicon channel is symbolized by ¢s; .

2. Electric field at the buried oxide and the channel interface is again continuous for the two

channel regions (R1 and Rs). Therefore,

da (V)| _ fbox Vsue —2e1(¥)  in region Ri (6.4.7)
dx x=Tg Esi Tbo><

de,(x.y) _ @VSIUB —¢s2(Y) in region Rz (6.4.8)
dx  lr, s Thox

where Vg, =Vgug —Vegps Veus 1S the back substrate bias and Vig ) is the flat band voltage of the back

channel interface.
25 (X, Y) =X, Y)| .
< g (% ¥) = 0 (V) + A (W) +d o (VTS

3. The front surface potential is continuous at the interface of two regions R:1 and Re having

dissimilar flat band voltages due the presence of interface trapped oxide in the damaged region
Ri:

@ (LL0) = 9, (L1,0)
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4. Again, electric field at the interface of two regions R: and Rzis also continuous:

da (Y| _dey(xy)|
dy ‘y:Ll dy ‘y:Ll

Applying the boundary conditions 1 and 2 the constants d,;,d;,,d,;,d,, are given as:

—\V. .
dll(y):gﬂm d21(y):g&¢52(y)_szz
Esi Tox Esi T

ox
’ ’

Veus — P51 (V)IL+Coy /Csi +Co /Cr ] +Vis1(Cox /Csi + Cox /Croy)

dip (y) =
. Ts% (1+ 2CSi /Cbox)

Veus — @52 (Y)IL+Co /Csi +Cox /C o J+ Va2 (Cox /Ci +Coy /Cryy)
Ts% (1+ 2 CSi /Cbox)

dy (y) =

Substituting the values of these constants in the Poisson’s equation and using the parabolic
potential approximation, the surface potential differential equations for two regions can be

obtained as:

d?eg () . _GaN 2V
+_a¢sj(y)+ﬂv(35j = _ ZSCL:JB
dy & T2 (1+ si j (6.4.9)
! Cbox
where,
o= 2(1+ Cox /CSi JrCc;)x /Cbox) _ Z(Cox/CSi +Cux/cbox)
- Ts? (l"' 2Csi /Cbox) ; - Ts? (l+ 2Csi /Cbox)

where, ¢y = s /T, » Co = &0 /Tox A0 Cooye = G0 /Toox (& = &5, =1 fOr the SON structure considered here)

and es; is relative permittivity of silicon.

Rigorous analytical solution of eq. 6.4.9 considering a number of parameter substitutions and

subsequent simplifications results the following expression:

d’g, (Y) 4.1
a0 (V)P (¥)=P, (6.4.10
where, ' Nyrg for the damaged R1 region
p=Ba TR gy - ged i reg
Esi TSZi (1+ Si . ) Cox
P, = AN, NVeug

~ PNes = Bési
i T2 (1+ 2Cs; j I
box

for undamaged Rz region
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Eq. 6.4.10 thus obtained is a typical non-homogeneous differential equation which can be solved
by adopting the approach of separation of variable to evaluate the consequential expression of front

surface potential for both regions and are given as:

(/,Sl(y):Aeqy+Beﬂ;y+£[¢1—¢zjy_ﬁ¢l_ﬂ for 0 <y < L:i inregionR: (6.4.11)
o L o
wsz(y):Ceﬂ<y—L1>+Dew(y—Llug(LL@)(yfLl)fgqjlf% for i <y < L inregion R (6.4.12)

Now, the coefficients A, B, C and D can be calculated considering the boundary conditions of

potential at the source and the drain side as respectively [6.47],

QDSL(y O) Vb|s+v :_klln[N]
q n

kT N
CDsz(y:L) =Vyiq + Vs qln[[{j]+vns

and are given as:

e B— (Vbis - 91)’(Vbid +Vps — 92) e™ (P1 P2 )COSh(ﬂL e
1 ot = (l— e’Z"L)

’

{(me +Vos =9 )~ (Vi =4 )€ = (o, — p2 ) cosh(yL, )}(

C:AeriLl [plzpzj and D=Beﬂ]L‘+[p1;p2j

where B(d-#\L) B, R By By g B, R zﬁ[@_%j[ﬁj_ﬁ B
P a( L )(Lj 7¢1_; P2 % % a ;92 al L L a¢1 o

where the doping concentration of the source and the drain are Ns and Na respectively. The drain

bias is Vps with respect to source terminal i.e. Vs= 0V.
6.4.2.2. Electric field modeling

