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Abstract

As silicon CMOS technology is approaching fundamental scaling road-
blocks, alternative channel materials like Ge and III-V based devices have at-
tracted a lot of attention and have been the subject of active research during
the last 10 years. While these new materials have very promising transport
properties, studies have shown that they have worse short channel perfor-
mance than the Si counterparts. Hence there is a strong need to evaluate the
impact of change in the channel material on the device performance in terms
of the short channel effects. In this work, first some issues with conventional
modeling of double gate MOSFETSs are dealt with. A new analytical model of
the built-in potential is proposed and shown to correct the errors due to wrong
boundary conditions. The roles of quantum confinement effects, material pa-
rameters and architecture of nanoscale III-V MOSFETs on the electrostatic
integrity in terms of SCEs are thoroughly examined. A modified parameter
to capture the drain induced barrier lowering is used to predict the perfor-
mance degradation in the post-threshold region of the MOSFETs. Impact
of the source to drain tunneling on the subthreshold behavior and hence the

scalability of ITI-V devices is also analyzed in this thesis.






Résumé

Les technologies CMOS & base de silicium approchants les limites fon-
damentales de la miniaturisation, de nouvelles options sont nécessaires pour
continuer la feuille de route de I'industrie de semi-conducteurs. Les matériaux
ITI-V et le germanium sont actuellement trées étudiés a ces fins, pour remplacer
le silicium en tant que matériau canal des transistors MOSFETs. Bien que les
propriétés de transports de charges de ces matériaux soient trés fortes dans
les substrats massifs, les performances des composants a base de III-V présen-
tent actuellement de fortes dégradations par rapport a ce qui pourrait étre
attendus. En conséquence, il est nécessaire d’évaluer théoriquement I'impact
du changement de matériau de canal sur les performances de ces dispositifs.
Dans ce travail, les problémes de modélisation des effets de canaux cours des
composants MOSFET a base de III-V ont d’abord été étudiés. Un nouveau
modéle analytique du potentiel électrique dans le canal du MOSFET est pro-
posé et démontré afin de corriger des erreurs dues aux mauvaises conditions
limites. Les roles des effets quantiques de confinement, des paramétres des
matériaux ainsi que le role de 'architecture des MOSFET III-V sur les ef-
fets de canaux courts sont ensuite examinés. L’impact de 'effet tunnel dans
la direction source-drain est également analysé dans la derniére partie cette

thése.
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1.1 State of the art in transistor industry

The transistor industry has come a long way since the invention of the
point-contact transistor in 1947 by John Bardeen, William Shockley and Wal-
ter Brattain at Bell Labs through today’s generation of nanometric MOSFETSs
in multiple flavors. This growth of the transistor industry has been accompa-
nied by miniaturization of the devices in order to increase device density on
integrated circuits. During the last four decades, the trend of scaling down of
the MOSFET channel length has been following the so-called Moore’s law [1]
that states that the transistor density on an integrated circuit doubles roughly

every 18-24 months, resulting in increased functionality and performance and



2 Chapter 1. Introduction

reduction in production costs. In the recent past we have seen technology
nodes of 45 nm going into production in 2007, 32 nm in 2009, and 22 nm
process for 3-D tri-gate transistors in 2011 [2]. For sustaining the Moore’s
Law as device dimensions continue to shrink to physical limits, technological

innovations are constantly needed.

1.1.1 Limits of scaling

Gate Oxide
L

3
Channel region

Si substrate

Figure 1.1: Simplified MOSFET Structure

Traditional MOSFET scaling meant a reduction in the physical dimen-
sions: Ly, t,, and the Source/Drain contacts, and also the supply voltage
Vpp and increase in the substrate doping, N,. The era of conventional scal-
ing of device dimensions came to an end in the 1990s, primarily due to the
inability of the SiOy gate oxide (1.2 nm for 90 nm technology [3]) to undergo
further scaling and gate leakage becoming a critical issue. In the nanoscale
regime, there exist tight trade-offs between the three main metrics that are
used to qualify a field effect transistor’s performance: on current (I,,), power
consumption (Ppp), and Short-Channel Effects (SCEs). Figure 1.2 by Takagi
et al. [4] depicts the tradeoff correspondence and the physical or device pa-
rameters that affect them. For example, power-supply voltage Vpp, threshold
voltage V;, and the efffective oxide thickness (EOT) affect both the I,, and
Ppp, and hence there is a trade-off between these two metrics. The physical

mechanisms causing the tradeoffs are shown inside the boxes.
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« Solutions = carrier-transport-enhanced channels,
metal gate, metal S/D

« source resistance
» mobility reduction

* X lon * Vg
i Nsub c Q . Vth
« extension « EOT
conc. « gate tunneling
current
short channel power « inv. cap.

