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Abstract

AN ANALYTICAL APPROACH FOR DESIGNING ULTRA LOW POWER
(ULP) SUBTHRESHOLD LOGIC BLOCKS WITH GERMANIUM
JUNCTIONLESS TRANSISTORS

For the past few decades, the semiconductor industry has focused on emerging
transistor architectures to meet the projections of Moore’s law. As a result, much interest
has been directed towards transistors with simpler fabrication process and reduced Short
Channel Effects (SCEs). The semiconductor industry has continuously evolved in
technological advancement and fabrication of Integrated Circuits (ICs) for High
Performance (HP), Low Power (LP) and Ultra Low Power (ULP) logic applications. A
miniaturized transistor with ideal subthreshold swing (Sswing) and a small extent of Drain
Induced Barrier Lowering (DIBL) is prudent for ULP devices. However, due to the
downscaling of gate length (Lg), SCEs can be observed in the characteristics of Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETS). SCEs result in a decrease in
threshold voltage (Vi) with decreasing Lg, higher drain induced barrier lowering, as well
as deterioration in Sswing.

A practical method adopted to reduce SCEs and to improve electrostatic
controllability of gate over the channel region is by employing more number of gates in a
transistor. Multi-gate junctionless (JL) transistors can be potential alternatives to
conventional MOSFET for downscaling owing to the absence of traditional pn junctions,
eased fabrication steps and thermal budgets, good control over the channel by multiple
gates and improved immunity towards SCEs. Literature has shown the prospects of
heavily doped (10'° cm™) JL MOSFET over conventional MOSFET for LP logic devices
as compared to HP logic device applications. A reasonably doped JL MOSFET (10% ¢cm
to 5x10'® cm®) can additionally enhance LP transistor performance, decrease sensitivity
and ease gate workfunction requirement. The use of wider underlap regions is also critical
for LP devices.

For a conventional JL MOSFETS, due to the same dopant type (ideally higher
doping) across the semiconductor film, the elongation of depletion regions outside the
channel region can occur in the off-state. Consequently, the effective channel length (Lef)

becomes longer than Lq. An elongated Les in the subthreshold operating region can reduce
VI



SCEs in these transistors and has the possibilities for LP devices while allowing
miniaturization. This outstanding feature is present in predominantly all JL architectures.
The thesis imparts exhaustive and purposeful approach to evaluate as well as alleviate
SCEs in Germanium (Ge) Double Gate (DG) JL architectures (Ge DG JL with G-S/D
underlap), by comprehensively focusing on effective gate length in the subthreshold
region of operation which is important for ultra low power (ULP) applications. An
emerging technology option should be able to support device for HP, LP and ULP
applications. While Ge exhibiting higher mobility and can support HP and LP
technologies catering to above threshold operation, the choice of ULP applications with
Ge devices has been a bottleneck due to enhanced degree of SCEs in Ge based devices.
This thesis also point towards important design parameters that can be utilized for better
short channel immunity, and hence, improved architecture for Ge based DG JL transistor
can find application in ULP subthreshold logic.

The presented multi-region semi-analytical model can reasonably capture
electrostatic channel potential at wider gate-underlap length and has shown good
agreement with simulated data. A simplified analytical solution for subthreshold drain
current can be utilized to evaluate threshold voltage, subthreshold swing and SCEs related
parameters. The developed model results have shown acceptable agreement with
simulation for predicting SCEs for varying underlap length, gate workfunction, channel
doping, gate length and drain biases for Ge DG JL MOSFET. The results obtained from
TCAD simulation and developed model suggest that channel doping together with
underlap region decide the short channel performance of Ge DG JL transistor.

An ULP CMOS inverter is implemented using Ge JL nMOS and pMOS DG
devices. Universal gates, NAND and NOR, are also implemented in order to show the
applicability of the developed approach for building subthreshold logic blocks. The
sensitivity of subthreshold CMOS inverter is evaluated in terms of logic threshold (Vi.7),
gain (Av), nominal high output voltage (Vx) and nominal low output voltage (VL) which
depends on the subthreshold swing of the devices. A variation in device parameters, Ge
film thickness (Tce), Lg and GeON thickness (Teeon) affects Vi, Vi, Vit and Av more than
other parameters considered in the analysis. An in-depth analysis focusing on Ge DG JL
transistors for subthreshold logic has been presented in this thesis.
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Chapter 1

Introduction

Metal Oxide Semiconductor Field Effect Transistors (MOSFETS) are
considered as a backbone of the semiconductor industry. Due to higher
computational power and faster processing requirements, a MOSFET needs to be
scaled down considerably. In 1965, it was anticipated by Gordon Moore that it
would take nearly 18 months for the number of transistors on a chip to double
[1], [2]. The semiconductor manufacturing industry has followed this trend
successfully for nearly six decades. However, certain device and process limits
are now challenging the further miniaturization of conventional (bulk) Metal
Oxide Semiconductor (MOS) devices. It is increasingly difficult for bulk
MOSFETSs to cope with the desired performance indicators due to Short Channel
Effects (SCEs) [3]-[5]. The different challenges associated with scaling down the
device to the lower technology nodes are current drive, gate controllability,
parasitic capacitance, power consumption, reliability, and parameter variation [6].
Poor gate controllability results in SCEs like an increase in Subthreshold Swing
(Sswing), Threshold Voltage roll-off (dVi), Drain Induced Barrier Lowering
(DIBL), and Band-to-Band Tunneling [7], [8], [3]-[5]. The drain current can be
increased to boost the device characteristics in short channel devices [9]. Several
approaches have been adopted for enhancing effective channel mobility, such as
mobility enhancement through strained silicon, using high mobility material like
Germanium [10]-[11]. For a device with a thin semiconductor layer and heavily
doped substrate, there will be variability and reliability issues at shorter gate
lengths [12].

1.1 Evolution of MOSFET Technology

1.1.1 Bulk Technology

The fabrication of more transistors on an integrated chip needs aggressive

scaling of device dimensions in deep sub-micrometer regime [13]. Due to this,
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further miniaturization of complementary MOS (CMOS) integrated circuits
fabricated in bulk silicon technology has reached its physical limits [14]. Also, in
a bulk MOSFET, only about 10% of the silicon wafer is used for current
conduction. In addition, many unwanted parasitic effects come into play due to
the interaction of the channel with the substrate [14]-[16]. These effects are

described below:

(1) The capacitance between source/drain and substrate: The scaling of
the device diminishes the gate control over the channel [14], and
therefore, enhances SCEs. To overcome this problem, higher channel
doping is employed. However, higher doping further increases the
parasitic junction capacitance and adversely affects threshold voltage,
mobility, device variability, and transconductance [14].

(2) Latch-up phenomena: It originates due to the parasitic npn and pnp
transistors in the diffused regions. The device acts as a thyristor causing
an uncontrollable higher current, and hence, damaging the circuit [16].

(3) Radiation hardening: The generation of electron and hole pairs from the
high-energy particles (alpha particles) results in a higher drain current in
channel region of bulk MOSFET [15]. Subsequently, the operation of
bulk MOSFET gets seriously affected.

1.1.2 Silicon-on-Insulator (SOI) Technology

In order to address the issues related to parasitic effects in bulk MOSFETSs and
enable downscaling, Silicon-on-Insulator (SOI) technology [17]-[20] was
introduced. This technology involves the isolation of channel region from the
substrate through a dielectric (SiO2). Using SOI technology, monolithic integrated
circuits can be built with dielectric isolation that is expected to reduce various
parasitic capacitances. Different advantages [3], [4], [14], [21] of SOI technology

are listed below:

(1) Dielectric isolation: The isolation between channel and substrate region
provides the following benefits over bulk MOSFETS [22]
(a) Higher transconductance



(b) Reduction in parasitic capacitances

(c) Reduced leakage current

(d) Less power consumption

(e) No latch-up
(2) Short channel effects (SCEs): SCEs arise when gate controllability gets
hampered by the source/drain electric field. In SOI devices, the depletion width is
limited by the Buried Oxide (BOX) [14]. Hence, gate controllability is enhanced
in thin-film undoped devices. The electric field lines can also penetrate BOX
before affecting the gated region. This reduces gate controllability [14], [23]. This
behavior can be suppressed by using ultra-thin BOX, which can terminate the

field lines from the source/drain at the substrate.

(3) Random Dopant Fluctuations (RDFs): Undoped/lower body doping reduces

variability in the device, and therefore, more immune to RDFs [21].

(4) Reliability: SOl MOSFETs offer excellent immunity towards radiation
effects [14], [22]. Therefore, SOI devices are more reliable than bulk devices,

even at higher temperatures.

(5) Improved integrity: SOI device structure shows the ability to stack more than

a single layer of devices [24], thus expanding the scope of 3D integration.

(6) Circuit design and processing: Fabricating CMOS circuits using SOI
technology is much easier than in bulk silicon. There is a notable reduction in
fabrication steps due to the absence of wells and inter-device trenches present in
bulk technology [24], [3].

(7) Suppressed pn junction leakage: In SOI devices, the leakage current is
suppressed due to the presence of BOX. Only a small amount of leakage current
flows through the junction [25]. This low leakage is important in low stand-by

power applications and minimizes the power consumption.

In addition to the advantages mentioned above, SOI is more versatile than
bulk. It facilitates additional features in optimizing silicon film thickness, BOX

thickness, and substrate bias for enhancing device performance [17]-[20]. SOI



technology has numerous benefits, but the device suffers from interconnection
problems and issues related to self-heating [21]. The other concerns for SOI
include (i) Floating Body Effects (FBESs), and (ii) series resistance, which can be
reduced to an extent using raised source/drain [24] topology or by using a fully

depleted device.
1.1.3 Partially and Fully Depleted SOl MOSFETSs

MOS device can be operated in either Partially Depleted (PD) or Fully
Depleted (FD) regimes depending on the silicon layer thickness [14]

(1) Partially Depleted Silicon-on-Insulator (PDSOI): When the top of the
silicon film is depleted without applying any bias, and the bottom portion remains
neutral, the structure is known as a partially depleted SOI device (shown in Fig.
1.1(a)).

(2) Fully Depleted Silicon-on-Insulator (FDSOI): When silicon film is thin,
then the complete film is depleted of the carriers at zero bias, and the structure is
known as fully depleted SOl MOSFET (shown in Fig. 1.1(b)).

Since the bottom of the silicon film is neutral for PDSOI device, it suffers from
floating body and kink effect [26], [27]. In PDSOI structures, although the
depletion region does not vary with respect to film thickness, but the body
potential varies as the number of holes that are accumulated in the body and can
affect electrical properties and change the threshold voltage [28]. Additionally,
PDSOI structures are more susceptible to the influence from source/drain regions,

and thus, second order effects can be more profound [14].

On the other hand, the depletion in FDSOI is independent of the bias
condition, and the complete (or total) depletion of semiconductor film takes place.
Due to improved gate controllability in the silicon film, higher transconductance
can be expected [27]. Therefore, the device is less affected by second order
effects. Also, in FDSOI, the subthreshold slope is steeper, and hence, the device
can be used for low power applications [25].
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Fig. 1.1: Schematic of an n-type (a) partially depleted and (b) fully depleted
Silicon-on-Insulator (SOI) MOSFET with a gate length of Lg, film thickness of
Tsemi, buried oxide thickness of Tesox. For (a) The doping of substrate is neutral
and for (b) moderate p-type (p’). The source/drain regions are heavily doped with

n-type impurities (n*).

1.1.4 Ultra-Thin Body (UTB) and Ultra-Thin and BOX (UTBB)
MOSFET

As devices are scaled down to nanoscale regime, DIBL poses a big challenge
for further improvement of SOl MOSFET. In order to overcome the problem of
SCEs faced by sub-50 nm SOI devices, the film thickness can be thinned down to
10 nm or below [29], [30]. These scaled thin film SOI devices are known as ultra-
thin body (UTB) SOl MOSFET [30], [14]. In FDSOI structures, the electric field
is controlled by the silicon film thickness. Since potential lines are almost flat in
UTB devices, the electrostatic integrity of the transistor is improved [14]. Also,
SCEs in FDSOI devices can be reduced by using a thin BOX that suppresses the
lateral field [31], propagating from source/drain depletion regions through buried
oxide, as shown in Fig 1.2(a).

However, with the realization of ultra-thin BOX (shown in Fig 1.2(b)), the
horizontal coupling of source and drain through the substrate is enhanced, which
requires a heavily doped layer under the BOX referred to as Ground Plane (GP)
[14]. The main advantage with GP implementation is that most of the electric



field lines terminate at the ground plane, thus preventing lateral coupling to the
substrate. However, body effect and capacitance tend to increase, which degrades

the performance of the device [30].
Reducing the BOX thickness attracts other effects [31], such as

(a) Large influence of depletion region formed in the underlying substrate
(b) Increase in parasitic capacitances, and
(c) Increase in gate-to-gate coupling effects [31].

As a result, all the previously mentioned advantages of SOI structures in terms
of high current drive and excellent subthreshold behavior may be reduced. Hence,
finding an alternative device that can significantly reduce the SCEs in the

nanoscale regime is necessary.

Ground Plane

Substrate Substrate
(@) (b)

Fig. 1.2: Schematic diagram of (a) Ultra Thin Body (UTB) and (b) Ultra Thin
Body BOX (UTBB) fully depleted (FD) SOl MOSFETS, with a gate length of

Lg, and film thickness of Tsemi.

1.1.5 Double Gate (DG) MOSFET

Double Gate MOS device acts as a potential alternative to further extend the
CMOS technology in nanoscale regime. In this architecture, as the name suggests,
two gates control the channel potential. In 1984, Sekigawa and Hayashi first
proposed the device structure, and the same was shown to minimize threshold
voltage roll-off at shorter channel lengths [32]. In DG operation, both gates (front

and back) can be coupled electrically to each other (symmetric MOS) or can be
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decoupled with independent bias operation (asymmetric MOS). The main
advantages [33]-[36] of this device are as follows:

(a) Excellent immunity towards SCEs

(b) High transconductance

(c) Ideal subthreshold swing

(d) Better on-current (lon) to off-current (lof) ratio (lon/loff)

The electrostatic integrity is enhanced due to the dual gate control over the
channel. The gate capacitance (Cgg) is expected to double due to DG architecture
[36]. DG devices are electrostatically more robust than single gate UTB and
UTBB devices, as channel is controlled by two gates from both front and back
which allow additional gate scalability by a factor of two [37]. The electric field
from source/drain in DG SOI transistor can propagate through the semiconductor
film and may influence the gated region. However, the electric field lines from the
source/drain regions through the back oxide are suppressed, and thus, device is
more scalable [32]. The relaxed body film thickness is highly desirable from a
manufacturing viewpoint as the fabrication of ultra-thin film can pose major
technological challenges [38]. The improved scalability of thin-body DG devices
makes them viable for nanoscale CMOS technology [39].