(1) The expression for lateral electric field can be formulated by simply differentiating the expression
for front surface potential (vide eqs. 6.4.11 and 6.4.12 ) with respect to lateral coordinate (‘y’ axis)

along the channel and written as:

der(x,y) :_nAeny+ﬂBeﬂzy_ﬁ(¢l_¢zj for0< y < Li  inregion R: (6.4.13)
o

E —_
1y (y) dy L

x=0
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E (y)z_dwz(X, N L cevW, perv-w_B(H-% for Li< y < L inregion Rz (6.4.14)
2y dy | 7 7 a\ L

(i1) The expression for vertical electric field can be formulated by simply differentiating the
expression for front surface potential (vide eqgs. 6.4.11 and 6.4.12 ) with respect to vertical

coordinate (‘x’ axis) and written as:

Elx(y):_w:_dn(y)_zxdlz(y) for 0<y<Ix (6.4.15)
sz(Y):*idwzd(:’ Y) =—dy (Y) —2xdy, () for Ta<y< L (6.4.16)

The overall electric field is a combination of both lateral and transverse electric fields and can be
obtained by: g _ = [E2+ E,?

6.4.2.3. Drain current modeling

As already discussed, the operating principle of TFETSs is based on the band-to-band quantum
tunneling of carriers through a very thin potential barrier at the source-channel junction. The drain
current formulation of TFET has already been covered in the previous section in sufficient details.
The same steps are again being repeated in this sub section for the continuity and brevity of
understanding. As we know, the classical mathematical solution of this quantum tunneling

phenomenon is based on the well defined Kane’s model [6.37].

Drain current in a TFET is basically the resultant tunneling current which can be expressed as
follows by integrating the tunneling carrier generation rate over the entire volume:

Ip = [[[e(E)av (6.4.17)

where, G(E) is the energy dependent generation rate of the carriers given by Kane’s model dv

represents an elemental volume in the tunneling window. This three dimensional scenario can be

reduced to a simpler two dimensional analysis by considering the drain current (In) per unit width
(in A/um). Therefore,

I :j G(E)dxdy

(6.4.18)

The expression for carrier generation rate (G (E)) can be written is terms of basic Kane’s

parameters A, Br and Dy (listed in Table 6.4.1) [6.37]as follows which incorporates the dependence

of G(E) on effective mass and carrier lifetime of the holes and electrons.
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G(E) = AE™ exp(fij
E (6.4.19)

Fig. 6.4.2 clearly delineates the effective tunneling window existing at the source-channel
junction through which charge carriers tunnel from the filled valence band states at the source side
to the empty conduction band states in the channel. The channel for the proposed BMASON TFET is
considered to be along the y-direction. The allowed tunneling window is basically dependent on

minimum tunneling length (y1) at which tunneling will start and the maximum tunneling length (y2)

at which the tunneling stops.

% ¢ Tunnelling window :

A Modulation
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> |E-F----- i Drain
> :
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Channel
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Direction along y axis (nm)

Fig. 6.4.2 Band diagram illustrating tunneling path between the valence band of the source and the

conduction band of the channel region.

The total electric field in the channel region is a combination of average (Eavg) and local (Eres) electric

field respectively [6.48]. The average electric field (Eavg) is again a direct function of the effective

tunneling path (|pa[h =y, -y, Le. Eag :(Eg | )
Fean ) and is solely responsible for the tunneling at the source-

channel junction. Considering dominant tunneling path [6.21] along the lateral direction of the
channel, the drain current expression has been formulated by integrating equation 6.4.18 over the

entire channel thickness resulting in the equation below:

X, Y.
Ip=a| J'z AGEER; exp( B, )dxcly (6.4.20)
AN

It is evident from Fig. 6.4.2 that the source valence band gets aligned with channel conduction band
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at y=y1 marking the onset of carrier tunneling [6.4]. This point i.e. y1 can be obtained when the front

surface potential will be equal to(Eg + AE) /q o pal_ = E, +AE
- o 9, which can be written as:
_ E, +AE
Ae™ 4 Be +E(M)yl _£¢l R _R*AE
a L a a q

(6.4.21)

Where, Eg is the difference in energy between the conduction and valence bands of the silicon
channel (also known as bandgap) and AEis the difference between the energy levels of valence band

and Fermi level of p-type source.