: + poly depletion
effects V consumption || <0

* junction tunneling current * Si band bending
+ gate tunneling current * N

* Solutions = high k
: « EOT '
* Solutions =+ multi gate, thin body
thin body, multi gate

Figure 1.2: Tradeoff factors among on-current (I,,), power consumption
(Ppp)/leakage current(l,¢s), and SCEs under simple device scaling and possible
solutions to mitigate the issues. Taken from [4]

1.1.1.1 Power Constrained Scaling

Device speed and power are two important parameters in the semicon-
ductor device industry. The intrinsic switching delay of a MOS transistor is
dependent on the gate capacitance (C,), the supply voltage (Vpp) and the
on-current (I,,) as:

Td = CgVDD/Ion (11)

The power consumption in a digital circuit is a sum of three components
(with reference to an inverter): dynamic power (used during charging and
discharging the inverter load), subthreshold leakage power and short circtuit
power [5] [6]:

P = C’LVIQ,Dozf + ]leakagevDD + PSC’ (1.2)

where « is activity factor, Cp, is load capacitance and Ijeqrq4e is the sub-

threshold leakage current.
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In the conventional scaling regime, with the introduction of each new tech-

nology node, the intrinsic delay was

sic switiching speed 1/74 improved with device scaling leading to higher clock

speeds in the integrated circuits.

However, in recent years the microprocessor clock speed has saturated at

around 4 GHz. This is ascribable to the enormous increase in power dissipation

at high clock frequencies and hence

CPUs is constrained to hover around

from [5]). Beyond this limit, power dissipation in a Si MOSFET has became
difficult to scale down as we have entered this regime of “Power constrained

scaling” 7], and hence reduction in supply voltage is needed to stop excessive

heating.

reduced and hence, the maximum intrin-

the dissipated power density in modern

100 W cm? as shown in Figure 1.3 (taken
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Figure 1.3: The steep increase of CPU power density in the previous generations
has now somewhat saturated around 100 W cm™ with the introduction of

multi-core CPUs [5]

But, the supply voltage scaling has also slowed down because reduction
in supply voltage causes degradation of the Si MOSFET performance as the
drive current, I,, decreases with decrease in Vpp. The ITRS 2012 update [§]

Introduction
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has projected the gate length of Si MOSFETSs to be 6 nm in 2026, with device
power consumption being considered to be the limiting factor instead of speed

as from circuit design perspectives speed requirement can be relaxed.

1.1.1.2 Short Channel Effects

In a long channel MOSFET, the channel potential profile is a function of
the gate voltage only, and it is more or less flat along the channel direction.
When the gate length is reduced and becomes comparable to the depletion-
layer widths of the source and drain junctions, the applied drain voltage starts
to affect the channel potential and becomes 2 dimensional (sometimes assumed
to be parabolic [9]). The potential barrier is lowered due to the proximity of
the source and drain and hence it becomes difficult to properly switch off the
device as more carriers can diffuse from the source to the drain even at gate
voltages lower than the threshold voltage, producing subthreshold current flow

in the device.

Essentially seen as a source of off-state current degradation, Short Chan-
nel Effects (SCEs) are used to quantify influence of the drain bias and the
loss of gate control on the device electrostatics. Figure 1.4 summarizes the
modifications of the I; —V, and I; — V; characteristics of a MOSFET induced
by short channel effects. SCEs are usually investigated in subthreshold regime

and are expressed in terms of the following quantities:

e Subthreshold Slope (SS) : It is defined as the inverse slope of the log I,

Vs V, curve.
av,

S:
dlog 1,

in mV /dec. SS increases with the shortening of the channel.

e Drain Induced Barrier Lowering (DIBL): When the drain bias is in-
creased, the source to channel potential barrier is found to reduce in a
short channel device, as shown in Figure 1.5. Conventionally it is mea-

sured as the reduction in threshold voltage per unit increase of drain
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voltage.
Vi(Va = Vi) — Vi(Va = 0.05V)

Vbp — 0.05V

DIBL =

e Threshold Voltage Roll-Off: V; roll-off is the reduction in threshold volt-

age as we go from long channel device to shorter channel ones.