1.1.6 Multiple-Gate MOSFET

The need of further scaling down of the MOS transistor has paved the way for
an aggressive evolution of the transistor architecture [40]. Thus, multiple-gate
transistors have been evolved to reduce SCEs and to improve the device
performance. FINFET, omega-gate, pi-gate, gate-all-around, and triple-gate SOI

devices are few examples of multiple-gate architectures [40].

Initially, DG architecture has been evolved in planar topology i.e. similar to
that of FDSOI MOSFET, with an additional gate at the bottom of the silicon film
[34]. However, due to the complexity in the fabrication process for perfect
positioning of front and back gates [38], a fully DEpleted Lean-channel
TrAnsistor (DELTA) was developed [33]. This structure consists of vertically

positioned silicon film with gates on both sides of the silicon film, and was named
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as DG FinFET [40]. The only difference between DELTA and DG FinFET is that
a FINFET contains a hard mask at the front gate which prevents the current
conduction at the top corner of the device [33], [40]. In a FinFET, if the two gates
are electrically decoupled from each other and are biased independently using two
different potentials, then the structure is known as Multiple Independent Gate
FET (MIGFET) [41].

The other multiple-gate architectures that have been proposed to achieve
higher electrostatic integrity are Omega-gate (Q2-gate) [42], Pi-gate (n-gate) [43],
Gate-All-Around (GAA) with circular cross-section [44] and Triple-Gate (TG)
with rectangular cross-section [45]. In TG MOSFET, gates at the top and along
the two sidewalls control the current conduction [45]. For better channel
controllability, m-gate and Q-gate have been introduced due to an additional
electric field that propagates at the bottom of the silicon film in addition to front
and side wall gates [42], [43]. The circular and square cross-section nanowires
consist of gate that wraps around the silicon film and provides additional gate
controllability to the device [44].

In 2011, Intel announced [40] that a 22 nm triple gate MOSFET to be used for
the next-generation Central Processing Unit (CPU) platform [40] can save nearly
50% of active power as compared to 32 nm technology. In multiple gate SOI
MOSFETSs, the total current drive is proportional to the total gate width [46].
Hence, due to their excellent gate controllability, a larger current drive (~20%)
per unit area of the wafer can be achieved with less demanding requirements on
silicon channel dimensions [46]. As the channel length is reduced to few
nanometers, the dopant atoms distribution results in discrete and random nature,
which affects lon, loff, Vin, and subthreshold slope and can degrade the device's
performance [40], [46].

Several works [47], [48] have reported that Random Dopant Fluctuation (RDF)
can be reduced significantly in case of multiple-gate transistors as compared to
single gate devices. RDF poses problems when devices are miniaturized in

nanoscale regime as the overall number of atoms resulting from doping becomes



discrete. For higher channel doping, Random Discrete Dopant (RDD) is the main
origin of irregularity in the case of heavily doped devices [49], [50]. However,
using Germanium (Ge) as a channel material in such devices, a greater immunity
towards variation in threshold voltage as compared to Silicon due to RDD can be
observed due to the higher relative permittivity for Germanium compared to
Silicon [51]. The effects of RDF are expected to be prominent at higher doping
levels of 10'° cm in heavily doped devices [49].

1.1.7 Junctionless Architecture

Conventional transistors have reached such dimensions where the formation of
pn junctions with doping concentration gradients changing within a few
nanometers is required. The necessity for ultra-sharp pn junctions imposes severe
limitations on fabrication processes and thermal attributes. In 2009, Colinge et al.
[52] experimentally demonstrated a new multi-gate nanowire transistor
architecture named as Junctionless (JL) transistor (shown in Fig. 1.3). Colinge et
al. [52] demonstrated full CMOS functionality without radically changing the
process technology [52], [53]. JL transistors offer various inherent benefits such
as full CMOS functionality, compatibility with current CMOS fabrication
processes, lower thermal budget, simple expensive annealing techniques, easy
fabrication of devices with shorter channels, less mobility degradation by
transverse fields in the on-state, and enhanced immunity towards SCEs [52], [53],
[54], [55]. However, conventional JL devices with high doping suffer from
several drawbacks too, such as mobility degradation due to impurity scattering
[56], [57] and reduced current drive due to increased source/drain series resistance
[58], [59] when operated at higher gate overdrive, poor turning off capabilities for
thicker semiconductor film or higher doping levels [52], [60], off-state Band-to-
Band Tunneling (BTBT) [61], enhanced sensitivity of device characteristics
towards temperature [56], and device parameter variations [49], [62], [63].
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Fig. 1.3: Schematic diagram showing longitudinal cross-sectional view of
junctionless (n*-n*-n*) transistors [53], explaining the difference in doping
profile across the semiconductor film. Ly represents gate length, Tox is oxide

thickness, and Tsemi is Germanium Film thickness.

1.2 International Roadmap for Devices and Systems (IRDS)

The IRDS report [64] is created annually by semiconductor professionals,
mainly from nations with semiconductor fabrication facilities. The motive behind
this group is to set out new major recommendations for academic institutions and
industry associations to pursue innovation and engineering for achieving industry

targets fulfilling the requirement of downscaling [64].

According to the roadmap, the different challenges faced by present CMOS
technology are [64]:

(1) Scaling of ultra-fast, large size, volatile/non-volatile memory technologies in
order to substitute Static Random Access Memory (SRAM) and flash memory for
relevant implementation

(2) Miniaturization of CMOS

(3) To carry on the practical scaling and optimization of device significantly,
the CMOS device needs to be scaled aggressively at lower technology nodes
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(4) Platform technology can be developed using scaled CMOS devices which in
turn allows newer scaled CMOS technologies to come up with features and

functionalities

(5) To traverse the gap between novel architectures and unorthodox devices

To overcome these challenges, some possible solutions [64] that have been

suggested are as follows:

(a) Emerging materials for memory
(b) Emerging architectures for future CMOS technology
(c) Emerging materials for novel computing

The IRDS speaks for a planned movement of the technological capacity,
requirements and segment of upcoming chances [64]. With the extent of this new
outlook, IRDS roadmap constitutes the work in progress which has to be oriented

in order to achieve the relevant targets.

1.3 Organization of the Thesis

The thesis presents a detailed approach to model SCEs in symmetric mode
Germanium DG JL transistors with underlap length for ultra-low power (ULP)
subthreshold logic applications. A Semi-analytical model is developed to
efficiently capture the electrostatic potential of the channel in the subthreshold
region. The modeling approach involves solutions of 2D Poisson’s equations
using parabolic potential approximations in the vertical direction [65]-[69]. The
one-dimensional channel potential along the lateral direction, governing the
subthreshold conduction, is obtained by considering source/drain (S/D) depletion
extensions outside the gated portion. Appropriate device-dependent boundary and
continuity conditions are used while solving the region-wise Poisson’s equations.
The subthreshold drain current is then derived from the channel potential at the
different gate and drain biases, and Vi and Sswing are extracted from lgs-Vgs
characteristics. The parameters indicating SCEs are estimated and optimal device
is proposed. The derived model results are validated with ATLAS Silvaco

Technology Computer-Aided Design (TCAD) simulation results [70].
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Acknowledging the need for developing relative simple and useful expression for
drain current (even for an advanced device) to facilitate circuit design, relevant
parameters have been extracted from the developed model and utilized for
analyzing a subthreshold inverter.

The extracted parameters for advanced subthreshold devices are then applied
to the model developed by Alioto [71], and nominal high output voltage (VH),
nominal low output voltage (VL), logic threshold voltage (Vit) and Gain (Av) of
Complementary MOS (CMOQOS) inverter for underlap Ge JL DG transistors has
been evaluated. The values of gate length considered in the analysis is taken from
IRDS data [64], while the values of the supply voltage (Voo,rps) for each
technology node is reduced by a factor of 2 i.e. Voo = Vpp,ros/2 to ensure
subthreshold operation. This approach presents a reasonable assessment of Ge JL
CMOS inverter for subthreshold logic applications. Various possible scenarios are

also considered to enhance the gain at lower technology nodes.

Chapter 1 describes the basic introduction of MOSFET technology. Starting
from the device evolution and technological advancements in the semiconductor
industry, this chapter covers the fundamental background regarding the evolution
of different architectures, which is important to follow the discussion in the rest of
the thesis. The chapter also discusses the IRDS roadmap for the upcoming
technological standards and advancements.

Chapter 2 discusses Silicon and Germanium as two possible options for channel
material. Further, basic concepts of junctionless transistors such as conduction
mechanism and threshold voltage are explained. Short Channel Effects (SCEs)
such as DIBL, dVw, and degradation in Sswing are also discussed. At last, numerical
simulation using ATLAS TCAD has been discussed.

Chapter 3 presents a semi-analytical model for an n-channel Germanium DG JL
MOSFET under symmetric mode operation to estimate gate-underlap dependent
SCEs. The model derived in this chapter primarily predicts the electrostatic
channel potential by evaluating the S/D depletion region extensions as functions

of underlap length, gate workfunction, channel doping, and gate and drain biases.
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A detailed analysis for subthreshold logic applications is carried out to identify

the optimal design for Ge JL transistor with suppressed SCEs.

Chapter 4 deals with the application part of the novel device, which is modeled
in chapter 3. A CMOS inverter is implemented using Ge DG JL nMOS and
pMOS. Focusing on subthreshold logic with Ge JL MOSFETs for the 3 nm
technology node and with a power supply of 0.35 V [64], the performance of
NOT, NAND and NOR gates designed with optimized devices have been
evaluated to show the applicability of the developed model for digital

applications.

Chapter 5 summarizes the conclusions drawn from the research work presented

in the thesis. It also mentions the scope for future work
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Chapter 2

Semiconducting Materials for Advanced

Transistor Architectures

2.1 Silicon

Silicon (Si) is widely used in the semiconductor industry as the substrate
material due to its low cost. Also, it forms a good quality of oxide (silicon dioxide
(SiOy)), which is used for gate dielectric [1]. Silicon is the paramount material
used in the electronics manufacturing industry, forming about 90% coverage and

governing the Very Large Scale Integration (VLSI) industry across the globe [2].

Si mainly has two natural dielectrics, namely silicon nitride (SisN4), and
silicon dioxide (SiO2), which are crucial in device fabrication [3]. In general, SiO>
forms the underlying foundation for MOSFETS. These devices can be fabricated
at high temperatures on top of a silicon wafer. Si is thermally and chemically
stable and forms covalent bonds [4]. The interfacial defects in these SiO», which
are obtained at high temperatures by reaction of silicon wafer with oxygen, are
many orders smaller as compared to those of any deposited thin film [3]. Si is
non-harmful, relatively cheaper (Si consists approximately 26% of the Earth’s
covering, which is next to oxygen in case of abundance on the earth) [1]. Si has a
band gap of 1.12 eV at room temperature and ~1.21 eV at low temperatures [5].
Also, it has excellent mechanical properties such as thermal conductivity,

strength, brittleness, hardness, etc. [5].

However, one of the essential constraints of Si technology is poor performance
for optoelectronic applications due to its inability to emit light [6], [7] suitably.
This can be due to the fact that a material with an indirect energy band gap
sustaining optical transitions is an occasional process at 300 K in Si [5]. For a
semiconductor having an indirect energy band gap, the minimum energy level of

the conduction band and the maximum energy level of the valence band are
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obtained at distinct locations in the k-space region, and hence, energy greater than
the band gap is needed for transition [8]. Recombination mechanism due to single
photon of trivial momentum is not permitted due to the law of conservation of
momentum. The involvement of a phonon with the appropriate momentum is
essential to assure that momentum is conserved [8], [9]. For a solid material,
lattice vibrations occur when phonons are quantized. The optical transition is
weak in a phonon aided optical transition for the bulk Si material [7]. This allows
other non-radiative processes and a decrease in the light emission efficiency.
Therefore, Si bulk is not preferred for optoelectronic device fabrication. Si has a
diamond shaped crystal structure in an intrinsic semiconductor. Si has an atomic
number of 14, and its atomic mass is 28.08 g mol™ [10]. The compounds formed
by Si with other elements are generally tetravalent in nature but bivalent
perpetually. Si has a boiling point of 3265°C and a melting point of 1410°C [8].

The structural, electrical, and chemical properties are discussed below.
2.1.1 Structural Properties

The atomic number of Si is 14. The electronic configuration in the ground
state is 3s?3p?. There are four valence electrons present, which occupy the 3s and
3p orbitals [8]. Therefore, forming four covalent bonds in the atomic structure can
complete its octet and achieve stability. Due to its valency of four, Si generally
forms the covalent bonds with other elements. Si has tetrahedral SiY4 derivatives
where the central Si atom shares an electron pair with the four other bonded atoms
[10]. Si has the first four ionization energies as 786.3 kJ/mol, 1576.5 kJ/mol,
3228.3 kJ/mol, and 4354.4 kJ/mol, respectively. Also, the single bond covalent
radius of Si is 117.6 pm in between the radius of Carbon and Germanium [11],

and the ionic radius of the Si is nearly 40 pm [11].
2.1.2 Electrical Properties

Due to the small band gap between Valence Band (VB) and Conduction Band
(CB), the resistivity of the Si decreases with an increase in temperature [8]. In
intrinsic Si, the Fermi level is located at the midway of the energy gap. Therefore,
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undoped Si behaves like an insulator at 300 K. As a result, dopants are added to
pure Si to increase its conductivity. The elements from the fifth group can donate
one extra electron per dopant atom, forming an n-type semiconductor [9].
Similarly, for p-type semiconductor, third group elements are used as impurities
as they have a vacancy in the atom and can accept one electron for every dopant
atom [10]. The simplest possible device using n-type and p-type semiconductor is
a pn junction diode [9]. The extent of band bending at zero applied bias is
characterized as built-in potential [8].

2.1.3 Chemical Properties and Compounds

Crystalline Si bulk is non-reactive in nature, but can be reactive at very high
temperatures [8], [12]. Si forms a gradual and thin layer of silicon dioxide (SiO>)
on the surface of metal which prevents it from oxidation. Generally, Si does not
react with the air below 900 °C. The formation of silica dioxide takes place when
temperature is kept in between 950 °C and 1160 °C [12]. When temperature is
further increased to 1400 °C, Si also reacts with atmospheric nitrogen to form
nitrides like SiN and SisN4. At 600 °C, it also reacts with gaseous sulphur. Si also

reacts with gaseous phosphorus at 1000 °C [10], [12].