Eq. (6.4.21) is now solved neglecting the higher order terms to find close form equation of minimum

tunneling width given as:

£y +aE+q2 4+ —qA-q8 (6.4.22)
anfan+qﬁ(@@:ﬁQ]
a L

1=

Similar argument suggests that the maximum tunneling width will be at a point y=y2 where the
alignment of the filled valence and empty conduction band is approximately insignificant restricting
further tunneling of current. This occurs when the front surface potential becomes equal

to(Ea+A9)/q ie, eaWl,_, = Bt 20

9 which can be written as:

Ae’]yz + BefﬂyZ +£(M)y2 _ﬁﬁ_i :M
a L

« a q (6.4.23)

A@ is the difference between the valence and conduction bands of the source and the channel which
is basically the built-in potential of the junction. Neglecting higher order terms in equation 6.4.23

just as in the previous case, the compact formulation of y2 can be written as:

E, +A¢+q§¢l+q%—qA—qB
ﬁ[(@—qﬁz)j
L

a

(6.4.24)

Y, =
anA—-aqnB+q

As the source is highly doped, the entire tunneling window exists in the channel region only.
Finally, an expression for total drain current can now be formulated by performing double
integration on the carrier generation rate laterally over the entire tunnel window extending from x1

to x2 and vertically over the entire channel thickness and can be written as:
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Y=y x=T, ED
Iy =0 J _f ,’-\EWeXp(‘qy%g)dxdy (6.4.25)
y=y, x=0

6.4.3. Results and discussions

The following results and discussion sub section will focus on the evaluative performance of the
proposed BMASON TFET incorporating interface trap charges which becomes an unavoidable issue
while considering ultra low dimensional devices. The results shown here are obtained from complex
analytical modeling presented and are verified using commercially available 2D TCAD to validate
the accuracy of the proposed model. The simulation realizes tunneling using non local band-to-band
model along with the conventional drift-diffusion model. The recombination processes going on are
realized by including SRH recombination with Auger effects [6.49] while the localized charges near
the interface are invoked using Trap models. Unless otherwise mentioned, the simulation and

modeling consider the parameter values as listed in Table 6.4.1.

Table 6.4.1: Parameter Table

Parameters Value

Substrate doping concentration (p type) 1023 m3

Source doping concentration (p+) 6 x 1026m-3

Drain doping concentration (n+) 1024 m-

Channel Length 60 nm

Front Oxide thickness (7sx) 3 nm

BOX layer thickness (Thox) 40 nm

Film thickness (T's;) 10 nm

Vbs 1v

Vas 0.2V

Kane’s Parameter
Ax 3.5 x 1021 m-12V-5/2g-1
Bx 22.5 x 10¢ V/iem
Dx 2.5 for indirect tunneling

2 for direct tunneling

The results showing surface potential and electric fields are obtained analytically by solving
conventional 2 D Poisson’s equation with proper consideration of relevant boundary conditions.
Similarly, I-V characteristics have been obtained by exhaustive double integration of the tunneling

carrier generation rate based on Kane’s Model.
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A surface potential based comparative study of the proposed BMASON TFET along with its
conventional Single Gate equivalent has been shown in Fig. 6.4.3. The unique feature of the
proposed BMASON TFET structure which distinguishes it from a normal single gate SON TFET is
the graded Binary Metal Alloy gate electrode. The mole fractions of the constituent metals of this
alloy system are continuously graded spatially from the source to the drain end resulting in different

values of effective work function at different channel positions.

1.2

= Single workfunction with N=0" '
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= 08 f .
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Fig. 6.4.3 Comparative study of surface electrostatic potential profile of conventional and BMASON TFETs
considering and without considering interface trapped charges

This continuous spatial variation of gate work function increases the surface potential resulting
in an increased band bending and an effective boost in the electric field near the source-channel
tunneling junction. It can also be noted from Fig 6.4.3 that the localized interface trapped charges
near the source-channel junction is enhancing the band bending, which in turn enhances carrier

tunneling making it more advantageous over the case when the localized charges are absent.

Next figure (Fig.6.4.4) illustrates the nature of surface potential profile along channel position of
BMASON TFET for different gate-to-source biases (Vas). It can be observed that the the surface
potential profile shifts upwards with an increase in the gate bias, thereby enhancing band bending
at the source-channel junction. Depending on the presence and absence of localized trapped charges,
the entire channel region can be divided into two distinct regions as depicted in Fig. 6.4.4. Region R1
near the source end represents the region affected by localized charges and plays a crucial role as the
effective tunneling occurs at the source-channel junction. Region R2 represents the fresh region

almost unaffected by trap charges.

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 255



1.2

J VDS= 1V y
0.8 .

s |
g 0.4 /
- K
e R R
8 1 2
[=]
o
[} - .
3 0.0
b=
=
@
0.4 .
‘0'8 T \ J \J J
0 10 20 30 40 50 60

Channel Position (nm)

Fig.6.4.4 Variation of surface potential profile along channel position of a BMASON TFET considering different
gate biases. TCAD simulation data are represented by symbols.