Short
Channel

Va

Figure 1.4: Schematic representing the impact of short channel effects on the
1; — Vj characteristics of an nMOSFET

The shorter gate lengths would cause worsened short channel effects: higher
subthreshold slope, higher DIBL and increased threshold voltage roll-off, lead-
ing to increased off currents in the devices. In this work, only the DIBL and
the subthreshold slope will be used as figure of merit of SCEs, as they are the

main causes of leakage increase.

1.1.2 Heterogeneous Scaling and Technology Boosters

The constant-field scaling as elucidated in [10], consisted of scaling the
device dimensions and voltages by constant factors while moving from one
technology generation to the next. In contrast to this “Happy Scaling” era
of homogenous scaling (similar materials and device structures), in the early
years of the last decade, the industry moved towards heterogeneous scaling

where different materials and new device architectures began to be used to
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Figure 1.5: Demonstration of DIBL: While the surface potential distribution in a
longer channel double gate MOSFET (100 nm gate length) does not vary with the
applied drain voltage, drain induced barrier lowering is observed in the shorter
channel device with 15 nm gate length. (tg; = 5 nm, open symbols correspond to
Va = 0.9 V, and curves without symbols represent the V; =0 V case)

achieve the expected benefits of scaling [11]. Some of the limitations of tra-
ditional scaling have been conquered using new technological breakthroughs,
sometimes called as “technology boosters”. Two such boosters have been the
use of Strain and High-x Metal Gate.

In the last two decades a lot of research and eventually real application of
strained Si provided a major boost to the carrier mobility in Si MOSFETs,
starting with the 90 nm technology node, without the need of any radical
change from the existing Si process flow. When Si is epitaxially grown on
relaxed Siy_Gey, the lattice mismatch between Si and SiGe results in biax-
ial strain in Si layer. The amount of strain can be varied by changing the
Ge content [12]. Uniaxial strain in the Si channel of MOSFETs can be in-
duced during device processing [13|, and is particularly useful for boosting
hole mobility. Application of strain changes the band structure and results
in altered band structure with reduced effective mass and less scattering for

the electrons as well as holes leading to higher mobility, while keeping the
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same channel material [14]. Both experimental and theoretical demonstra-
tions have shown that the application of strain has the possibility to enhance
on-currents by factors of around 4.5X in Si pMOSFETs and around 2X in

nMOSFETs without a significant increase in leakage current [15].

An important reason for using Si in the IC industry is the reliance on the
easy fabrication of the Si/SiOs channel/dielectric system which is stable and
of very high quality compared to combinations other channel materials and
their native oxides. In recent years the SiOy has been replaced by gate oxides
with higher dielectric constants. For example, using high-x HfO,(x ~20-25)
or hafnium silicon oxynitride (HfSiON) to replace SiOy (k = 3.9) or SiON,
and metal gate electrodes to replace doped polysilicon has helped to avoid
succumbing to the physical limits of conventional scaling [16|. Higher gate
capacitance can be obtained compared to a SiOy system while suppressing
the gate leakage [17]. A metal gate avoids poly depletion effects, offers lower
gate resistance, lower phonon scattering and easy V; engineering by work
function tuning. A high-x metal gate system results in much higher mobilities
compared to a high-x polysilicon gate [18]. Figure 1.6 shows how these two

technology boosters helped maintain the technology improvement trend.

L | | | | | | I
- Metal Gate
10.0 = High-k
.E - —100
c i ] £
= ] =
2 T ]
1.0 / 1.15nm 1
E performance by stressor
] ] ] ] ] ] | 10

250 180 130 90 65 45 32
TN [nm]

Figure 1.6: Technology Boosters: Strain and High-x Metal Gate. (Taken
from [19])
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1.1.3 Possible Solutions in the Roadmap

Figure 1.7 shows the ITRS future projection about different technologi-
cal innovations in different stages of growth: research required, development
underway, pre-production and further continuous improvement. As already
discussed, in the last decade, the following technology innovations were suc-
cessfully incorporated in the existing silicon process flow: enhanced mobility
and high-field transport via strain, enhanced quasi-ballistic transport (via
short gate length and strain), high-~ gate dielectric, metal gate electrode, and
Fully depleted SOI MOSFET.