Meanwhile, the formation of oxide cannot prevent reaction with the halogens
(fluorine, chlorine, bromine, and iodine). Fluorine reacts with the Si aggressively
at 27 °C, chlorine at 300 °C, and bromine and iodine at a temperature of 500 °C
[12]. Generally, Si does not react with most liquid acids, but hydrofluoric acid is
the exception which tends to get oxidized on reacting with Si [10], [12]. It
voluntarily dissolves in heated liquid alkali to form silicates [12]. Also, Si reacts
with alkyl halides in presence of copper catalyst to yield organo-silicon chlorides
as antecedent to silicone polymers [12]. Si becomes highly reactive on melting,

alloying with metals to synthesize silicides [9], [10].
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2.2 Germanium

There are many technological requirements that a MOSFET must meet in
order to be useful for a future technology node. Although optimistic, the IRDS
roadmap [13] is a good indicator of those requirements for the so-called high
performance and low power MOSFETS as outlined in chapter 1. The first of the
two requirements are that a MOSFET needs to have a certain physical gate-length
which means that chosen materials need to be able to be integrated at a tight pitch
[8]. The second criterion, the MOSFET must have a certain on-state current (lgs at
Vs = Vgs= Vop, Where Vpp is the supply voltage) for a given off-state current (las
at Vas = Vop and Vgs = 0 V) at a given Vpp, can be split into several smaller

requirements [14]:

a) The channel material should have a high enough carrier velocity or mobility

b) The gate oxide is scalable to achieve good electrostatic integrity and have a low
interface trap density

c) The desired threshold voltage can be obtained

d) The MOSFET can meet the off-state current level for low power

Germanium (Ge) has been identified as one of the leading candidates behind Si
and a probable channel material for MOSFETS in future nodes because of its ease
of integration with Si, and the fact it has one of the highest hole mobility in all
semiconductors [15]. For Germanium, the band gap at room temperature is 0.66
eV and at 0 K, it is ~0.74 eV [10]. In general, Ge based transistors show higher
degree of SCEs, which occurs due to higher permittivity of Ge as compared to its
Si counterpart [16]. The higher permittivity allows the drain bias to penetrate
more deeply into the gated region, and hence, decreases the gate controllability
over the channel [16]. These devices find application in low power technology if
SCEs in Ge based devices can be reduced. The physical and chemical properties

of Ge are discussed below.
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2.2.1 Physical Properties

The atomic number of Ge is 32 [17]. This material is a hard, lustrous, brittle,
and metalloid in the carbon family. Ge is chemically close to its group
elements, silicon and tin [17]. Intrinsic germanium is similar in appearance with
silicon. Like silicon, germanium naturally reacts and forms complexes
with oxygen in nature. Ge also reacts with the oxygen naturally to form the oxides
similar to that of Si. The relative permittivity of Germanium material is 16.2.
These are high mobility materials which can be used for higher current drives

compared to Si material [16]. Some properties of Ge are shown in Table. 2.1.

Properties Germanium
Atomic mass (amu) 72.63
Density (g/cmq) 5.35
Melting point (K) 947
color Gray
Oxide type Refractory dioxide
Oxide density (g/cm?®) 4.7
Oxide activity Feebly basic
Chloride boiling point(°C) 86 (GeCls)
Chloride density (g/cm®) 1.9

Table 2.1: Basic properties of the Germanium (Ge) material [17].

2.2.2 Chemical Properties

Germanium slowly reacts with oxygen at a temperature of 250 °C to form
Germanium dioxide (GeO) [18]. It is non-soluble in alkalis and dilute acids. It
dissolves gradually in the heated concentrated sulphuric and nitric acids [19]. Ge
reacts aggressively with melted alkalis to form germinates ([GeO3]%) [18], [19].
Generally, Ge is found in the +4 oxidation state even though several +2
compounds are known to exist [20]. Supplementary oxidation states are

occasional as +3 oxidation states occur in GezClg [19]. Ge has two oxides, namely
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Germanium dioxide (GeO2) and Germanium monoxide (GeO) [18]. GeO2 can be
formed by heating Germanium disulphide (GeS.), which gives a white powder
and is marginally soluble in water but reacts with Alkalis to give germanates [19].
GeO can be formed by reacting GeO> and Ge at high temperature [20]. The Ge
oxides show an unexpected characteristic of having a high refractive index for
light in the visible spectrum, but exhibits transparent nature for infrared light [19],
[20].

2.3 Junctionless Transistors

Each proposed transistor design is based on the formation of a junction
between the source/drain and channel region. Since 1950, this design is in use for
transistor architectures [21]. These junctions are essential as they control the flow
of current in the device on applying the bias. Junction formation has always been
an integral part of transistor design as it defines the device characteristics.
However, due to aggressive scaling, the fabrication of ultra-sharp junction is
difficult because of the diffusion process and statistical distribution of doping
atoms which results in concentration gradients that are extremely difficult to
control [21]. In 2010, a new transistor design was proposed by Colinge et al.,
[22], which does not consist of any junction, and the same is referred to as
Junctionless (JL) transistor (shown in Fig. 2.1). These devices are also known as
gated resistors as they have no junctions and very limited doping concentration
gradient [23]. Despite the unconventional design, JL devices have shown full
CMOS functionality [23], [25]. The important considerations which should be

kept in mind while fabricating a JL transistor [23] are as follows:

(i) Heavy doping: In order to supply significant drive current in the on-state of

the device, the device is preferably heavily doped.

(if) Choosing a proper gate-metal workfunction: JL MOSFET behaves as a
normally-on device because of the same doping across the semiconductor film.

An n-channel (p-channel) JL device needs a higher (lower) value of gate
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workfunction to turn off the device and to obtain positive (negative) values of the

threshold voltage.

(iii) Narrow and thin semiconductor film: In order to fully deplete the majority
charge carriers from the channel region, a narrow and thin semiconductor film

should be used.

JL transistors can offer superior subthreshold characteristics and are excellent
candidates for low power logic [22], [23], and analog/RF applications [24], [25].
The application of high permittivity gate dielectric in junctionless devices has
shown significant improvement for analog applications at both device and circuit
level [22]-[25]. However, conventional JL transistor suffers from several
problems like reduced current drive due to increased source/drain series resistance
[26], [27] when operated at higher gate overdrive and mobility degradation due to
impurity scattering [28],[29], poor turning off capabilities for thicker
semiconductor film or higher doping levels [22], [30], off-state Band-to-Band
Tunneling (BTBT) [31], and device parameter variations [22], [27] and random
dopant fluctuations [32]-[34].

<t Lg 1>
Source FrontGate | Drain
—_— Gate OxXide | Tox [———
X
VVy
n* n* Teemi n*

Gate Oxide | Tox
Back Gate

Fig. 2.1: Schematic diagram of double gate junctionless (n*-n*-n™) transistor
[27]. Lg represents gate length, Tox is oxide thickness, and Tsemi is Film

thickness.
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A unique feature of the JL transistor is the location of the subthreshold
conduction channel. The subthreshold conduction is located in the bulk of the film
in JL devices [26]. Therefore, the carriers in JL devices are relatively immune
towards surface roughness scattering [28], [29]. Park et al., [35] have
demonstrated that JL devices have shown less mobility degradation due to
transverse electric fields in comparison with their inversion mode counterparts.
As JL devices are designed with heavily doped channel (~10'° c¢m), transistor
characteristics such as threshold voltage, off-current, and DIBL can vary even for
a slight change in device parameters, and this increases the variability in the
device [22], [32]-[34].

2.3.1 Conduction mechanism in JL MOSFET

In order to switch on the device, a gate voltage is applied and further increased
in order to form a region of majority carriers (channel). Since JL devices are
normally on, the difference between the semiconductor workfunction and gate
electrode (higher) workfunction shifts the threshold voltage and flatband voltage
towards non-negative values [36]. In flatband case, when the device is turned on,
the device behaves like a linear resistor [36]. The conduction mechanism in
different types of devices (inversion mode, accumulation mode, and junctionless)
is elaborated below:

(i) When gate bias is reduced below the threshold voltage, depletion occurs in the
device in inversion mode devices. This depletion can be either complete or partial
depletion, and flatband voltage is below the threshold level, and the device
remains in off state, as shown in Fig. 2.2(a). Similarly, when the gate bias is
reduced below the flatband potential, the status of the body is neutral with the
overall doping of p-type [36]. Now, if gate bias is increased beyond the threshold
voltage, an inversion charge layer is formed [36].

(if) When gate bias is reduced below the threshold voltage, depletion occurs in an
accumulation mode transistor (n*-n-n*). In this case, the complete depletion of
carriers takes place. The threshold condition can be reached by increasing the gate

bias in order that the gated portion of the device is not depleted of charge carriers
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[36]. If gate bias is increased beyond the threshold voltage, then the flatband
potential is achieved [21]. The location of the corresponding flatband voltage is
marginally higher than threshold. A further increase in gate bias, allows for
accumulation of electrons at the surface as shown in Fig. 2.2(b).

(iii) In the case of heavily doped junctionless MOSFETS, depletion occurs when
the gate bias is lower than the threshold voltage. In this case, the complete
depletion of carriers takes place, and the device is off [36]. In order to increase the
concentration of majority carriers, the voltage at the gate terminal is increased. In
this condition, the threshold voltage is attained when the electron carrier
concentration in the channel region becomes equal to the channel doping
concentration [36]. Now, if gate bias is increased further, the conduction channel
spreads out until flatband is reached. The condition for the occurrence of flatband,
spreading of channel over the entire film, is shown in Fig. 2.2(c). A significant
difference (with reference to accumulation mode devices) is observed between

flatband and threshold voltages.

log (I4)
IOg (Ids)
log (1)

Vs (V) Vgs (V)

(@) (b) (©)

Fig. 2.2: Schematic diagram for showing current conduction mechanisms [36] in
(@) inversion-mode (b) accumulation mode, and (c) partial depletion mode in
Junctionless MOSFETS.

2.3.2 Threshold Voltage (Vin)

For a JL device, the threshold voltage relies on the depth (for planar devices)
or on the diameter (for nanowire devices) of the thin film, doping of the channel,
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gate oxide thickness, and gate workfunction [21]. Appropriate Vi, can be obtained
by varying film thickness and doping. It is essential to estimate the change in Vth
with variation in parameters correctly, and hence, Vi sensitivity is an essential
parameter from the fabrication point of view [36]. The statistical behavior of the
dopants dispersed at the S/D regions can result in a change in the implied channel
length [36]. These variations are immanent in the fabrication steps, such as ion
implantation and diffusion methods. In JL architecture, the formation of a steep
concentration gradient does not take place at the source, channel, and drain

regions.
2.4 Short Channel Effects (SCEs) in MOSFETSs

Short Channel Effects (SCEs) are the unwanted effects seen in the
characteristics of Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)
due to a reduction in the gate length [8]-[10]. For a long channel device, source
and drain regions are distant from each other such that their electric fields have
negligible effects over the channel potential underneath the gate. The
electrostatics is mainly controlled by the gate and is one-dimensional (1D) (i.e.
varying mainly along the vertical (y-direction) [8]. However, due to the closeness
of source and drain depletion regions at shorter gate lengths, their electric fields
interfere with the gate electric field, and compete for depletion charge in the
channel [37], [38]. The lateral encroachment of source and drain electric fields
deteriorates control of the gate over the channel. The potential distribution
becomes 2D, rather than 1D, having significant variations in vertical as well as

lateral directions [8].

Fig. 2.3(a), (b) compares the off-state (Vgs = O V) energy barrier seen by the
electrons for low (Vas = 50 mV) and high (Vas = 1 V) drain biases for long and
short channel cases, respectively. In the long channel case, the channel
electrostatics is controlled by the gate field, and therefore, the energy band is flat
in most of the channel (Fig. 2.3(a)). Only the near ends of the channel
(adjacent to source/drain regions) are influenced by the source and drain electric
fields. The energy barrier height remains unchanged even if the drain field
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increases with increasing bias (when Vgs changes from 50 mV to 1 V). However,
for a short channel case (Fig. 2.3(b)), the interference of source and drain electric
field against the gate field causes the barrier height to lower than the long channel
case. The energy barrier lowering increases when the drain-channel junction is
more reverse biased (i.e. Vgsrises from 50 mV to 1 V). SCEs can be observed in
the device characteristics through a decrease in threshold voltage and degradation
in subthreshold swing [8]-[10], [37], [38], as indicated in Fig. 2.3(c), (d). SCEs

are outlined below.

a) Reduction in threshold voltage [8]-[10], [37], [38]: Threshold voltage (Vi)
can be defined as the gate voltage at which a significant amount of drain current
flows through the device, and the device is considered to be turned on [9], [10].
In Fig. 2.3(c), (d), Vi is usually extracted from lgs-Vgs curve of the device using
the constant current method [39]. In a long channel device, Vi is independent of
the gate length. In a short channel device, the lowered energy barrier causes easy
injection of charge carriers (electrons in n-channel MOSFET) from source to
drain [8]-[10]. This reduction in barrier tends to increase the subthreshold current,
thereby forcing the transistor to turn-on at a relatively low gate bias, and hence, at
reduced threshold voltage. The reduction in Vi with decreasing Lg (relative to
long channel case) is known as threshold voltage roll-off (dVi) [8], [9], as
explained in Fig. 2.3(c). The reduction in Vi is enhanced when a high drain bias
is applied, and the effect is termed as Drain Induced Barrier Lowering (DIBL)
[8]-[10], as shown in Fig. 2.3(d). The short channel threshold voltage is a function

of gate length as well as drain bias.

i) Degradation in the subthreshold swing [8]-[10], [37], [38]: Subthreshold
swing, or inverse subthreshold slope or simply subthreshold slope, is defined as
the gate voltage required for changing the drain current by a decade, below the
threshold [10], [38]. Subthreshold swing is a direct indicator of gate
controllability over the channel region. It has a minimum limit of 2.3 times the
thermal voltage (~60 mV/dec at room temperature) under perfect gate-channel
electrostatic coupling [10], [38]. In a long channel device, the subthreshold drain

31



current varies exponentially with the gate bias and is independent of drain bias
(provided Vgs > few times the thermal voltage) [10]. In short channel devices, the
gate does not solely control the channel electrostatics, and hence, a degraded
subthreshold swing value (> 60 mV/dec) is usually achieved [8], [10]. In short
channel MOSFET, subthreshold swing increases with both decreasing gate length

and increasing drain bias [10], as shown in Fig. 2.3(c), (d) by 4S.
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Fig. 2.3: Variation of Conduction Band (CB) energy along the lateral
(x-direction) with drain bias for (a) long channel and (b) short channel
MOSFETs. Comparison of transfer (las-Vgs) characteristics: (c) long channel

versus short channel case and (d) low drain bias versus high drain bias cases.