In addition to applied gate bias, a certain value of drain bias is indeed required to drive the device
into ON state [6.47]. Once the TFET is turned ON, the drain bias will not have any significant
control on the source-channel junction and thus, will not affect further carrier tunneling. This is
illustrated in Fig. 6.4.5 pictorially showing slight change in potential profile at the drain end and

almost no change near source end for variations in applied drain bias.
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Fig. 6.4.5 Variation of surface potential profile along channel position of a BMASON TFET considering different

drain biases. TCAD simulation data are represented by symbols.

Fig. 6.4.6 depicts the nature of variation of lateral electric field in the channel region of a
BMASON TFET. It can be very well understood from the said figure that while the TFET is
operating in ON state, the presence of trapped charges near the source-channel junction of the

BMASON TFET results in an enhanced band bending in sharp contrast with an equivalent
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BMASON TFET without any trapped charges. This significant increase in band bending leads to a

considerable increase in carrier tunneling.
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Fig.6.4.6 Variation of lateral electric field (y-component) along channel position of a BMASON TFET
considering and without considering interface trapped charges. TCAD simulation data are represented by

symbols.

Analysis of surface potential and electric field profiles of the proposed BMASON TFET bear
eloquent testimony to the fact that the presence of the interface trapped charges near the source
channel junctions results in an enhanced band bending and consequently a boost in the carrier
tunneling probability across the source-channel potential barrier, thereby effectively improving drain
current performance of the proposed BMASON TFET structure as elucidated in Fig. 6.4.7. The
physics behind the current conduction mechanism in TFETSs is governed by the phenomenon of band-
to-band tunneling of the carriers. Therefore, incorporation of positive trapped charges near the
source-channel interface provides an additional aid in the tunneling of negatively charged electrons
by attracting the electrons from the filled states in the valence band of the heavily doped source,
which in turn results in a momentous enhancement in the tunneling generation rate responsible for
a significant boost in drain current. Moreover, if the silicon channel thickness is reduced, the drain
current increases as evident from Fig. 6.4.8 describing the drain current versus gate-to-source
voltage characteristics of the proposed BMASON TFET incorporating the effects of interface trapped
charges. This is primarily attributed by the improved capacitive action of the device body [6.48, 6.50]
with a decrease in channel thickness. Akin to this, it can be similarly argued that a reduction in gate
oxide thickness provides better capacitive effect on the channel which in turn boosts up device ON

current [6.50] as depicted in Fig. 6.4.9.
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It must also be noted that a reduction in potential coupling ratio (PCR) can be obtained for a SON
structure due to the lower dielectric constant of the underlying BOX (air in case of SON) layer of a
SON structure in contrast to the conventional oxide permittivity of a SOI structure. This unique
feature attributes to the inherent superiority of SON in subduing harmful SCEs compared to SOI.
This has been substantiated by the improved device current performance of the proposed BMASON
TFET structure over its BMASOI TFET equivalent as depicted in the inset of Fig. 6.4.9.
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Fig. 6.4.7 Transfer or Ip-Vgs characteristics (in both linear and logarithmic scales) of BMASON TFET
considering and without considering interface trapped charges at fixed drain bias. TCAD simulation data are
represented by symbols.
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Fig. 6.4.8 Transfer or Ip-Vgs characteristics (in both linear and logarithmic scales) of BMASON TFET
considering interface trapped charges at fixed drain bias for different channel thicknesses. TCAD simulation
data are represented by symbols
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The output characteristic (in logarithmic scale) of the BMASON TFET under study has now been
shown in Fig. 6.4.10 for different values of applied gate voltages. It can be well understood that for a
fixed value of gate voltage, the device gets turned ON at a certain drain bias and the current
gradually increases on increasing the drain voltage till saturation is reached. It is also evident from
the said figure that an increase in the gate bias effectively increases the drain current for obvious

reasons of enhanced band bending.

On careful study of the band diagram illustrated in Fig. 6.4.2, it can be inferred that higher
tunneling current is achieved from a shorter tunneling path. This understanding has been
substantiated in Fig. 6.4.11 which shows the nature of tunneling path variation on varying gate bias
applied to the proposed BMASON TFET with interface trapped charges. This study clearly
establishes the major role played by the interface trapped charges in significantly enhancing the

device current.

In addition to this, the variation of average subthreshold slope of the default structure under
consideration (i.e. BMASON TFET with interface trapped charges) for different values of gate
lengths has been illustrated in Fig. 6.4.12. The expression of the average sub-threshold slope can be

written as :

SS _ VT _Voff
™0 log[lp (Vr) = 1o (Ve )]

(6.4.26)
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Where, V1 represents that particular value of gate bias at which Ip=10-8 A/um and Vo represents

that particular value of gate bias at which Ip starts to flow.