First Year of IC Production 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
DRAM 1/2 Pitch (nm) 36 31 28 25 22 20 18 16 14 13 12 11 10 9 7 6

S NN NN N
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Enhanced transport with altemate
channels: CNT, Nanowire, graphene

Non-CMOS Logic Devices and
Circuits/Architectures

This legend indicafes the time during which research, development, and qualification/pre-production should be taking place for the solution.
Research Required
Development Undervway
Qualification / Pre-Production
Continuous Improvement

Figure 1.7: PIDS (Process Integration, Devices, and Structures) Projection,
ITRS 2011 [8]

Planar Fully Depleted Silicon On Insulator (FDSOI) MOSFETs (Figure 1.8)
have been well known for a long time for their advantages over the bulk coun-
terpart: good electrostatic control enabling lower Vpp (for example [20]),

undoped /lightly doped channel leads to reduced random dopant fluctuations
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Gate Oxide

e B

Buried Oxide (BOX)

Si substrate

Figure 1.8: FDSOI MOSFET Structure

and hence reduced process variability, reduced source-substrate leakage due
to presence of buried insulator layer, and most importantly, maintaining con-

sistency with existing fabrication processes (e.g. the 28 nm bulk technology).

At the same technology node, Ultra Thin Body and Buried oxide (UTBB)
FDSOI transistors allow to have shorter channel lengths than bulk devices.
Body biasing (applying voltage to the substrate) the FDSOI device effectively
makes it act like a double gate device (thanks to the very thin buried ox-
ide layer) leading to much lower leakage and improved performance. Even
in recent years the FDSOI MOSFETs have been the subject of active re-
search [21] [22] and considered as viable alternatives to bulk CMOS, offering
competition to other new technologies like FinFETs [23].

A major deviation from the planar transistors are the Multi-Gate MOS-
FETs, either bulk or SOI. Mulitple gates, particulalry the double and triple
gate SOI FinFETs were the topic of extensive exploration in the last decade, al-
though other possibilities: like quadruple gates, gate-all-around (GAA) MOS-
FETs and bulk FinFETs have also been researched [24] [25]. Figure 1.9 shows
three dimensional schematics of double and triple gate FinFET devices on

fabricated on SOI. These devices, due to the presence of more than one gate,
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Figure 1.9: Double and Triple Gate FinFET Structures

offer higher drive currents and tighter gate control of the channel electrostatics
leading to excellent short channel performance. Accordingly, the industry has

already entered the production phase going with Intel’s tri-gate FinFETs [2].

1.2 III-V MOSFETs

ITRS 2011 lists alternative channel materials (ACM), namely III-V and
Ge based MOSFETs as currently being pursued with a goal to enter produc-
tion in the next 5-10 years [8]. Indeed, of late, a lot of research has been
directed towards using these high mobility materials as MOSFETs channels.
For example, Figure 1.10 depicts the increase in the number of publications
concerning III-V MOSFETs in the last few years, hinting at the serious con-

sideration of these devices by the academia as well the industry.
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Figure 1.10: Number of publications concerned with I1I-V MOSFETs in IEEE
TED and EDL

1.2.1 Motivation for ACM/Why III-V?

There has been, in fact a long interest in alternative channel materials
for replacement of Si as channel material in transistors. The first transis-
tor realized (point contact type) in 1947 was germanium based. As early as
1966, InAs channel transistors were proposed [26] and in 1991 Ge CMOS was
demonstrated [27]. But the growth of III-V/Ge CMOS for logic remained
hindered because of several technological problems (e.g. Fermi level pinning),
and high mobility materials were rather mostly used for HEMT devices (which
are impractical for use as logic devices due to their large gate leakages). In the
last decade, they have made a comeback as some of the stumbling blocks have
been dealt with (for example unpinning the Fermi level using GasO3/Gd2O3
as gate oxide [28,29], achieving good quality thermally grown GeOs [30] etc.).

As explained in subsection 1.1.1.1 there is a need to lower Vpp, while main-
taining, or if possible, increasing the device speed. A channel material having
higher carrier mobility compared to Si can achieve this goal. In this view,
III-V/Ge MOSFETs are strong candidates for high performance (HP) logic as
they can offer lower power (approaching Vpp = 0.5 V) at speeds similar to,

or even higher than the Si counterparts due to their inherent good transport
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HP | LOP | LSTP | III-V/Ge
Speed (I/CV) 1 0.5 0.25 1.5
Dynamic Power(CV?) | 1 0.6 1 0.6
Static Power (Iog) 1 | 5x107? | 1x10™ 1

Table 1.1: ITRS Comparison of HP, LOP, LSTP and III-V/Ge Technologies

properties.