2.5 Numerical Simulation using TCAD Tools

Numerical simulations using Technology Computer-Aided Design (TCAD)
tools help to comprehend, develop and optimize semiconductor devices, circuits

and processes. These tools also aid in reliable predictions of future generation
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devices, new circuit designs, and novel process techniques [40], [41]. All device
numerical simulations reported in the thesis have been carried out using Atlas
TCAD 2D device simulator by Silvaco [42]. ATLAS provides a detailed
understanding of the underlying physical phenomena and mechanisms associated
with semiconductor devices or structures. It also facilitates decent predictions of
the device’s electrical characteristics. Appropriate physical models are
incorporated in the simulator to capture the underlying physics of semiconductor
devices [42]. ATLAS TCAD allows simulating a device with novel architecture

and shows concentration and potential profiles in different regions.

The mixed-mode simulation, another feature of ATLAS simulation tool, is used
for transient analysis of NOT, NAND, and NOR gates in chapter 4. It is a circuit
simulator that consists of advanced devices and compact circuit models [42]. It
incorporates some degree of freedom to simulate comparatively smaller circuits
where compact models for single devices are not available or adequately precise.
Mixed Mode simulation also enables multi-device simulations. It uses numerical
algorithms that are systematic and sturdy for Direct Current (DC), transient,
small-signal Alternating Current (AC), and small-signal circuit analysis [42].
Physical modules such as Boltzmann’s carrier statistics, concentration, and field-
dependent mobility, bandgap narrowing generation/recombination, and models

are used in the simulation.

2.6 Conclusion

In this chapter, the properties of Silicon and Germanium have been studied.
High mobility materials like Germanium can be utilized in emerging transistor
architectures to enhance effective channel mobility. JL transistors, proposed in
order to overcome the problems faced due to the formations of sharp pn junction
at lower gate lengths, can benefit through the use of Ge as channel material.
However, Ge based devices show higher SCEs as compared to Si devices due to
the higher permittivity of the Ge [16]. Therefore, it is essential to optimize the

device parameters for Ge JL transistor in order to reduce SCEs. In the next
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chapter, we will discuss the optimization of device parameters in order to alleviate

the SCEs in the nanoscale regime.
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Chapter 3

Modeling of Short Channel Effects in

Germanium Junctionless Transistors

3.1 Device Modeling in Semiconductors

Device modeling mainly focuses on mathematically capturing physical and
electrical behavior of the semiconductor devices [1]-[5]. These mathematical
models can be widely classified as either compact or physical device models

[3], [4] and are as described below.

i) Physical device models [3], [4]: These models enable us to understand the
underlying physics involved, obtain the non-measurable quantities, and
characterize physical parameters related to devices. These models also define the
electrical behavior at the device terminals (e.g., current-voltage characteristics,
capacitance-voltage relation, etc.) in all the regions of operations. The model
involves defining materials, the geometry of the device, dimensions, region-wise
doping distribution, and different carrier transport phenomena. These models
provide a comprehensive and precise understanding of the device operation and
underlying physics, and therefore, are commonly used in commercial numerical

device simulators.

i) Compact model [3],[4]: These models consist of interconnected electrical
elements to reproduce the electrical behavior at the terminals of the
semiconductor architecture. Its equivalent physical model represents the circuit
element, and the overall model depends on the device characteristics. Due to their
compact and fast computational nature, these models are broadly used in circuit

simulators.

Even though physical device models are highly accurate, these models are
data-wise and computationally intensive and may not be suitable for faster and

extensive simulations (devices and circuits).
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BSIM (Berkeley Short-channel Insulated Gate (IG) FET Model) [6] refers to
the set of transistor compact models for integrated circuit design developed by the
University of California, Berkeley. These models are widely used in the
semiconductor industry as the standard for compact modeling. The first model of
BSIM series was BSIM3 followed by BSIM4, BSIM-Silicon-On-Insulator
(BSIM-SOI), BSIM-Independent Multi-Gate (BSIM-IMG), and BSIM-Common
Multi-Gate (BSIM-CMG) [7]. These models include physical effects like mobility
degradation, SCE, DIBL, etc. [7]. Following approaches are adopted to simplify a

purely physical device model [3]-[5] into compact models:

a) Analytical models [3]-[5]: These models are dependent on device physics and
popularly utilized in circuit simulators. They consist of closed-form solutions for
physical quantities (e.g., charge density, surface potential) that are valid up to a
specific operating regime(s) only. Due to complex MOSFET behavior, it may not
always be possible to obtain a compact and continuous closed-form analytical

model applicable throughout all operating regimes.

b) Empirical models [3]-[5]: These models are based on the idea of curve fitting
(e.g., polynomial or an exponential function). There are adjustable parameters,
such as coefficients, exponents, etc., that are available to fit the device
characteristics and rarely have physical significance. A purely empirical model is
generally not preferred for circuit simulators and is often accompanied by

analytical models to describe complex physical phenomena.

c) Lookup table models [3]-[5]: These models consist of tables containing values
of a physical or electrical quantity (e.g., mobility or drain current) for a large
number of combinations of another quantity (e.g., doping or gate bias). These
values can be derived from numerical simulations or experimental measurements.
The simulator then ‘looks up’ and selects the suitable values from the table in
place of calculating them. These models save time but need a massive set of data
and interpolation functions between the values to be stored for high precision.

The developed model reported in the later part of this chapter is semi-

analytical physical model. Most of the expressions involved in the proposed
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model have closed-form solutions, except for some equations that require
numerical computation and analysis to determine the values of unknown

quantities.

3.2 Model development

Multi-gate JL transistors can possibly provide new paths to extend the
miniaturizing limits imposed by conventional MOSFETs. The key features of
these transistors include the absence of traditional abrupt pn junctions, simple
fabrication processes, thermal budget relaxation, efficient gate controllability over
the channel due to the presence of multiple gates, and enhanced SCEs immunity
[8]-[12]. In JL MOSFETS, due to similar dopant types (preferably high doping) in
the source, drain, and gate regions, the extension of depletion regions outside the
gated portion also occurs in the subthreshold region [13]. Due to the longer
effective channel length (Lesf), the gate controllability over the channel region
enhances, and hence, SCEs can be reduced significantly. An Le# can be employed
to suppress SCEs in JL transistors at lower technology nodes and can be utilized
for low-power applications [14], [15].

The optimization of Gate-Source/Drain (G-S/D) underlap regions is favorable
for achieving better subthreshold characteristics in conventional (inversion mode)
undoped DG MOSFETSs [16]-[22]. These G-S/D underlap JL configurations can
be more preferable in Ultra-Low-Power (ULP) subthreshold logic
implementations where the main concern is to reduce the off-current and static
power dissipation [14], [20], [23], [24], [25]-[27]. Since, underlap region offers a
high resistance that significantly reduces the on-state current. Therefore, underlap
length is more suitable for low power and ultra-low power applications than high-

performance application [14].

Different analytical models [29]-[33] have been proposed in the literature for
short channel DG JL transistors that have approximated the S/D boundaries to be
abrupt. They have ignored the potential drop across the horizontally extended
depletion regions outside the gated portion. But, this assumption is valid and

works accurately when the S/D depletion width extensions are negligibly small as
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compared to the gate length. However, in JL transistors with moderate doping
concentration and shorter gate length, the lateral (horizontal) extension of
depletion widths contributes significantly to the effective channel length [13],
[34], [35]. Therefore, the approximation may no longer be valid and can introduce
a certain amount of error in evaluating the channel potential and short channel
performance of these devices [13], [34]. Recently, some reported models for DG
JL transistors [36], [37] have tried to incorporate these depletion width extensions
by utilizing an appropriate device-dependent effective built-in voltage. Moreover,
some recent models [13], [38], [39] have considered these S/D depletion widths
through dynamic S/D boundaries at the gate edges. However, these reported
models are limited to cases when the maximum extent of the depletion region

permitted by the device is much less than the source/drain extension lengths.

Most of the modeling approaches for junctionless transistors are restricted to
Silicon-based devices [29]-[39]. While the higher mobility of carriers in Ge is
definitely advantageous of high-performance logic technology, the higher
permittivity of Ge dissuades its use for ULP subthreshold logic applications due
to SCEs. As means of exploring the prospects of Ge for subthreshold logic
applications, this chapter investigates the operation of Ge JL DG MOSFETSs for
ULP applications through a physics-based analytical model. Reported approaches
for Ge-based inversion mode devices cannot be applied to Ge JL transistors [40].
Further, the developed model should also consider the mobile charge term for
threshold voltage evaluation [40]. However, many inversion mode and
junctionless devices have considered mobile charge and doping terms for long
channel devices, but not for short-channel junctionless device [40]. In principle,
Ge film can be divided into three regions i.e. (i) underneath the gate, (ii) source
side underlap region, and (iii) drain side underlap region [16], [41]. Since JL
devices exhibit a horizontal extension of depletion widths past the channel edge
[40], the length of this extended region should be accurately ascertained for ULP
design. For a smaller underlap region, the horizontal widening of depletion width
will be limited by underlap length (Lung). However, if Luna is relatively longer,

then the horizontal widening of depletion width will be limited by the channel
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doping (Nch) of Ge film. To incorporate such cases in our analysis, we have
further sub-divided the underlap region into two parts. Consequently, Ge film is
divided into five regions along the channel direction, as shown in Fig. 3.1(a). For
representative purposes, electron concentration (ne) and doping, extracted at the
centre of the film, is shown in Fig. 3.1(b). Regions | and V are the underlap
regions closest to the source/drain, while regions Il and IV represent the underlap

regions near the gate edges. Region Il represents the gated portion of the Ge film.

L GATE L
1 2
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Fig. 3.1: (a) Schematic diagram illustrating Ge based junctionless (JL)
MOSFET along with different regions (b) Variation of electron concentration
(ne) through the channel direction (x) at the centre of the Ge film (y = Tge/2).
Symbols (7) denote simulation results, whereas line (—) indicates the
developed model for Ge double gate JL transistor in (b). The channel doping of

5x10%® cm is represented by a horizontal line in (b).

3.2.1 Potential Distribution in Region-I

Region-I, defined by limits -Lung < X < -L1 (where Lyng is the underlap length

and L1 is the depletion width towards the source) is closest to the heavily doped
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source. At the edge of region—I towards the source i.e. X = —Lyng, a transition in
dopant concentration is observed. This transition occurs between the heavily
doped (n™") source and the underlap boundary (n*). Since the transition in
electrostatic potential is realized over Debye length [42]-[45], the corresponding
1D Poisson’s equation controlling the potential distribution in region-1 (¢i(x)) is

given by equation 3.1

o (x)_—q (Nm o (q((p. (x)-9:, (X))D 6.1)

ox? & kT

where, nigce IS intrinsic carrier concentration in Ge, k is the Boltzmann’s constant,
q is the electronic charge, Nch represents doping in the semiconductor, ¢x,i(x) is the
electron quasi-Fermi potential, and T is temperature. Accounting for built-in
voltage, gnich = (KT/q) In(Necn/nice), Nice in equation (3.1) which can be rewritten

as

2%0,(x) _ i(Nm N, e (— qqu;bi,ch Jexp (Q(% (X)=4, (X))D

0*p,(x) _ —aN, (1_ - (Q(cv. (X) = @picn — @1 4 (X))B

o & KT

3.2)

Since ¢ri(x) at the source end will not be a function of position, hence, ¢ri(x) is
assumed to be Zero. In order to solve differential equation Eq. (3.2) in the closed-
form, we are considering only zeroth and first-order terms. This assumption is
valid as the region of operation is below threshold and the magnitude of
electrostatic potential (in region 1) is nearly comparable to the built-in-potential.
Hence, the difference between the two terms (¢i(x) and ¢nicn) is negligible. This
allows for the simplification of the exponential term by using series expansion up
to the first order term. Higher order terms do not add any significant contribution,
and also impedes the development of a closed form solution, which is not
desirable from a compact model point of view. Therefore, equation (3.2) can be
simplified as

ox’ L2

g, (x) (€0| (x)- (pbi,ch) ~0 (3.3)
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where, Ly =+/kTes,/(q°N,,) is the extrinsic Debye length for Ner-doped Ge

layer. The solution of (3.3) can be expressed as

X+Lyng =(x+Lyna)
p(x)=Ae ™ +Be © +g,, (3.4)

The unknown coefficients, A; and B, can be determined using appropriate

boundary conditions.
3.2.2 Potential Distribution in Region-11

Region 11 represents the depleted portion of source side underlap region. 1D
Poisson’s equation is solved from X = —L1 (edge of depletion region towards the
source) to x = 0 (starting of the gate) to ascertain the potential (¢n(x)) [46], [47].
The corresponding Poisson’s equation for the depleted region becomes

62€0u (X) _—q
o =g, Na) (35)

e

Integrating equation (3.5) twice results in the following solution
00 ()= % —(x+ L) & + Ten (x4 1)
1] S S nge (3-6)

where, 9 and & represents the potential distribution and electric field

respectively, at x =—L1.
3.2.3 Potential Distribution in Region-111

Region-III is the gated part (0 < x < Lg, where Lg is gate length) of the Ge film
and requires the solution of two-dimensional Poisson’s equation. At first, an
analysis is conducted with neglecting the mobile carriers as the operation is
confined to the subthreshold region. Later, the solution is modified to
accommodate the repercussions of mobile charge density within the model. The
simplified 2D Poisson’s equation (neglecting mobile charge carriers) for region—

[11 is given by equation 3.7

+ =
ox’ oy? Eo

az(Pm (X’ y) 82(0”' (X’ y) —9 (N h) (3.7)

e
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For subthreshold operation, the suppression of SCEs is of uttermost importance.
As the developed model caters to an ULP underlap DG JL MOSFET, the resultant
gate length (in subthreshold region) is expected to be greater than the gate length.