The values of average sub-threshold slope for the proposed BMASON TFET (both with and

without considering interface trapped charges) must be noted from Fig. 6.4.7. It becomes evident

that the SSave value of the proposed BMASON TFET structure having positive trapped charge

density of Nr =102 cm2 is significantly lower than the SSave value of the equivalent structure without

trapped charges, thereby testifying efficacy of our proposed device structure for low power

applications in future.
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Fig. 6.4.10 Output or Ip-Vps characteristics (in logarithmic scale) of BMASON TFET for different values of gate

bias. TCAD simulation data are represented by symbols.
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Chapter 7

Concluding remarks on the thesis and scope for future work

CHAPTER VII

7.1. Concluding remarks

7.2. Future Scope

7.1. Concluding remarks

Any research work is incomplete without some conclusive statement. The primary motive of this
dissertation has been to investigate the unique features associated with the operation of different
innovative nano dimensional non-conventional field effect transistors incorporating the novel concept
of ‘hetero material gate electrode’. The results of the proposed structures presented in the previous
chapters are based on exhaustive analytical modeling and are compared with simulation results
from available device simulators in order to validate the mathematical accuracy of the proposed
models. The overall observations of this thesis work are summarized in this chapter. Some future

scopes of this doctoral thesis are also pointed out briefly.

The present boon in the growth of VLSI/ULSI industry is attributed to a large extent by the ever
increasing integration density of elementary transistors with reduced device dimensions in
accordance to Moore’s law. This fanatic pace of miniaturization predicted by Moore results in ultra
small device dimensions inviting some inevitable short channel effects like Threshold Voltage Roll
Off (TVRO), Drain Induced Barrier Lowering (DIBL), degraded subthreshold-slope, Hot Carrier
Effect (HCE) due to high electric field induced impact ionization, enhanced off-state junction leakage
current etc. which cumulatively play a major role in severely deteriorating the performance of short
channel bulk MOSFETs. These detrimental performance deterrents can be subjugated to a certain
extent by adopting several structural and material improvisations (buried oxide engineering, strain
engineering, gate engineering or multi-gate structures, gate material engineering etc.) on
conventional bulk MOSFETs resulting in non-conventional MOSFETs. The primary focus of this
thesis has been on exploring such non-conventional device structures with a view to mitigate the

issues related to short channel effects and realize improved device performance.

One such possible alternative to conventional MOS technology is Silicon-on-Insulator (SOI)/
Silicon-on-Nothing (SON) technology. Gate material engineering is yet another fascinating concept

where the vertical electric field in the channel at any point can be modified by using two or more
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materials with different work functions placed side by side forming a single gate electrode, which in
turn adjusts the overall channel electric field resulting in an improved device performance. Chapter
3 presents a Poisson’s equation based two-dimensional analytical model of a proposed Dual Material
gate strained Fully Depleted SON MOSFET device structure which unambiguously demonstrates
that the incorporation of dual material gate concept in strained Silicon-on-Nothing MOSFET
introduces a sudden step like feature in the channel surface potential profile (vide Figs. 3.6 and 3.7),
thereby subduing several short channel effects. The results obtained have been shown to study a
performance comparison of both DMG SOI and SON devices in terms of electric field (vide Fig. 3.8),
threshold voltage roll-off (vide Fig. 3.9), mobility enhancement (vide Figs. 3.2 — 3.5) and drain
current behavior (vide Figs. 3.10, 3.11 and 3.12) which reveals the improvement in SON structure
over its SOI counterpart in effectively subduing the SCEs and having an enhanced current driving
capability. Moreover, the incorporation of strain in our present model significantly increases the
speed and current driving capability due to a considerable increase in carrier mobility and velocity

overshoot effects in strained DMG SOI and DMG SON structures.

Apart from the SOI/SON technologies, gate engineering and gate material engineering are two
emerging concepts in order to realize some non-conventional MOSFET devices to overcome device
performance degradation induced by inevitable short channel effects. Gate engineering involves
more than one gate electrode to control the charge conduction through the channel which effectively

increases the current drivability of the devices having multiple gate electrodes.