Comparison of HP (high performance), LOP (low operating power), LSTP
(low standby power), and III-V/Ge Technologies according to ITRS 2012 re-
port [8] is shown in Table 1.1 in terms of device speed, dynamic power and
static power dissipation. III-V/Ge devices with their higher speed and lower

dynamic power, are expected to outperform Si HP devices.

1.2.2 ACM Trade-offs

Table 1.2 lists some material properties of certain materials as candidates
for MOSFET channel material. As can be seen, what makes germanium and
ITI-V compound semiconductor materials attractive is their much lower effec-

tive masses and higher carrier mobilities.

Following Natori’s ballistic model [31], the injection velocity of electrons
in the device is related to the effective mass under non-degenerate conditions
as follows [32]:

Ving = /26T /mm* (1.3)

Hence channel materials with lighter effective masses can provide higher in-
jection velocity, v;,; in ultra scaled MOSFETs. It has been demonstrated that
these materials present greatly improved transport properties with respect to

unstrained and even strained silicon [33].

ITI-V materials generally have multi-valley bandstructures: A primary I’
valley with low-effective-mass and satellite valleys (L and X) with higher ef-
fective mass for electrons. Many III-V materials, for example In,Ga 1. As

grown lattice matched to InP or InAs grown lattice matched to AlISb have
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very low effective masses in I' valley as well as large inter-valley energy sep-
arations (Ar_r, Ar_x which can be increased by increasing the In content)
reducing the chances of spillover of electrons from I' to L valley. This could
lead to achieving higher mobilities at both low as well as high applied fields.
Figure 1.11 shows the bandstructure of InGaAs.

Energy
|

X-valley

I-valley
L-valley

EL
<111>

Wave vector
Heavy holes

Light holes

RN

Split-off band

Figure 1.11: Band structure of InGaAs [34]

However, I1I-V materials have some issues too. The low effective masses
lead to low Density of States (DOS) as

2m*
DOSQD = an (14)
where m* is the DOS effective mass (for electrons in 2D, m* = \/m; * m; =

my), n, is the valley degeneracy and the factor 2 accounts for spin degeneracy.
This “DOS Bottleneck” can limit the maximum I,, in the ballistic limit [35].
The contrast of the impact of the effective mass (m*) on the v;,; and the DOS
as seen from equations 1.3 and 1.4 signifies the trade-off inherent in these

materials.
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Material / Si Ge | GaAs | Ings53GagsrAs | InAs InSb
Property
m:ff 0.19 | 0.08 | 0.067 0.041 0.023 0.014
pn(cm?®/Vs) | 1400 | 3900 | 8500 12,000 40,000 | 77,000
pn(em?/Vs) | 450 | 1900 | 400 300 500 850
Eg(e‘/) 1.12 | 0.66 | 1.42 0.74 0.354 0.17
Er 11.7 | 16.2 | 12.9 13.9 15.15 16.8

Table 1.2: Physical properties of some Alternative Channel Materials at 300 K
(Taken from [34])

In addition, the band gaps (E,) of most of the high mobility channel
materials are considerably low. Therefore the leakage currents in these devices
are expected to increase exponentially. Also, the high dielectric constant of
Ge and III-V materials will result in easier encroachment of the drain electric
field into the channel, thereby causing more relative loss of gate control on

the channel electrostatics and hence poor device characteristics.

1.2.3 Current Status of ACM Devices

Following the technological improvement and the potential performance
increase of devices with Ge and III-V channels, successful fabrication of these
high mobility material MOSFETs has already been achieved.

1.2.3.1 III-V MOSFET Architectures

During the course of the last few years, different architectures have been
pursued by different academic and industrial groups for utilizing III-V com-
pounds as channel materials. Some of the device structures are described

below.

e Inversion Mode I1I-V MOSFETs (Surface Channel): It is a version of
the bulk Si MOSFET with Si being replaced by III-V material, and the op-
erating principles remain the same. Below the channel and source/drain im-
plant layer, there exists a buffer layer followed by the substrate. Most devices

demonstrated experimentally have been InGaAs based [36-39], although other
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channel materials like GaAs based MOSFETS have also been fabricated [40].
Figures 1.12 and 1.13 show the schematics of such MOSFETs.