The structure is itself very complex due to five regions where the continuity of (a)
potential and (b) electric field of two adjacent regions has to be maintained at the
boundary. Hence, using parabolic potential approach [48] for solving the
Poisson’s equation is expected to yield results with reasonable accuracy along
with a closed form solution. The solution of (3.7) can be derived by solving the

parabolic potential approximation [48] given by

ou (X, y)=2(x)+2,(x) y +a,(x) y* (38)
The boundary conditions required to calculate the coefficients ai(x), a2(x) and
az(x) can be written as
(i) Similar values of surface potential (¢s(x)) at front (y = 0) and back (y = Tge)

interconnections can be obtained due to symmetric mode operation

§0|||(X’ y :O)Z(DM(X’ y :TGe):¢s(X) (3.9)
(ii) Electric fields at front and back interconnections is given by
O (%, y)| _ _%ceon _vV
Y o Ecelceon ((Ps g gfb) (3.10)
oy, (X’ y) Eceon _(\/
YPmAN Y) = e — @ (X 3.11
ay - €GeTGeON ( gfb S( )) ( )

Where, Vg is the gate bias, Vg = Vgs — Vi, éceon IS the permittivity of
Germanium Oxynitride (GeON), Teeon is the thickness of GeON layer, and Vs is
the gate flatband voltage with respect to Ge. Using equations (3.9)—(3.11), the
coefficients are determined and equation (3.8) can be rewritten as

€GeoN ((05 (X)_ngb) _ £ceon (¢s (X)_ngb)yZ (3.12)

Egel Geon e Tae laeon

P (X’ y) =®s (X)+

The subthreshold conduction occurs at the centre of the Ge film i.e. y = Tge/2.
Therefore, Poisson’s equation can be reduced in terms of the centre potential

(¢c.m(x)) shown in equation 3.13
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where, / is the natural length of Ge JL device, and can be written as

Ay = \/((gGe Toe Toeon /ZgGeON YA+ (Egeon Tae /4 Egelgeon)) (3.14)

It should be noted that equation (3.13) has been derived by neglecting mobile
charges and considering only the doping dependent term i.e. -gQNch/sceon. A closer
look at equation (3.13) reveals that the term (Vgm+qNchd? sseon) essentially
denotes the long channel potential. Although this approach (neglecting mobile
charges in subthreshold region) has been adopted by most researchers [29]-39[],
the impact of mobile charge [49], [50] in the solution of 1D Poisson’s equation

and modifying equation (3.13) as

azgoC,lll (X) _ 1 _ qN chTGze qN chTGeTGeON _ 4nggGeTGeON tan( C) 2kT In(COS( é,)) _
2 2| Pe.n ( ) ngb + + + =0
X Ay 8ece 2¢5, AT ge€ceon q

(3.15)

where, £ is an intermediate parameter, which depends on gate bias and device
parameters, and can be extracted following the approach of [49], [50]. The

general solution for equation (3.15) is represented by

D (X)= A e + BmeiWN +(7 +ngb) (3.16)
Where, y= chhTGZe + chhTGeTGeON _ 4ékTgGeTGeON tan( é/) + 2kT In(COS( ;))
Ee 265, qTse€xeon q

The unknown coefficients, Ay and By, can be evaluated through appropriate
boundary conditions.

3.2.4 Potential Distribution in Region-1V

Region—1V (Lg < x < Lgt+L2) represents the underlap region (of width L»)
towards the drain side. 1D Poisson’s equation represents the electrostatic potential
in region-1V i.e. giv(x) and is given by 3.17

o, (x) -
ggl)\(/z( ): gq (Nch)
G

(3.17)

e
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Integrating equation (3.17) twice results in the following solution

Mo (., +L2))} (3.18)

P (X)= 9 —(X—(Lg +L, )){gD 4 q N,
EGe

The coefficients J;,and & describes the potential distribution and electric field,

respectively, at x = Lg+ Lo.

3.2.5 Potential Distribution in Region-V

Similar to the approach followed for the region—I, the 1D Poisson’s equation
for electrostatic potential (ov(x)) in the region—V (Lg + L2 < x < Lg + Lung) can be

written as

) an, (pr (Q((”v 0=t o1y (X))B (3.19)

Utilizing the series expansion for the exponential term in equation (3.18) and
noting that ¢rv(x) is equal to drain bias (Vas) [51] at the drain end, equation (3.19)
is simplified as

O’p,(x) (@ (X)= @0 Vo) 0 (3.20)
Ox? L2

The solution of equation (3.20) can be expressed as
x~(Lg+Luna) =Ly Lung)
(f’v(x):A/e o +B,e o +((/’bi,ch +Vds)
The unknown coefficients, Av and By, can be determined using appropriate
boundary conditions. Equations (3.4), (3.6), (3.16), (3.18) and (3.21) represent the
potential distribution in the Ge film. In order to determine the unknown

(3.21)

coefficients, the following conditions for ensuring the continuity of potential and

electric field are utilized.

9 (~Lyns) = @ (3.222)
? (—Ll)zgan (_ L1) (3.22b)
0P, (X)| _ o9, (X)| (3.220)

OX |X:_ L 15)4

x=—L

50



20 (O): P (O) (3.22d)
oy (X)| _ Py, (X)|

X o X e (3.22¢)
Pui (Lg):@v (Lg) (3.22f)
a(plll (X)| a§”|v (X)|

- 3.22

8X |X=Lg ax |)<=|_g ( g)
oulby+L)=a (L + L) (3.22h)
agpw (X) _ a% (X) )

OX x=Lg+Lp OX x=Ly+L, (322|)
» (Lund +L, ): @i T Vs (3.22))
? (oo): Poich (3.22Kk)
4 (_ oo) = Pyicn + Vs (3.221)

where, g, =k—T|n[&J with Nsg (> Ncn) denoting the heavily doped (n*)

r]i,Ge
source/drain regions (10%° cm=). Applying the boundary conditions represented
by equations (3.22a) — (3.221). Using equations (3.4), (3.6), (3.16), (3.18) and
(3.21), we obtain

A =0 (3.23a)
B, = 0 — Poicn (3.23b)
L1_|-und
5 = Pyicn + (%i _%i,ch)e o (3.23c)
_ . Llfl-und
& = we ° (3.23d)
D

N LZ N 2 j
["QD - P (ﬂf\, +22J_ngb+§DL2J_('98 _[7+q ChLlj_ngb_‘:tsLlJe o
A

Eae 28(39

= _ L
2sinh | =+
/IN

(3.23¢)
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N 2 S N, L2

m = L
2sinh (QJ
Ay

LZ’Lund

I = Gpion +Vas + ((pbi - %i,ch)e N (3.239)
2 Lu d
& = M Lo (3.23h)
D
A = Oy = Dhich (3.23i)
B, =0 (3.23))

It should be noted that the maximum value of L1 and L> (determined numerically
through equations (3.22c) and (3.22i)) is limited to Lyng.

The drain current (lgs) in the subthreshold region for Ge junctionless transistor can

_qus
lgs = (kT/un,Geni,Ge {\ﬁvj[l—e K j (3.24)
T

where, W represents device-width, znce is low field electron mobility of Ge and

be evaluated as [44]

Lt can be given as

0 Ly Lg+Ly

dx (3.25)

LT - J‘ Tee qoy (X) (X) + ITGe qem (X.y) + .[ Tee apw (X) .
0

g kT dy e K dy Ly g kT dy
| J J

0 0 0

It is noted that Lt is a dimensionless quantity that depends on the potential and
lengths of regions I, 111, and V. The value of Lt depends on the effective channel
length, which results from the lateral extension of depletion width toward
source/drain regions. The higher value of Lt indicates a higher effective channel
length (lower off-current) while a lower Lt reflects on shorter effective channel

length and higher off-current.

The general expression for electron density (ne(x)) can be expressed as
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n, (X) = ni’Ge{exp [ij (326)

Vi

The above expression can be modified to evaluate the electron concentration in

various regions as

Vi

n,;(X) = ”i,ee{exp ((goc,j (X)_ P j (X))]j (3.27)

where j represents the respective region i.e. Ry to Ry.
3.2.6 Evaluation of Short Channel Effects

As discussed in chapter 2, SCEs can be interpreted mainly from the device
transfer characteristics using three parameters: Drain-Induced Barrier Lowering
(DIBL), Threshold voltage roll-off (dVi), and degradation in the subthreshold
swing (Sswing). These parameters can be calculated using the following

expressions:

i) DIBL can be defined as the reduction in Vi with an increase in drain bias (Vas)
[29], [36]
DIBL =V, (V,, =50 mV) -V, (V,,) (3.28)
i) dVin can be defined as the decrease in Vi for a reduction in Lq with respect to
long channel Vi, [29]
dV,, =V,,(Long channel) -V, (L,) (3.29)
iii) An increase in subthreshold swing occurs for short channel devices, and can
be calculated using following expression [52]
oV

sting =—2F% _ (330)
(log(14))

3.3 Results and Model Validation

Following device parameters are kept constant for Ge DG JL MOSFET
throughout the analysis in this chapter: Teeon = 1.65 nm, Tee = 9 nm, doping of

n** (source/drain) region is 1x10%° cm™ and gate width (Wg) = 1um. The derived
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model is mainly investigated for Nen varying from 10 cm™ to 10%° cm™. The
results obtained from the model are validated with the results derived from
ATLAS TCAD simulator [53]. In all the subsequent figures of this chapter, solid
line represents developed model results, whereas symbols denote TCAD

simulation data.

Germanium DG transistors were analyzed with appropriate parameters for Ge
as channel material, Germanium oxynitride (GeON) as the native oxide for Ge,
and models for concentration-dependent mobility to account for the carrier
transport. As the focus of the work is towards subthreshold logic, the analysis was
restricted to 0.5 V for Vgs and Vgs. Fig. 3.1(a) shows the five different regions i.e.
Ri to Ry that were considered in the analysis along with coordinates for each

region.

Fig. 3.1(b) shows the variation of electron concentration (ne) along the channel
position at zero bias calculated using eq. (3.27). The reasonable agreement
between simulation and model data shows the validity of our model for assessing
Ge DG JL transistors. The impact of underlap region is clearly visible as the
depletion region is extended above the gate edge leading to a greater resultant
channel length in the subthreshold region. Since the operation is limited to 0.5 V,
the longer effective channel length will not degrade the device performance due to
series resistance. Further, Fig. 3.1(b) also shows that it is possible to fully deplete

Ge film as very low values of n. ~10'! cm™ are achieved.

Fig. 3.2(a)-(d) shows the change in centre potential (¢c) across the channel
direction (x) as a function of drain bias (Fig. 3.2(a)), gate bias (Fig. 3.2(b)), gate
workfunction (Fig. 3.2(c)) and channel doping concentration (Fig. 3.2(d)).
The proposed model is able to capture the variation of ¢ over a wide range of
parameters and agrees well with the simulation data. In the subthreshold region,
the centre potential in region Il i.e. underneath the gate will be lower than that in
regions Il and 1V due to a greater degree of depletion by the gate electrode. The
centre potential in regions | and V will be higher than that exhibited by regions Il

and IV because of extension of depletion regions in regions Il and IVV. An increase
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in Vgs from 0 to 0.5 V results in a marginal increase (< 10 mV) in the minimum

channel potential, thus indicating effective reduction in SCEs. Reducing the gate

bias from 0.1 V to -0.1 V translates into an enhanced depletion, which reduces the

minimum channel potential, while a reduction in the gate workfunction from 4.74

eV to 4.54 eV at Ne¢n = 5x10'8 cm™ considerably decreases the extent of depletion

in the channel and results in an increase in the minimum channel potential. Nch is

critical to the functioning of the device as a higher doping limits depletion, lateral

extension of depletion regions and minimum channel potential. Here, Lund = 25

nm (maximum possible Lung) is considered in order to show its effect in reducing

the SCEs.

0.9

0.7 -
0.5 -
0.3
0.1

oc(X) (V)

GATE

Nep= 5%10% cm™
V=0V

Vgs= 0.5V
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0.3 [®i=474eV
-25 0 25 50
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Fig. 3.2: Variation in centre potential (¢c) across the channel (x) direction for

distinct values of (a) drain bias (Vas), (b) gate bias (Vgs), () gate workfunction

(@), and (d) doping (Nch). Symbols (A, o, [1) denote simulation results whereas

lines (—) represent the developed model.
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Fig. 3.3(a)-(b) represents the change in channel potential and electron
concentration across the vertical direction (y) at the mid-gate position (x = Lg/2).
A lower value of ¢ii(Lg/2, y) and ne(Lg/2, y) indicates an enhanced depletion in
the subthreshold region. The developed model data is in close agreement with the
simulated data. Results also indicate that the choice of channel doping (Ncn) is
important to limit the off-current (leakage current) for given gate workfunction
and film thickness. At higher channel concentration, Ncn = 10*° cm™ off-current is

higher as compared to that achieved with Ncy = 5x10*8 cm,

0.0 14
- 10 Nen=10%cm™
< 10",
—~-0.1 - Q=474 € 5 " ®;=4.74 eV
> V=0V Lg=25nm 107 V= G V—to=25-nm
N V=0V Lyg=25nm = V=0V Lyg=25nm
_'m - 1011 L
= -0.2 4 Qm
= I 110 |
< 10
c o Ngh = 5%x10*% cm®
-0.3 1 : : ! 10° 1 ! N !
0 3 6 9 0 3 6
(a) y (nm) (b) y (nm)

Fig. 3.3: Variation of (a) centre potential and (b) electron concentration at mid
gate position (x = Lg/2) along the vertical (y) direction for different values of
doping. Lines (—) represent the derived model whereas symbols (A) denote

simulation results.

Fig. 3.4(a)-(d) shows the effect of channel doping on the performance of DG
Germanium JL devices. As shown in Fig. 3.4(a), the subthreshold swing (Sswing) iS
less than 80 mV/decade even at Nen = 10 cm™ while Sswing is limited to
68 mV/decade at Ncn = 10 cm™ for Ly = 15 nm. Similarly, the threshold voltage
shift (4Vi) is also minimum at lower Nch as lower doping allows for a greater
extension of the depletion width beyond the gate edge, which results in an
increase in effective channel length in the subthreshold region of operation (Fig
3.4(b)). The degradation in AV is reflected in the threshold voltage (Vi) variation

shown with gate length (Lg) in Fig. 3.4(c). The change in Vi is least in case of
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lower doping concentration due to lower carrier concentration (enhanced
depletion) at zero bias. Also, Vi at lower Ncn values can be appropriately tuned by
reducing the gate workfunction. The same trend of enhanced immunity from
SCEs can be seen in Drain Induced Barrier Lowering (DIBL) variation shown in
Fig. 3.4(d). These graphs clearly indicate the possibility of limited SCEs in DG
Ge JL MOSFETSs by appropriately selecting device parameters.