The concept of gate material engineering can be exploited to an extreme level by considering a
binary metal alloy (A« Bi.«) gate electrode where the individual concentrations of constituent metals
are varied continuously from being 100% A at source side to 100 % B at drain side. The vertical field
and consequently the overall field in this system will be adjusted by the continuous variation of work
function to reduce surface potential asymmetry in nano scale devices. This, in turn, controls the
DIBL significantly and improves the device performance by removing the uneven transition of
surface potential and surface electric field. This unique concept of using a binary metal alloy as gate
electrode can be abbreviated as ‘Linearly Graded Gate (LGG) or ‘Work Function Engineered
Gate (WFEG) or ‘Binary Metal Alloy Gate (BMA gate)’ and can be incorporated into various non-

conventional device structures in order to improve their performance further.

Chapter 4 aims to explore the effectiveness of incorporating the novel concept of linearly varying
the mole fraction of a binary metal alloy used as gate electrode brainstormed by Sarkar et. al. in
multigate MOSFET devices with the primary objective to establish the effectiveness of the ‘work
function engineered gate’ concept in subduing the detrimental SCEs to restrict performance
degradation in short channel devices. This purpose has been exploited in different sub sections by

incorporating the work function engineered gate concept into different multigate device structures
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such as Double Gate (DG) MOSFET, Cylindrical Gate (CG) MOSFET and Quadruple Gate (QG)
MOSFET as vividly discussed throughout the chapter.

Section 4.2 of Chapter 4 presents a detailed overview on the various aspects of asymmetricity of
a proposed Linearly Graded Asymmetric Double Gate (LGADG) MOS structure to explore its overall
performance comparison with its normal DG counterpart based on analytical modeling and MEDICI
simulation results in terms of channel potential (vide Figs. 4.2.2, 4.2.3, 4.2.4, 4.2.5 and 4.2.6),
channel electric field (vide Fig. 4.2.7), Threshold Voltage Roll-off (vide Figs. 4.2.8 and 4.2.9) and
Drain Induced Barrier Lowering (DIBL) (vide Fig. 4.2.10). It can be inferred from -careful
investigation of the aforementioned figures that device performance gets significantly improved by
cleverly incorporating the concept of spatial composition graded binary metal alloy as gate electrode.
The detailed study throughout section 4.2 has explored asymmetricity of different device parameters
like gate oxide thickness, gate metal work function, gate oxide permittivity and even gate biasing
conditions in the front and back gates of the Double Gate MOSFET with a motto to substantiate the
remarkable performance superiority of an asymmetric structure in sharp contrast to its symmetric

counterpart.

Section 4.3 of Chapter 4 investigates a detailed performance analysis of a proposed Work
Function Engineered Gate Cylindrical Gate (WFEG CG) MOS structure to explore its overall
performance comparison with its normal CG counterpart based on analytical modeling and MEDICI
simulation results in terms of surface potential (vide Fig. 4.3.2), reduced drain end peak electric field
(vide Fig. 4.3.3), reduced Threshold Voltage roll off (vide Figs. 4.3.4 and 4.3.5), reduced Drain
Induced Barrier Lowering (DIBL) (vide Fig. 4.3.6), enhanced current driving capability (vide Fig.
4.3.7), reduced drain conductance (vide Fig. 4.3.8), enhanced trans-conductance (vide Fig. 4.3.9) and
higher voltage gain (vide Fig. 4.3.10). The incorporation of a linearly graded binary metal alloy gate
electrode into a cylindrical gate MOSFET improves short channel behavior significantly thereby

improving the device scalability to a further extent.

Section 4.4 of Chapter 4 explores a quasi 3D scaling equation based theoretical calculation for the
threshold voltage of a Work Function Engineered Gate Quadruple Gate (WFEG QG) MOSFET
incorporating quantum mechanical (QM) effects. The obtained analytical results are validated using
MEDICI simulated data. The presented comparative study of the proposed WFEG QG MOSFET
with respect to a simple QG MOSFET in terms of shift of surface potential minima (Fig. 4.4.2),
channel electric field (Fig. 4.4.3), Threshold Voltage Roll-Off (Figs. 4.4.4, 4.4.5 and 4.4.6) and DIBL
(Figs. 4.4.7 and 4.4.8) has been illustrated which clearly establishes the superiority of the proposed

‘Exploring the novel characteristics of hetero-material gate Field Effect Transistors*- Thesis submitted by Saheli Sarkhel for the degree of Doctor of
Philosophy (Engineering), Jadavpur University Page 268



WFEG QG MOSFET over its simple QG counterpart in suppressing the harmful SCEs making it a

suitable alternative device to continue with the trend of device dimension miniaturization in future.