AlLOg

Ga,05(Gd,03)
Source

TiN-Gate

5x10'6cm™3

U. I. D.- Iny 55Ga, 47As Buffer

S. l.- InP substrate

Figure 1.12: Schematic cross section of an Ing 53Gag 47As MOSFET with TiN
metal gate and AlyO3 /Gaz03(Gde03) dual-layer dielectric [36]

CMOS-Compatible Contacts
Metal-Gate/High-k Gate Stack
High-Mobility
Inversion Channel

Self-Aligned S/D
(Si+Phosphorus) | PdGe

I—

Figure 1.13: Schematic of an Ing53Gag 47As-channel MOSFET with Gold-free
ohmic contacts [41]

This architecture is well known and understood in the mainstream silicon
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manufacturing community, hence it can be easily adapted to newer channel
materials and it should have scalability similar to a bulk silicon MOSFET.
But it has an obvious major issue: the presence of the inversion channel at the
gate dielectric/III-V interface can result in a lower mobility due to interface
roughness scattering. Another issue is that of the appreciably lower thermal
budget of III-V layer ion implantation annealing process (higher temperatures
would cause As outdiffusion resulting in degraded channel) leading to lower
possible source/drain doping level and hence higher source/drain contact re-

sistance [42], especially for thin channels.

| L SD | | L, | sidewall

gate

dielectric cap dielectric

metal gate

source confact / drain contact

N+ regrowth InGaAs channel } I N+ regrowth
InP sub-channel
barrier
undoped P+ substrate T, undoped
substrate substrate

Figure 1.14: Cross-section of InP-based MOSFET with regrown extrinsic N+
InGaAs/InAs source and drain regions. The gate stripe extends a distance W,
perpendicular to the figure. L, is the gate length, T, the gate dielectric thickness,
and T,, the thickness of the InGaAs/InP quantum well [43]

e QWFET (Quantum Well FET) with Regrown Source/Drain Architec-
ture: The inherent problems with ion implanted S/D regions in a typical
inversion mode device make it difficult to control the stoichiometry of the
ITI-V channel, as mentioned in the previous section. To avoid this, one pro-
posal is to keep essentially the same working principle, but have a fabrication
process in which the S/D regions are formed by epitaxial growth after the
patterning of the gate-stack, formation of gate dielectric sidewall spacers and
etching out of the channel material in the desired S/D regions [43]. Also a

high bandgap barrier layer is patterned below the channel layer for carrier con-
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finement (hence the name QWFET, Quantum Well Field Effect Transistor).
The cross section of a MOSFET with regrown InGaAs S/D regions is shown
in Figure 1.14. However, this structure also suffers from the degradation of

the channel mobility due to it being at the surface.

Gate Oxide (x = 20)

2 nm undoped Alg 45Gag 55AS

High ¢,
Normally Gate Normally .
2 nm undoped GaAs

Onl Off
Source .‘ Drain
10 nm undoped Ing 3Gag 7As

2 nm undoped GaAs

| Epitaxial Layer Structure |

3 nm undoped Al ;Ga, 7As

Semi-insulating substrate 65 nm undoped Al 0 3Ga0 7 As

0.2 um undoped GaAs Buffer

GaAs SI Substrate

Figure 1.15: Left: Cross-sectional schematic illustration of an implant-free
enhancement mode MOSFET. Ohmic-contact metal is deposited after gate-oxide
removal, and the contacts are formed using conventional Ni/Ge/Au metallurgy.
Right: Epitaxial-layer structure and energy-band diagram of an implant-free
enhancement-mode MOSFET. é-doped layers are placed at a certain distance
below (bottom d-doping) and/or above (top d-doping) the Ing 3Gag 7As channel
layer as indicated by dashed lines. A representative energy-band diagram is shown
for thermal equilibrium and under flatband conditions for t,, = 18 nm and N; =
2.4x10'% em (ns = 2.3x102cm™). Taken from [44].

e Flatband QWFET (Implant Free): This architecture is derived from the
conventional HEMT device structure, where the high mobility, low band gap
channel is buried between higher band gap materials, creating a quantum well
channel. The spatial separation of the channel from the gate dielectric helps
to avoid the mobility degradation due to poor quality of the gate/channel in-
terface and Coulomb scattering. These devices are called “Flatband” QFETs
because the device is in on-state under flatband condition (E = 0 in the gate
oxide). For an n-channel device, as the gate voltage is lowered below the
threshold voltage, the channel goes into depletion. These are majority carrier

devices and do not utilise the surface inversion concept of minority carrier
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channel formation. An example of the layered epitaxial section is shown in
Figure 1.15. While this architecture relaxes the need for a superior quality
gate dielectric/channel interface, the ultimate scalability of this architecture is
questionable due to the insertion of barrier layer between the gate and channel

and the presence of §-doping above the channel.