80 180
. V=05V  d=474eV = Graey
Ty L= 25 Lung= 25 nm
g 75 d nm 9135 . V=05V
E £
= 70 Ng, = 10*cm \:;: 90 1 Ng, = 10®cm™
g 2
365 - 45 -
)]
60 0 T A
15 30 45 60 oy 25 30 45 60
(a) Lg (nm) ( ) Lg (nm)
0.55 80
V=05V & =474eV
0.45 =
~ < 60 Lung= 25 N
2 0.35 1 Nep = 5%10'8 cm™® é 193
< N 40 Nep =107 cm
> 025" m
0.15 | Ve 05V 2 201
0.05 4 fI)f =4.74eV :_undz 25nm | 0 10% cm®
© 15 30 45 60 15 30 45 60
Lg (nm) (d) I—g (nm)

Fig. 3.4: Variation of (a) subthreshold swing (Sswing), (b) threshold voltage
roll-off (4Vw), (c) threshold voltage (Vi) and (d) DIBL with gate length. Lines

(—) represent the derived model whereas symbols (A) denote simulation

results. The three different values of Nen correspond to 10 cm3, 5x10* cm,

and 10° cm.
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The underlap length (Lung) plays a vital role in enhancing short channel
immunity at lower gate lengths. As shown in Fig. 3.5(a)-(b), Sswing and DIBL
reduce appreciably as Lund IS increased from 5 nm to 25 nm, with the reduction
being more prominent at lower gate lengths (15 nm). The results obtained through

analytical modeling agree reasonably well with the simulated data.

85 90 _
— Nen = 5x]_018 Cm'3 O;=4.64 eV Vs = 0.5 Vm . O = 4.64 eV
8 80 - Ve=05V| _ 75 Nep = 510" cm
©
E 75 4 ,-F’Lg:lSnm EGO\ Ly=15nm
2 70 4 m 45 -
2 Lg=25nm &)
0y 65 - 30 Lg=25nm
°0 ‘ U T S— 8 ?
5 10 15 20 25 5 10 15 20 o5
(a) Lund (nm) (b) Lund (nm)

Fig 3.5: Dependence of (a) subthreshold swing (Sswing) and (b) DIBL on
underlap length (Luna) for two different gate lengths (25 nm and 15 nm). Lines

(—) represent the derived model whereas symbols (A) denote simulation results.

Fig. 3.6(a)-(b) depicts the variation of drain current (lgs) with gate bias (Vgs) as
a function of gate length and channel doping. The model is able to capture the
expected variation with respect to Ly and Ncn. Due to the longer underlap length of
25 nm, the off-current can be limited to 1 nA even at a small gate length of 15 nm.
As shown in Fig. 3.3, lower depletion of charge carriers essentially translates into
a higher subthreshold current at relatively higher doping (10*° cm™)
concentration. The same trend is followed in Fig. 3.6(b) where the maximum off-

current (~7x10° A) is obtained for Nen = 10*° cm™,
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Fig. 3.6: lgs—Vgs characteristics of Ge nMOS double gate JL transistors for
different (a) gate length (Lg) and (b) doping (Ng). Symbols (A, o, [, ¢) denote
simulation results whereas lines (—) represent the developed model. The four

different values of Lg in (a) correspond to 60 nm, 45 nm, 30 nm and 15 nm.

Apart from nMOS Ge devices, the developed analytical model can be used to
estimate lgs—Vgs characteristics for pMOS transistors. The results, shown in
Fig. 3.7(a)-(b), resemble a good agreement between modelled and simulated data
for a wide range of Lg and Nch. For pMOS, the workfunction is taken as 3.95 eV.

-3 _
10 I A I Pi=3.95 6V Lyg= 25 nm

by

Isd (A)

Ngp = 10%¥cem’

10™ 10™ L =25nm
108 Nen= 54108 cm™ Vg =-0.5V 1013 | Vas=-05V

-05 -04 -03 -0.2 -0.1 0.0 b -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.4
(@) Vs (V) (b) Vgs (V)

Fig. 3.7: lgs—Vgs characteristics of Ge pMOS double gate JL transistors for
different (a) gate length (Lg) and (b) doping (Ng). Symbols (A, o, [, ¢) denote
simulation results whereas lines (—) represent the developed model. The four

different values of Lg in (a) correspond to 60 nm, 45 nm, 30 nm and 15 nm.
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3.4 Conclusion

This chapter has provided a detailed methodology to analyze the subthreshold
characteristics, which can be utilized to suppress SCEs in Germanium-based DG
JL MOSFETSs by optimizing the gate-underlap regions, channel doping, and gate
work function. The presented five-region semi-analytical model can reasonably
capture electrostatic channel potential at any gate-underlap length and has shown
good agreement with simulated data. A simplified analytical solution for
subthreshold drain current can be utilized to evaluate threshold voltage,
subthreshold swing, and SCEs related parameters. The developed model results
have shown acceptable agreement with simulation for predicting SCEs for
varying underlap length, gate workfunction, channel doping, gate length, and
drain biases. The results obtained from TCAD simulation and developed model
suggest that channel doping together with underlap region decide the short
channel performance of Ge DG JL transistor, whereas SCEs remain unaffected by
gate workfunction. An optimally long underlap length along with moderate

doping can be advantageous to improve SCEs at shorter gate lengths.
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Chapter 4

Ultra-Low Power Logic Implementation with

Germanium Junctionless Transistors

4.1 Introduction

Integrated circuits (ICs) are major building blocks of digital circuits. Different
digital logic families were considered before finally moving to CMOS logic.
Resistor-Transistor Logic (RTL) was the first in the digital logic family to be used
commercially [1]. NAND and NOR are basic gates that were emphasized for the
logic families and discussed as they were universal gates and forms basic building
blocks for all advanced digital circuits. The different logic families are discussed

below:
(i) Resistor-Transistor Logic (RTL) and Diode-Transistor Logic (DTL) [1-3]

NOR gate is the basic circuit for RTL family. Every input is assigned to one
transistor and one resistor. The output is commonly connected to the collector of
each transistor. The logic low can be represented by 0 V to 0.2 V voltage levels
and logic high can be represented by 1 V to 3.6 V voltage levels. If RTL gate has
a high input then the corresponding transistor is turned on and will be operated in
the saturation region, and the output will be low regardless of the state of the other
transistor. The dissipated power for a RTL logic gate is nearly 12 mW and the

average propagation delay is 25 ns [1].

NAND gate is the basic circuit for DTL family [1]. Every input is auxiliary to
a single diode. An AND gate is implemented using diode and resistor. A transistor
is used as a current amplifier in common-emitter configuration to provide 180°
phase shift. The output is commonly connected to the collectors of the transistors.
The logic low can be represented by 0 V to 0.2 V voltage levels and logic high
can be represented by 4 V to 5 V voltage levels. If all RTL gates have a high input

then only the corresponding transistors are turned on and the device will operate

67



in the saturation region. The dissipated power for a RTL logic gate is nearly 12

mW and the average propagation delay is 30 ns [1].
(if) Transistor-Transistor Logic (TTL) [1]-[3]

TTL gate provides a slender enhancement over the DTL gate [1], [2]. For a
transistor operating in the saturation region, the propagation delay is depends on
time constant (RC) and the storage time [1]. The delay tends to reduce with
decreasing the storage time. Similarly, if the resistor value in the circuit is reduced
then the time constant decreases, and hence, propagation delay also decreases.
However, for low resistance, more current will be drawn from the power supply
and hence, power dissipation will increase significantly. Also, the speed of the
gate directly depends on the propagation delay [2], [3]. The delay should be as
small as possible to increase the gate speed. NAND gate is the basic circuit for
TTL family implemented using NAND gate. The dissipated power for a TTL

logic gate is nearly 10 mW and the average propagation delay is 9 ns [1].
(iii) Emitter-Coupled Logic (ECL) [1]

Both NOR and OR gates can be implemented using ECL logic. Since, earlier
discussed logic families are based on the saturation region operation for transistor,
but ECL represents non-saturated digital logic family. ECL family has the
minimum propagation delay among digital logic families and even delay of 1 to
2 ns is achievable. ECL is generally used in very high speed applications. Some of
the disadvantages of ECL family are poor noise immunity and higher power
dissipation. The logic low can be represented by -0.8 V voltage and logic high can
be represented by -1.8 V [1]. ECL circuitry incorporates a temperature and
voltage compensated bias circuit, a differential amplifier, and an emitter follower
output. The dissipated power for a TTL logic gate is nearly 25 mW and the

average propagation delay is 2 ns [1].
(iv) Metal-Oxide-Semiconductor (MOS) Logic [1]-[3]

The reduction in integrated circuit area led to the emergence of MOS

transistors. The gated region is insulated from the channel region by a dielectric
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(generally Silicon dioxide for Silicon substrate). MOSFETSs are basically are of
two types (n and p type) depending on the charge carriers taking part in the
current conduction. These are unipolar devices in which current flows mainly due
to a particular charge carrier (either electron or hole). In nMQS, the current flows
from drain to source. Similarly, for pMOS, current flows from source to drain.
The device can be operated either in depletion or enhancement mode. MOS
devices can be used as a transistor as well as a resistor operating in linear region
of operation. The drain to source voltage and current determines the conduction,
and hence, the resistance offered by the transistor. NAND and NOR gates can be
implemented using both nMOS and pMQOS. The static dissipated power for nMOS
logic gate is 5 mW and the average propagation delay is 12 ns [1], [2].

(v) Complementary MOS (CMOS) Logic [1]-[6]

In CMOS circuits, both nMOS and pMOS are fabricated on a single substrate.
These circuits are used to realize relatively complex Boolean logic functions. An
inverter is the most basic CMOS circuit. It consists of both nMOS and pMOS
with a common input connected at the gate terminals and Vpp is the supply
voltage. The reference voltage is set to 0 V for logic low and Vpp for logic high.

The value of Vpp generally varies from 3 V to 18 V in a standard circuit [1].

The static power dissipation of a typical CMOS is nearly 0.01 mW which is
quite low as compared to other logic families [1], [3]. CMOS offers a small
propagation delay and significantly enhances the noise immunity when operated
at a higher supply voltage. Moreover, CMOS logic can be connected to the input
and output of TTL based ICs. The CMOS fabrication process is easier as
compared to TTL and imparts a higher packing density i.e. more number of

transistors can be fabricated in the same area which makes it cost effective.

For Ultra Low Power (ULP) applications, the supply voltage is generally kept
below the threshold voltage of the transistor which significantly reduces the
power dissipation [4]. Therefore, CMOS can be operated below threshold without
degrading the characteristics [4], [5]. Static leakage current and device sensitivity

are two major concerns in ULP technology. The power consumption, propagation

69



delay, and circuit reliability are the factors which get affected by device reliability
[5], [6]. These problems can be solved by using CMOS technology which has a
low leakage current and sensitivity in the acceptable range [5], [6]. All these
characteristics together make the CMOS family popular to be used in different
digital logic applications. The static dissipated power for a CMOS logic gate is
0.01 mW and the average propagation delay is 8 ns [1].

4.2 CMOS Inverter

CMOS inverter serves as a basic logic concept, which is widely used in the
modern day integrated circuits due to its low power consumption, negligible static
power dissipation, and relatively higher switching speeds [3]. Moreover, CMOS
inverter possesses excellent logic buffer characteristics with a significantly higher
noise margins for both low and high logic levels [1]-[3]. Fig. 4.1(a) shows the
CMOS inverter where Vin is the input voltage applied at the gate terminal of
nMQOS and pMOS, Vpp is the supply voltage and Vo is the output voltage of the
inverter. When the input voltage is increased from 0 to Vpp, nMOS and pMOS
devices change operation from one region to another (linear, saturation or cut-off)

as shown in Table 4.1.

Input voltage (Vin) nNMOS operating pMOS operating
region region
0 <ViNn <Vinn Cut-off Linear
Vihn < ViN < Vpp/2 Saturation Linear
ViN = Vpp/2 Saturation Saturation
Voo/2< Vin < (Voo/2) - | Ving | Linear Saturation
(Voo/2) - | Vinp | < Vin < VoD Linear Cut-off

Table 4.1: Operating regions for nMOS and pMOS for different input voltage
(Vin) range in a CMOS inverter. Vinn and Vinp are the threshold voltages for
nMOS and pMOS, respectively [3].
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Fig. 4.1(b) shows the dc transfer characteristics of an inverter. Vin and Vo
represent the input and output voltages, respectively, with Vpp denoting the
supply voltage. Vn represents the nominal high output voltage (at Vin = 0) which
should ideally be equal to Vpp. Similarly, V. is the nominal low output voltage at
Vin = Vpp, should be as close to zero as possible. Vit represents the logic
threshold value (Vit = Vin = Vo) which should ideally be equal to Vpp/2.
For a symmetric CMOS inverter, the point at which the curve intersects at both
the axis is referred to as Vit. Vswing represents full output swing when the input
swings from 0 to Vpp and Av is the magnitude of the small-signal voltage gain
around the logic threshold. Vu, Vi, VLT, and Av are the characteristic parameters
for a CMOS inverter. From Table 4.1 and Fig 4.1(b), it is clear that the gain
corresponds to the region where Vin = Vo, so that a small change in input causes a

high change in the output.

Voo © VDD

— 0 VH ldeal: V1= Vppl2 A
T VL: 0 VH = VDD :
—4 Ge JL pMOS B
> 0,V) Vi VDY~ T .
V|N_ — LT, XXX TYYY) Galn— Slope ge
VO 0 & :
> >
—I Ge JL nMOS .

OV) L. \ 4 .
(a) (0,0) (Vir, 0) (Voo 0)

Fig 4.1: (a) Schematic diagram of a CMOS inverter. (b) Inverter characteristics

highlighting key performance indicators

4.2.1 CMOS Inverter with Advanced MOSFETSs

In this section, the validity of the proposed modeling approach to predict the

key metrics of an inverter operating in the subthreshold region has been
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demonstrated. The drain current in subthreshold region is usually expressed as

(8], [9]
\4 s _Vth —YVys
WL RS RN

g

where, lo and o are the technology-dependent parameters. In order to utilize the
relatively simple expression for lgs given by equation (4.1) to assess the
performance of an inverter, few parameters needs to be extracted first, the
approach for the same is outlined below. In equation (4.1), the dependence of Vi
on Vgs is formulated as
Vi =Vino — Vs 4.2)
where, Vi is the threshold voltage at very low Vgs while g is a technology-
dependent parameter that determines the extent of threshold voltage degradation
with respect to Vgs and provides an indication of DIBL in the device. Thus,
equation (4.1) contains three unknown parameters («, £ and lo) which need to be
evaluated. The value of g, for a given set of device parameters, can be easily
extracted by the fitting equation (4.2) with Vu extracted through the model
i.e. equation (3.24). The value of « can be evaluated from the subthreshold swing.
Thereafter, lo can be obtained as
Iy = [—kT”“vecf"GeLg Jew”v} (4.3)
The values of the extracted parameters for nMOS and pMOS devices are

mentioned in Table 4.2.

Parameters Vino (V) a B lo (A)
nMOS 0.387 1.11 0.061 8.6x10®
pMOS 0.40 1.11 0.0621 9.8x107®

Table 4.2: Extracted parameters for Ge based DG JL nMOS and pMOS
MOSFET. Parameters: Lg = 30 nm, W =1 pm, Tge = 9 nm and Tgeon = 1.65
nm, Nen = 5%10%8 cm3, Lung = 25 nm, Gate workfunction for nMOS (@)= 4.74
eV, and Gate workfunction for pMOS (®sp) = 3.95 eV.