So far, the alternative non-conventional device structures investigated in this thesis work are
primarily junction based devices which face major challenge of formation of ultra-sharp source/drain
junctions when the overall device dimension comes down to sub nanometer regime. This bottleneck
of junction based devices discussed so far has shifted the interest of research community to yet
another novel concept of Junctionless (JL) transistors, which, by the virtue of their junctionless
architecture, gets rid of the problems associated with impurity diffusion and ultra sharp junction
formation. Chapter 5 of this thesis incorporates the novel concept of work function engineered gate
electrode in different junctionless FETSs, so as to substantiate the effectiveness of adopting a binary

metal gate electrode rather than using a single metal gate electrode.

Section 5.3 of Chapter 5 demonstrates a detailed comparative performance analysis of a proposed
Junctionless Work Function Engineered Gate Double Gate (JLL WFEG DG MOSFET) with its simple
Junctionless Double Gate (JL DG) equivalent based on the in depth analytical modeling. The results
obtained are depicted in various figures to establish the superior performance exhibited by the JL
WFEG DG MOSFET compared to its normal JL. DG counterpart in terms of position of channel
central potential minima (vide Figs. 5.3.3 and 5.3.4), drain side peak central electric field (vide Fig.
5.3.5), reduced threshold voltage roll off (vide Fig. 5.3.6) and DIBL (vide Fig. 5.3.7) in order to
establish the effectiveness of incorporating the novel concept of linearly graded binary alloy metal
gate into a junctionless double gate MOSFET in mitigating unwanted SCEs. The analytical results
bear close resemblance with the MEDICI simulated data, thereby validating the accuracy of

presented analytical model.

Section 5.4 of Chapter 5 presents a similar study of incorporating the concept of using linearly
graded binary metal alloy gate electrode in a cylindrical Junctionless MOSFET structure to reap the
dual benefits of work function engineered gate electrode along with the enhanced gate control by a
cylindrical (or gate all around) JLL MOSFET structure. This section contains a detailed theoretical
calculation based on two dimensional Poisson equation in cylindrical coordinates and presents a
comparative performance analysis of a Junctionless Workfunction Engineered Gate Cylindrical Gate
(JL WFEG CG) MOSFET with respect to a simple Junctionless Cylindrical Gate (JL. CG) structure
without binary metal alloy gate in terms of position of potential minima (vide Figs. 5.4.2 and 5.4.3),
improved threshold voltage roll-off (vide Fig. 5.4.4), better subthreshold behavior (vide Fig. 5.4.5),
reduced DIBL (vide Fig. 5.4.6), superior current drivability(vide Figs. 5.4.7, 5.4.8 and 5.4.9) and
higher voltage gain (vide Fig. 5.4.10) which bear eloquent testimony to the fact that incorporation of
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linearly graded binary alloy metal gate in a JL. CG MOSFET improves its performance over its
normal JL. CG equivalent by subduing various unwanted SCEs. The results obtained analytically
bear sufficient resemblance with MEDICI simulated data, thereby authenticating the precision of

the presented analytical model.

The progress of this thesis from Chapter 3 to Chapter 5 has been a journey to find a suitable
device as a possible alternative to conventional MOSFETSs so as to continue with the unhindered
pace of device dimension miniaturization as predicted by ITRS. Till now, the research initiatives
discussed in this dissertation from chapters 3 to 5 incorporates the concept of linearly graded binary
metal alloy gate electrode in various MOSFET structures (considering gate engineering, gate
material engineering and even accumulation mode junctionless operation) in order to subdue the
harmful SCEs and achieve improved short channel performance. However, the major drawback of
conventional MOSFET is the non-scalability of sub-threshold swing (limited to 60mV/dec). This
poses a serious limitation of increased device leakage current which in turn increases power
consumption and threatens the unimpeded progress of scaling trend in near future. Several research
initiatives have been undertaken to search for an alternative solution with a view to innovate

suitable substitute of MOSFETSs keeping all its benefits intact.

This propelled the semiconductor industry from the domain of conventional MOSFETs to an
altogether new transistor namely Tunneling Field Effect Transistors (TFETs) where the conduction
of charge carriers in the channel depends on the mechanism of band-to-band tunneling of charge
carriers from source valence band to channel conduction band through potential barrier instead of
thermionic emission of ‘free’ carriers from the source into the channel across the potential barrier.
This difference in the operating principle of TFETs enables them to break the fundamental
restriction of subthrsehold limit of 60 mV/dec in MOSFET) and achieve subthreshold slope less than
this limiting value making TFETs a suitable alternative to MOSFETSs for low power, low voltage
applications. Thus, TFETs have nowadays become a dominant contributor in the unimpeded
progress of microelectronics industry into sub-micron and nanometer regime by exhibiting superior

short channel performance and can thus be regarded as a competent alternative to conventional
MOSFETs.