ALD Al203 or MBE HfO2

Source Drain
contact contact
/ Ing 52Alp 48As Barrier \

/ Ing 7Gap 3As Channel \

Ing.52Alg.4sAs Buffer

Semi-Insulating InP Substrate

Figure 1.16: Schematic cross-sectional diagram of an enhancement-mode
Ing 7Gag.3As/Ing 52Alp.48As MOSFET with 7-nm ALD AlyO3 (short channel
device) or 10 nm MBE HfOs (long-channel device) [45]

e QWFET with Recessed Gate Architecture: This architecture has an
undoped quantum well heterostructure layer, with gate-recess. For exam-
ple the QWFET layer structure in Figure 1.16 consists of a IngsoAlgssAs
buffer layer (undoped), a thin Ing ;Gag 3As strained quantum well (undoped), a
Ing 50Alg 48 As top barrier layer (undoped), and a capping layer of n™ Ing 53Gag 47 As.
All these layers are grown on a semi-insulating InP substrate by molecular
beam epitaxy (MBE) [45]. The n™ cap layer is selectively etched to form
a gate recess area. Being a buried channel device, it is less affected by the
gate-oxide /semiconductor interface non-idealities. Also, unlike the Flatband
QWFET, it does not use § doping layer, hence the vertical scalability is bet-

ter. This scheme has been used in conjunction with high-x dielectric stack



20 Chapter 1. Introduction

ntt InGaAs

InGaAs QW Channel 10 nm

InAlAs bottom barrier

Figure 1.17: Schematic of planar, thin body, High-x/Metal Gate Ing7Gag 3As
MOSFET [46]

and metal gate to realize planar, tri-gate MOSFETs as well as TFETs, demon-
strating excellent performance [46|. Figures 1.16 and 1.17 show examples of
this kind of MOSFETs.

In this work, the considered device structure has been primarily a dou-
ble gate MOSFET with a non silicon channel for the sake of modeling and

understanding.

1.2.3.2 1III-V and Si Heterogeneous Integration

To utilize the well established Si processing platform and for heterogeneous
integration with other Si based components, one possibility worth considering
is that of growing new high-mobility materials epitaxially on Si substrate. For
example, [47] classifies the possibilities into the following different configura-

tions:

e The ‘More Moore’ approach refers to continuing scaling and is geared
towards achieving higher drive currents and has the prospects of Ge
CMOS on insulator, ITI-V CMOS on insulator and III-V NMOS and Ge

PMOS on insulator with silicon as the substrate.

e The ‘More than Moore’ approach is concerned with functional diver-
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sification for non-digital content. It allows technology incorporation
into devices of functionalities that do not necessarily scale according to
“Moore’s Law”, but provide additional value in different ways. Some
examples are: III-V/Ge-on-insulator-on Si optical devices, ultra fast

analog devices, sensors and MEMS.
e Going beyond CMOS, III-V/Ge tunnel FETs are also being pursued.

Figure 1.18 shows these options currently being researched: for both More

Moore as well as More than Moore approaches.

HP CMOS iviGe | Il-viGe |Sen:

Optical ultrafast |
Devices analogue ‘

or, * Optical interconnect
* mm-wave application
= «and more .....

Tunnel FET

* steep S and low Vg,
Performance - high drive current due to
Boosting small/direct E,
\Y[e](=R\Y/(ele](-X High Drive Current Hybrid CMOS
Ge CMOS -v CMOS nMOS pMOS

msu
Figure 1.18: Possibilities for heterogeneous integration of ACM devices
(ITI-V/Ge) on Si (Taken from [47])
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1.3 Need to evaluate SCEs in II1I-V MOSFETs

II1-V devices for logic applications are projected to be introduced beyond
the 16 nm gate length according to PIDS 2011 predictions [8]. The short chan-
nel effects worsen and limit the device performance as we keep scaling. The
impact of the extremely small separation between the source and the drain

on the device performance can be analyzed through analytical modeling and
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numerical simulation techniques.