72



For the given set of parameters, the value of « for nMOS and pMOS
transistors is determined to be ~1.11, which translates into Sswing (= @KTIn(10)/q)
of ~66 mV/decade. The DIBL factor, determined from £ value as fVas, was
extracted to be 24.4 mV for nMOS and 24.8 for pMOS devices. The off-current is
given by

Ve WV —avy
Lo = loW/L, Je “F 7 (1—9. 3 J (4.4)

It is evaluated to be 7.4 pA and 5.8 pA for nMOS and pMOS transistors,
respectively. The variation in Vi with Vgs, and lgs-Vgs characteristics of nMOS and
pMQOS transistors is shown in Fig. 4.2(a)-(b). The performance of subthreshold Ge
CMOS inverter depends on the on-to-off current ratio (lon/loff) of NMOS and
pMOS transistors. Defining, lon as the current at Vi for ULP subthreshold logic,
lon/loft for both nMOS and pMOS devices is > 10° as shown in Fig. 4.2(b).

0.45 -3
Oy, = 4.74 eV Ly=30nm 10

D, =474V Op=3.95eV

Pp=395eV W=1pm Solid line: Model
Lyng = 25 nm 5 Symbol: Simulation
§ Ngj, = 5x10 cm™ __ 10
< 0.40 <
< pMOS 3
— 10
Symbol: Simulation  nMOS _
0.35 | Solid line: ’Model | | 10’12 [Vgs|= 0.4 V Ngp = Ex10 e
50 150 250 350 A
(a) Vys (MV)] b-0.5 -0.3 -0.1 0.1 03 0.5
S
(b) Vgs (V)

Fig. 4.2: (a) Variation of threshold voltage of nMOS and pMOS with the drain
bias for extracting Vio and f. (b) Drain current (lgs) — gate voltage (Vgs)
characteristics nMOS and pMOS Ge JL transistors used for extracting loand o.
Symbols (A, o) denote simulation results whereas lines (—) represent the
developed model. Parameters: Lg = 30 nm, W =1 pm, Tge = 9 nm and Tgeon =
1.65 nm, Nen = 5x10% cm3, Lung = 25 nm, &m = 4.74 eV and &g, = 3.95 eV.
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It should be noted that equation (4.1) is relatively simple, and therefore, the
same cannot be directly applied to advanced devices such as nanoscale underlap
transistors. However, after the extraction of relevant parameters («, £ and lo) for
advanced architectures through equation (3.24), equation (4.1) can be utilized to
analyze an inverter operating in the subthreshold region. In subthreshold region,
lower lon/loff ratio is the main concern for reducing Vu and Vi form their ideal
values of Vpp and 0, respectively. This reduction in lon/lost Occurs due to (i)
reduction in Vpp, (ii) degraded Sswing i.€. Value of « > 1, and (iii) an enhanced

DIBL, exhibited through higher Vs value, in short channel transistors.

300 -
Ly =50 nm
< 200 A
£ Ngn= 5%10% cm™®
o) Ly=20nm Vpp =300 mV
> 100 - Lung = 25 nm
Tge =9 nNm
0 T I
0 100 200 300 0 100 200 300
(@) Vin (MV) (b) Vin (MV)
300 400
Nen = 5x10% cm™ Tee =7 Nm
— 300 -
E 200 - Vpp = 300 mV E Tee= 91 N, = 5%10% cm™
—~ Lyng = 25 nm — 200 - Vpp = 400 mV
O Ly = 40 nm < Lung = 25 nm
= 100 - Tzezgnm > 100 - Ly =30 nm
O T T 0 T T I
0 100 200 300 ( d) 0 100 200 300 400
(c) Vin (MV) Vin (MV)

Fig. 4.3: Simulated transfer characteristics of DG Ge JL subthreshold inverter
for various values of (a) gate length (Lg), (b) supply voltage (Vop), (c) channel
doping (Ncn) and (d) Ge film thickness (Tge).
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4.2.2 Results and Discussion

Fig. 4.3(a) shows the impact of Ly downscaling from 50 nm to 20 nm on
CMOS inverter characteristics. As evident from Fig. 4.3(a), VLt and gain degrades
due the higher loff current at shorter channel length. The extracted « values are
1.21 and 1.18 for 20 nm for nMOS and pMOS Ge JL devices, respectively,
whereas at 50 nm, « values improve to ~1.07 for both nMOS and pMOS Ge JL
transistors. Similarly, g values are nearly 3 times higher (~0.09) at 20 nm as
compared to those achieved (~0.03) for 50 nm devices. lo values are also higher
(0.86 nA and 0.97 nA for 20 nm nMOS and pMOS devices, respectively) as
compared to those achieved (0.83 nA and 0.87 nA for 20 nm nMOS and pMOS
devices, respectively) at 50 nm. The higher Vi values at 50 nm (0.40 V and
0.411 V for nMOS and pMOQOS, respectively) as compared to those achieved at
20 nm (0.362 V and 0.375 V for nMOS and pMOS, respectively) also indicate

improved performance.

As shown in Fig. 4.3(b), a reduction in Vpp lowers lon/los ratio, and inverter
characteristics are degraded. For moderate Vpp values (200 mV and 300 mV),
the inverter characteristic is similar to that exhibited by traditional above-
threshold logic circuits [3]. However, the inverter characteristics are strongly
degraded at very low supply voltage (~ 100 mV) which is due to the reduction in
lon i.€. On-current decreases from ~1.5 pA to ~1.3 nA. Therefore, at very low Vpp
values, the device is unable to turn-on (offers high resistance), which results in a
large voltage drop across the transistor. As a result, Vo does not reach Vpp
(when pMOS is on) or 0 (when nMOS is on) and inverter characteristic is strongly
degraded. The reduction in V4 (92 mV instead to 100 mV), Vit (36 mV instead of
50 mV) and gain (2.44) is clearly visible for Vpp = 100 mV.

In Fig. 4.3(c), an increase in channel doping from 5x10% cm to 10'° cm™ can
drastically deteriorate the characteristics through a degradation in Vu, Vi, Vit due
to a reduction in Vi and Sswing Which consequently results in a higher lofs.
Moreover, as described earlier in Fig. 3.6-3.7, a higher doping results in a

substantial increase in carrier concentration which cannot be effectively depleted
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in the off-state with the selected gate workfunction. By increasing the channel
doping from 5x10% cm= to 10*° cm, « degrades from 1.08 to 1.15 for nMOS
and from 1.08 to 1.3 for pMOS devices, g increases from 0.037 to 0.04 for nMOS
and from 0.034 to 0.04 for pMOS transistors, Vi decreases from 0.39 V to
0.238 V for nMOS (0.41 V to 0.25 V for pMOS). Due to significant change in
values of Vo and a, both swing and loss degrade by a significant amount as
discussed earlier. In Fig. 4.3(c), Vn degrades from 299.8 mV to 282 mV as Ncn IS
increased from 5x10% cm™ to 10'° cm, respectively. Similarly, V. degrades
from 0 mV to 1.96 mV, V.t from 128 mV to 103.5 mV, and gain from 23.6 to 2.4

for the same doping concentration.

The influence of Ge film thickness on the characteristics of subthreshold
inverter can be seen clearly in Fig. 4.3(d). A thinner film suppresses SCEs and
improves the gain of the inverter characteristics. The values of V. (< 0.5 mV) and
Vu (~ 400 mV) do not change much with Tge range shown in Fig. 4.3(d).
However, the improvement in gain, from 15 to 30 for a reduction in Tge from 9
nm to 7 nm, respectively, is due to an improvement in g value from 0.060
(Tee = 9 nm) to 0.034 (Tee = 7 nm). It should be noted that the gain of
subthreshold inverter is inversely proportional to £. lon/losf Values do not change

much to a reduction in both Il and lon With Tee.

In order to proceed further, the approach of Alioto [7] has been used, and
adapted the already existing expressions for Vu, Vi, Vit and Av by utilizing the
extracted values of ¢, fand lo for underlap Ge JL DG transistors described in the
preceding paragraphs. Fig. 4.4(a)-(f) shows the performance of subthreshold
inverter with Ge junctionless devices. V. and Vu values agree well with the
simulation data for Vpp > 100 mV. This is due to the efficient transistor design
and extraction methodology adopted for «, £ and lo, VL values are limited to
5 mV in Ge JL transistors. A 16% error (~ 8 mV) is observed in simulation and
modeled data for Vy at Vpp = 50 mV which reduces to less than 3% at
Vpp > 100 mV.
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As Ge nMOS transistor is slightly stronger than Ge pMOS device, the modeled
results for Vit, shown in Fig. 4.4(c), are slightly lower than Vit = Vop/2. As
shown in fig. 4.4(d), the gain of the subthreshold inverter increases with Vpp, and
finally saturates to ~16.5, a value determined by 1/4 [7]. Efficient device design
due to the incorporation of underlap region minimizes SCEs and reduces DIBL
governing parameter (£) in sub-50 nm Ge JL devices. Fig. 4.4(e) shows the
variation of gain with Nch. This reduction in gain is due to the lesser extent of
depletion and lower contribution of underlap regions at higher Nch. The reduction
in gain at lower Ly values can be compensated by reducing Nch. Gain (~ 15) of
subthreshold inverter at Ly = 30 nm with Ny = 5x10'® cm™ is nearly similar to
that achieved at Ly = 15 nm with Ny = 10'® cm™. At a moderate doping of
2x10%8 cm3, the gain is reduced by nearly 3 times as gate length is reduced by a

factor of 2.

Technology Gate length Supply voltage Subthreshold supply
node (Lo) (Vob,IRDS) voltage

(nm) (nm) V) (Vob = Vop,Irps/2) (V)

5 20 0.70 0.350

3 18 0.70 0.350

2.1 14 0.65 0.325

1.5 12 0.65 0.325

1 12 0.60 0.300

0.7 12 0.55 0.275

Table 4.3: IRDS data for high density logic applications [10]. The supply
voltage was reduced by a factor of 2 i.e. Vbbo = Vpp,ros/2 to ensure

subthreshold operation.

Since, no roadmap for subthreshold logic is available, and International
Roadmap for Devices and Systems (IRDS) [10] concentrates on the high
performance and high density applications, the impact of technology downscaling
on the performance of Ge JL subthreshold inverter has been studied. The values
of gate length considered in the analysis is taken from IRDS data [10] while the
values of supply voltage (Vop,irps) for each technology node is reduced by a
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factor of 2 i.e. Voo = Vppjros/2 to ensure subthreshold logic operation
(Table 4.3).

This approach presents a reasonable assessment of Ge JL CMOS inverter for
subthreshold logic applications. Various possible scenarios are also considered to
enhance the gain in the technology evaluation. Gain reduces as the technology
progresses to lower nodes. The maximum gain of the inverter designed with
nMOS and pMOS Ge JL devices with Nen = 5x10% cm™ is 9 whereas the
minimum value is 3. These values can be enhanced to 25 at 5 nm technology node
and 10 at 0.7 nm equivalent nodes if the channel doping is reduced to 108 cm=,

Further improvement is possible if the values of gate insulator [11], [12] and
Ge film thickness are also scaled down from 1.65 nm and 9 nmto 1 nm and 7 nm,
respectively. An appreciable gain of 47 is achieved at 5 nm node while the value
of gain is 19 for 0.7 nm node. The relatively high gain (~19) exhibited by the
inverter at 0.7 nm node (Lg = 12 nm, Vgs = Vop = Vop,ros/2 = 0.275 V,
Nch = 108 cm®) is due to the optimum design of Ge devices with a wider underlap
(25 nm) which results in Sswing, for both nMOS and pMOS Ge JL devices,

of ~69 mV/decade. This translates into « of 1.15 for both devices.

The threshold voltage (Vi) of nMOS and pMOS Ge JL devices is 0.540 V and
0.547 V, respectively. The DIBL parameter is limited to ~21 mV for both nMOS
and pMOS Ge JL transistors and lon/loff ratio (=1.4x107/4.7x101%) is maintained
to be ~3x10°. These metrics for optimized Ge JL devices translates into a Vu =
274.9 mV, VL = 6 nuV and Vit = 121.5 mV for the subthreshold inverter. These
results clearly demonstrate a way forward to enhance the performance of
subthreshold Ge JL CMOS inverter down to 0.7 nm node. Using this approach, a
CMOS inverter is demonstrated and analyzed. Now in the next section, NAND
and NOR gate logic is implemented using Ge devices. Since, these gates are
universal; their implementation is of utter importance in order to perform digital

logic operations and realize complex digital circuits.
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4.3 NAND and NOR Gate Implementation

Focusing on subthreshold logic with Ge JL MOSFETSs for the 3 nm technology
(Lg = 18 nm) with a power supply of 0.35 V [10], the performance of NOT,
NAND and NOR gates have been evaluated. For optimized devices, an optimal
doping of 108 cm™ have been considered, film thickness (Tce) of 7 nm and oxide
thickness (Tceon) Of 1 nm is used. NOT, NAND, and NOR schematics and logic
truth tables are shown in Fig. 4.5(a)-(c), where logic 1 (HIGH) corresponds to
~Vpp (0.35 V) and logic 0 (LOW) to ~0 V. NAND and NOR are universal gates
and their implementation shows the feasibility of utilizing optimally designed Ge
JL devices for subthreshold logic applications.

Fig. 4.6(a) shows the transient analysis of CMOS inverter (NOT logic)
designed using optimal Ge JL device for Vpp = 350 mV at 3 nm technology node.
It indicates that even at lower technology nodes, a subthreshold CMQOS inverter
with optimized nMOS and pMOS device works reasonably well, and the
reduction in nominal high output voltage is limited to ~13 pV, whereas low
output voltage deteriorates only by ~2 uV. This considerably suppressed
degradation reflects on the suitability of Ge JL CMOS devices for ULP
applications. The nominal high output voltage of NAND and NOR logic operation
degrades by ~6 uV and ~52 uV, respectively, while the nominal low output
voltage corresponding to NAND and NOR gates is reduced by ~5 uV and ~2 pV,
respectively. The analysis clearly reflects on the importance of selecting optimal
device parameters to achieve decent subthreshold circuit performance at lower

technology nodes.