In view of this, Chapter 6 attempts to present some research endeavors to incorporate the much
discussed novel concept of ‘work function engineered’ gate electrode into the basic TFET structure in
order to realize some improvised TFET structures which can alleviate the short comings of a simple
TFET.
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Section 6.3 of Chapter 6 presents an initiative to incorporate the concept of work function engineered
gate electrode into a Double Gate TFET structure proposing a new device structure of Work
Function Engineered Double Gate (WFEDG) TFET and compares its performance with that of a
simple DG TFET in order to establish the efficacy of adopting the WFEG concept in TFETSs also as
evident from the reduced source-channel potential barrier depicted in surface potential profiles (vide
Figs. 6.3.3, 6.3.4 and 6.3.5), surface electric fields (vide Figs. 6.3.6, 6.3.7 and 6.3.8) and superior
current drivability (vide Figs.6.3.9 to 6.3.15 ) studied by varying the relative permittivities of gate
oxide along with thicknesses of channel and gate oxide. The results obtained from analytical

modeling are validated with SILVACO simulated data.

The next section 6.4 of Chapter 6 takes a step further to analytically explore the impact of
interface trapped oxide charges (at the oxide-silicon interface near the source end) on the device
performance by considering a Binary Metal Alloy SON (BMASON) TFET structure so as to tune the
tunneling barrier by suitably modifying the mole fraction of the Binary Metal Alloy used as gate
electrode with a view to boost the band-to-band tunneling of carriers resulting in enhanced device
current with the simultaneous suppression of unwanted ambipolar effects. Device operation in such
ultra nano dimension results in sharp increase in channel electric field which makes Hot Carrier
Effect an inevitable issue, which leads to unwanted accumulation of trapped charges at the interface
between gate oxide and semiconductor, thereby impacting device performance. On observing the
comparative surface potential analysis of the proposed BMASON TFET with conventional Single
Gate TFET (SG-TFET) (vide Fig. 6.4.3), it can be seen that potential barrier is much reduced in case
of BMASON TFET compared to its SG TFET counterpart. Moreover, it can also be seen from Fig.
6.4.3 that the band bending at source-channel junction and subsequently the rate of carrier
tunneling is increased due to the presence of localized trapped charges at the oxide-substrate
interface, making it more advantageous over the case when the localized charges are absent. The
variation surface potential of BMASON TFET along channel position for various values of Vas (vide
Fig. 6.4.4) and Vbps (vide Fig. 6.4.5) are also shown. The effects of interface trapped charges are also
incorporated in the analytical model and has been studied by varying different device parameters in
terms of channel electric field (vide Fig. 6.4.6), device current characteristics (vide Figs. 6.4.7, 6.4.8,
6.4.9 and 6.4.10), tunneling path length (vide Fig. 6.4.11) and subthreshold slope (vide Fig. 6.4.12) to
obtain an insight to the Hot Carrier Effects in TFETs. The analytical results are validated with
TCAD simulated data to confirm accuracy of our proposed model. The developed analytical model
can thus be used to investigate the HCEs in TFETs with linearly graded binary metal alloy gate

electrode and in the possible design of memory devices based on the concept of trapped charges.
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Various research endeavors elucidated in this doctoral thesis in intricate detailing will provide some
valuable insight for the research community of semiconductor devices and pave way for numerous
innovative non-conventional device structures suitable for future low power low voltage applications

to continue with the unhindered progress of nanoelectronics industry.

7.2. Future Scope

This doctoral thesis reports several research contributions in the area of low dimensional nano scale
semiconductor devices. However, semiconductor industry is always evolving to keep pace with the
stringent requirements imposed by the ITRS which opens up quite a lot of opportunities to innovate

some improvised devices defining the future of semiconductors.

Some possible concepts are being recommended as future research avenues:

» Quantum mechanical effects may be incorporated in the analytical modeling of Tunneling
Field Effect Transistors with work function engineered gate electrode for more accurate

performance analysis of contemporary ultra low dimensional structures.

» Depletion regions at the source and drain ends may be incorporated in the analytical
modeling of Tunneling Field Effect Transistors with work function engineered gate electrode

for better modeling accuracy.

» Dielectric pockets near the source-channel and drain-channel junctions may be incorporated
in the analytical modeling of Tunneling Field Effect Transistors with work function

engineered gate electrode to study their effects on tunneling.

» New gate engineering techniques may be explored to improve performance of FETs.

» Alternative non-conventional device structures may be explored to solve the low ON current

issue of contemporary TFETs.
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