4.4 Process Voltage Temperature (PVT) Variations

Sensitivity is an essential metric for ultra-low power (subthreshold)
applications apart from the base performance indicators (loff, Vin, DIBL, Sswing).
As described earlier in [13], the parameter sensitivity can be suppressed
effectively by using moderate channel doping of 10* cm in junctionless devices
instead of the usual doping of 10* cm™=. In subthreshold logic design, impact of

PVT variations should be considered in the device as well as in circuit analysis.
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Therefore, an analysis is conducted to evaluate the impact of variation in process
dependent parameters (gate length (Lg), oxide thickness (Tgeon), channel
thickness (Tge), channel doping (Neh), and underlap length (Lund)), Vvoltage
(supply voltage (Vbp)), and temperature (T) on threshold voltage (Vw), off-current
(loff), and subthreshold swing (Sswing) 0f Ge JL MOSFET. Similarly, the impact of
process dependent parameters, supply voltage and temperature has been analyzed
on low output voltage (VL), high output voltage (Vw), logic threshold (V.t) and
gain (Av) of a subthreshold CMOS inverter.

The sensitivity of a metric (M) on a parameter (P) is defined as [14]
S(P) = (AM/M) | (AP/P) where P can be any process dependent parameter
(Lg, Tae, Tceon, Neh and Lung) Or voltage (Vop) or temperature (T) and M is the
performance metric (Vin, lotf, Sswing and Av). The sensitivity has been evaluated by
considering a £5% variation in Lg, Te, Teeon, Necn, Lund, Vop, and temperature.
Tables 4.4 and 4.5 show the sensitivity of PVT parameters on the device (Vin, loff,
Sswing) and inverter (Vi, Vi, Vit and Av) metrics, respectively.

As expected, Ge film thickness is most sensitive parameter to Vin and loff,
followed by doping, gate oxide thickness, gate length, and underlap length
(Table 4.4). Therefore, film thickness and doping should be carefully selected to
ensure full depletion and lower current (in the off-state) in Ge ULP JL devices.
Hence, Vi sensitivity on Tee and Ncn is higher than that obtained for other
parameters. Off-current and subthreshold swing strongly depend on gate length as
compared to Nch and Tceon at smaller technology nodes (~3 nm). Tgeon Sensitivity
on Sswing IS higher than Nch because of the dependence of Sswing ON the gate oxide
capacitance (= eceon/Tceon). For an optimal doping of 10 cm, the depletion
region is expected to be extended into the underlap regions [15], [16] and
therefore, sensitivity on Luna IS less. As the effective channel length (in
subthreshold) is longer than the gate length, the change in gate length leads to
does not appreciably influence Vi, and sensitivity on Lg is rather less. As Ge JL
device can suppress short channel effects comprehensively due to longer effective

gate length, the sensitivity of Vgs on all the parameters is relatively low. As
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expected, the sensitivity towards temperature is rather high. Among all the device

metrics (Vin, loff, Sswing), loff IS the most sensitive to parameter variations.

Parameters Sensitivity
Vin loff SSWing
Process dependent Tce 0.171 2.97 0.067

device parameters

Neh 0.077 0.884 0.003

Tceon 0.054 0.750 0.033

Lg 0.050 1.454 0.065

Lund 0.012 0.13 0.018

Voltage Vbp 0.012 0.16 0.001
Temperature T 0.215 26.436 1.035

Table 4.4: Sensitivity of Vi, loff and Sswing On process dependent device
parameters, voltage, and temperature. Base parameters: Ly = 18 nm, Tge = 7 nm,
Teeon =1 nmand Vgs = 0.35 V.

The sensitivity of subthreshold CMOS inverter is evaluated in terms of Vi, Vu,
Vit and Av which depends on the subthreshold swing of the devices [7], [17].
Therefore, a variation in Tge, Lg and Tceon Will affect the above-mentioned
metrics more than other parameters shown in Table 4.5. Due to the involvement
of nMOS and pMOS Ge JL devices in the subthreshold inverter, maximum
sensitivity values are reported for Vi, Vi, Vit and Av after considering different
possible combinations for each device parameter. For example, all cases
corresponding to 5% variation in Lg for nMOS and pMOS Ge JL devices are
considered and maximum sensitivity value is reported. Also, the sensitivity of
subthreshold supply voltage (Vop) on the gain is significant because a reduction in
Vop lowers lon/losf ratio, and consequently, inverter characteristics are degraded
[7]. The sensitivity of VL and Vit is higher as compared to all other metrics

because of a degradation in off-current and threshold voltage of both nMOS and

84



pMOS devices due to a variation in parameters. The sensitivity of Vu is negligible
for all the parameters which are expected for Vpp because of the higher

dependence of lon/loff ratio on Vpp [7].

Parameters Sensitivity

VL VH Vit Av

Process dependent Tee | 2.27 | 0.085x10° | 0.529 1.629
device parameters

Lg 2.23 | 0.083x10° | 0.512 1.586

Teeon | 1.10 | 0.041x10° | 0.332 0.756

Nen | 0.30 | 0.011x10° | 0.061 0.130

Lund | 1.09 | 0.040x10° | 0.189 0.051

Voltage Voo | 1.10 1.0 1.05 0.955

Temperature T 16.1 0.00128 141 3.062

Table 4.5: Sensitivity of Vi, Vi, Vi1, and Av on process dependent device
parameters, voltage, and temperature.

4.5 Conclusion

The static power dissipation of CMOS logic family is quite low as compared
to other logic families, which makes CMOS family as a suitable option for
downscaling and ultra-low power applications. A subthreshold CMOS inverter
using Ge junctionless transistor has been analyzed in this chapter. The
performance of subthreshold Ge CMOS inverter depends on the on-to-off current
ratio (lon/loff) of NMOS and pMOS transistors. At very low Vpp values, the device
is unable to turn-on (offers high resistance), which results in a relatively larger
voltage drop across the transistor. As a result, the output voltage (Vo) does not
reach Vpp (when pMOS is on) or 0 (when nMOS is on) and inverter characteristic
is strongly degraded (as observed for Vpp = 100 mV case).
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Higher doping concentration increases the carrier concentration and the device
cannot be effectively depleted in the off-state with the selected gate
workfunction. Also, increasing the channel doping from 5x10'® cm™ to 10'° cm,
the value of subthreshold parameters « and f degrades (increases) for both nMOS
and pMOS devices.

The influence of Ge film thickness on the characteristics of subthreshold
inverter has been studied. A thinner film suppresses SCEs and improves the gain
of the inverter characteristics. Efficient device design due to the incorporation of
underlap region minimizes SCEs and reduces DIBL governing parameter (f) in
sub-50 nm Ge JL devices. At a moderate doping of 2x10'® cm, the gain is

reduced by nearly 3 times as gate length is reduced by a factor of 2.

The circuit performance is improved by considering optimized device
parameters. The values of gate oxide and Ge film thickness are scaled down from
1.65 nm and 9 nm to 1 nm and 7 nm, respectively. An appreciable gain of 47 is

achieved at 5 nm node while the value of gain is 19 for 0.7 nm node.
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Chapter 5

Conclusions and Scope for Future Work

5.1 Conclusion

JL transistors can possibly be good substitutes to replace conventional
nanoscale MOSFETS for the next generation of devices [1]-[4]. These transistors
eliminate the requirement for abrupt pn junction formation. Their main features
include simple fabrication processes requirements, improved short channel
immunity and increased miniaturization boundaries than conventional MOSFETS
[5], [6]. Since Low Power (LP) or Ultra Low Power (ULP) logic technology
require transistors that exhibit greater command over subthreshold characteristics
along with suppressed SCEs [7], JL MOSFETs show capabilities for LP or ULP
technologies rather than for High Performance (HP) logic applications [8], [9].

In accordance with the nearly identical doping concentration and dopant type
throughout the semiconductor film, an effective extended length that is greater
than gate length in the off-state is achieved in a JL. This reflects on the improved
short channel performance of the device as compared to the conventional
MOSFETSs [10], [11]. However, the value of effective length in the subthreshold
regime depends on lateral S/D depletion extensions, which vary with device
parameters. The thesis has deduced semi-analytical model to predict SCEs in
Germanium DG JL FETSs considering the lateral extension of the depletion region
in the source/drain extension regions. The architecture that has been analyzed
considers simultaneously-driven symmetric DG structure with S/D underlap
lengths. The developed 2D models have satisfactorily captured the dependence of
device parameters and biases on SCEs in Ge DG JL MOSFETs. Overall
Germanium is used as the film material, where by optimizing the device
parameters the short channel effects associated with Ge device can be reduced to
an adequate level. Also, at lower technology nodes, the use of underlap length is
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also vital for the suppression of short channel effects. Channel doping also played

an important role in the working of the device.

The static power dissipation of CMOS logic family is quite low as compared to
other logic families, which makes CMOS family as a potential alternative for
ultra-low power applications. A subthreshold CMOS inverter using Ge
junctionless transistor is implemented in the later section of the thesis. The
performance of subthreshold Ge CMOS inverter depends on the on-to-off current
ratio (lon/loff) of NMOS and pMOS transistors. At very low Vpp values, the device
is unable to turn-on (offers high resistance), which results in a large voltage drop
across the transistor. As a result, the output voltage (Vo) does not reach Vpp
(when pMOS is on) or 0 (when nMOS is on) and inverter characteristic is strongly
degraded (as observed for Vpp = 100 mV case). Higher doping concentration
increases the carrier concentration and the device cannot be effectively depleted
in the off-state with the selected gate workfunction. Also, increasing the channel
doping from 5x10% cm= to 10'° cm™, the value of subthreshold parameters a and
/5 degrade (increases) for both nMOS and pMOS devices. The influence of Ge
film thickness on the characteristics of subthreshold inverter has been studied. A
thinner film suppresses SCEs and improves the gain of the inverter characteristics.
Efficient device design due to the incorporation of underlap region minimizes
SCEs and reduces DIBL governing parameter (£) in sub-50 nm Ge JL devices. At
a moderate doping of 2x10'® cm, the gain is reduced by nearly 3 times as gate
length is reduced by a factor of 2. The circuit performance is improved by
considering optimized device parameters. The values of gate oxide and Ge film
thickness are scaled down from 1.65 nm and 9 nm to 1 nm and 7 nm, respectively.
An appreciable gain of 47 is achieved at 5 nm node while the value of gain is 19

for 0.7 nm node.

(i) Modeling the Dependence of SCEs on G-S/D Underlap Regions in JL

Transistor

The derived five-region semi-analytical model for channel potential has

resulted in the evaluation of G-S/D underlap-dependent SCEs in n-type Ge double
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gate JL MOSFET for symmetric operation (i.e., simultaneously operated front and
back gates with same values of gate oxide thicknesses and work-functions, and
gate-source/drain underlap lengths) with the inclusion of mobile charge density.
This derived model can be applicable for every underlap length, and hence, has a
generic formulation. Approximate analytical solutions of subthreshold drain
current can be utilized to obtain the device transfer characteristics, thereby to
extract Vi, Sswing and SCEs related parameters. The derived model results agree
fairly well with the simulation data. Past investigations have shown that Lung and
Nch are two key parameters that can be varied to control SCEs in these devices.
Reducing Nch allows easy penetration of the gate electric field, thereby leading to
better electrostatic control of gate over the gated region. With increasing Lund,
SCEs can be reduced until maximal space charge region extensions allowed by
the device parameters are achieved. Thus, the option of sufficiently longer Lund
and moderate Nch can prove advantageous to suppress SCEs in these devices at

lower technology nodes.
(it) Applicability of Proposed Model for Subthreshold Logic Applications

The application part of the implemented novel device is shown in chapter 4.
A subthreshold CMOS inverter is implemented using Ge JL nMOS and pMOS
devices. The approach of Alioto [12] is adapted in the CMOS inverter analysis.
Universal gates (NAND and NOR) are also implemented in order to show the
applicability of the developed model. The sensitivity of subthreshold CMOS
inverter is evaluated in terms of Vi, Vu, Vit and Av which depends on the
subthreshold swing of the devices [12], [13]. The sensitivity results have been
analyzed. A variation in Tge, Lg and Tgeon affects the Vi, Vu, Vit and Av more
than other parameters considered for analysis. The sensitivity of VL and Vit is
higher as compared to all other metrics because of a degradation in off-current
and threshold voltage of both nMOS and pMOS devices due to a variation in
parameters. The sensitivity of Vu is negligible for all the parameters which are

expected for Vpp because of the higher dependence of lon/loff ratio on Vpp [12].
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An in-depth analysis focusing on Ge junctionless transistors for subthreshold
logic has been presented. Contrary to the conventional viewpoint, short channel
effects in Ge transistors can be effectively suppressed by adopting an underlap
architecture which will be most useful for ultra-low power (subthreshold) logic
applications at lower technology nodes. Optimally designed Ge JL transistors
with 12 nm gate length and underlap length of 25 nm exhibit DIBL of ~21 mV
with subthreshold swing of ~69 mV/decade with off-current of ~0.5 pA.
The subthreshold drain current of nMOS and pMOS Ge JL transistors has been
modeled through the solution of Poisson’s equation in which the effect of
underlap regions has been considered. The developed framework is further
applied to extract relevant technology dependent parameters («, £ and lo) that
makes it convenient to utilize the conventional subthreshold current expression to
advanced (with underlap) transistor topologies. The work is further extended to
examine the performance of Ge JL CMOS subthreshold inverter down to 0.7 nm
technology node and logic operations for NOT gate. NAND and NOR
functionality have been shown. Sensitivity analysis highlights the need for precise
control of critical parameters for optimal device/circuit performance. This thesis
provides much needed insights into the design and optimization of Ge based

devices for subthreshold logic applications at lower technology nodes.

5.2 Scope for Future Work

In the present work, symmetric mode operation of Germanium Double-gate
Junctionless transistor is analyzed. Similar work can be possible for asymmetric
mode working of Ge DG JL transistor. For asymmetric mode operation, DG
MOSFET provides additional flexibility to alter its performance [14]-[19]. In
recent years, structural asymmetries (non-identical front and back gate
workfunctions and oxide thicknesses) and independent gate operation (front and
back bias asymmetry) have been widely exploited to tune Vi [14], [15], to
improve Sswing and lorr [15]-[17] and to enhance performance [18], [19] of DG
MOSFETSs.
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Core shell architecture DG JL transistor can also be implemented using
Germanium thin film. Symmetric and asymmetric mode operation DG MOSFET
suffers from various detrimental effects that can be unfavorable for downscaling
and LP applications. These effects include off-state BTBT [20], [21], RDFs
[22]-[24], mobility degradations due to impurity scattering [35], [36], and limits
on the choice of gate workfunction for obtaining appropriate threshold voltage
[13], [27]. Using Core shell architecture for JL transistors can significantly
improve Sswing [28], higher lon/lorr ratio [29], and lower sensitivity towards RDFs
[30], [31]. These devices have also shown to provide suppressed off-state BTBT
current [32] and higher mobility values [33], thus showing favorable prospects for

downscaling and LP technology.
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