Although III-V compounds offer higher mobilities, the impact of different
effective masses and material parameters compared to Si needs to be inves-
tigated, so as to predict the scalability and margin of benifit compared to Si
technology. The advantage of power consumption reduction possible with III-
V technology against the degradation in short channel effects and increased
leakage needs to be analyzed; and optimum channel lengths for introduction

of ITI-V channels need to be determined.

1.4 Aim of the Thesis

The aim of this thesis, thus, is to examine these issues of MOSFETs with
alternative channel materials from a modeling and simulation perspective.
While doing so, the current technlogical limitations with regard to III-V device
fabrication, stability and reliability will be ignored so as to treat a best case
scenario, assuming the limitations will be overcome by the industry in the

coming years, as has been done for Si technology in the past.

1.5 Organization of the Thesis

The rest of the thesis is organised as follows: The second chapter deals
with modeling of the 2D channel potential in a double gate MOSFET. Then
follows the main work of this thesis: the study of the role of quantum effects on
SCEs in MOSFETs with alternative channel materials is described in chapter
3. The impact of source-to-drain tunneling on the scalability of ITI-V devices
is examined in chapter 4. Finally, conclusions are drawn and some future

perspectives are discussed in chapter 5.
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2.1 Introduction

The development of the transistor industry has always been accompanied

by a need to develop physics based models, which can predict the behavior of
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the transistors while giving insight into the underlying physical phenomena in
the devices. Analytical models make it easy to understand the change in input
and output characteristics as one varies different parameters of the device. It
is particularly useful when one considers scaling the device: be it geometrical
or Vpp or changing electrical parameters. Also, analytical models come in
handy when we need MOSFET models for use in circuit simulators. Physi-
cally based analytical models of MOSFET channel potential are essential for
rigorously capturing short channel effects [48], evaluating scaling behavior [49]

and are required to evaluate subthreshold leakage [50].

The focus of this chapter is to look at some of the major techniques to
model the channel potential, select an analytical model, demonstrate its ef-
ficacy for predicting the short channel effects (SCEs). We then discuss an
issue with the boundary conditions in the existing models due to non inclu-
sion of the Source/Drain regions of the MOSFET in the analysis, that results
in erroneous evaluation of channel potential. The impact of the source and
drain on the the potential and hence on the short channel effects (drain in-
duced barrier lowering and subthreshold slope) will be investigated at first.
A correction to the boundary conditions is proposed and incorporated into
the channel potential model. The concept is then validated using numerical

simulations.

2.2 Channel Potential Modeling

This section describes the analytical model of the channel potential devel-
oped by Tsormpatzoglou et al. [51| as an example of modeling the channel
potential in a double gate MOSFET and the associated short channel effects.

2.2.1 Analytical Modeling

The schematic of the cross section of the device with the coordinate system

used is shown in Figure 2.1
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Figure 2.1: Device cross section with coordinate system

In the weak inversion region of operation, the channel potential can be

described by the Poisson’s equation as:

PV(z,y)  PV(r,y) qNa
R 0<z<ts,0<y<L  (21)

where N, is the p-type doping concentration in the channel, €g; is the
dielectric constant of silicon, tg; is the channel thickness and L is the channel

length.

For low values of drain voltage, the potential in the channel can be assumed

to be a parabolic function:

V(x,y) = coly) + ca(y)z + cay)a? (2:2)

where ¢;, ¢ and c3 are functions of y alone. Since the potentials at the top
and bottom channel/oxide interfaces are equal because of the symmetry of

the device structure,

Vi(y) =V (0,y) = V(tsi,y) (2.3)
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And the boundary conditions are:

dr  |,_, €si tox '
dV(z,y) _ Vg = Vi(y) (2.4b)
dx r=tg; €Si toa: .

where V, = V; — Vpp, V; is the applied gate voltage, Vrp is the flatband
voltage and ¢,, and t,, are the dielectric constant and thickness of the gate

oxide.

On solving the system of equations (2.2), (2.3) and (2.4), the coefficients

¢; can be obtained as:

co = Vs(y) (2.5a)
Vi(y) =V,
oy = Cx Vs ZVy (2.5D)
€si tox
V-V,
cy = gﬁg—(y) (2.5¢)
€si toztSi

Substituting coefficients from (2.5) in (2.2):

0?V(z,y) o Vy — Vs(y)
IYY) _9p, —oforle — o) 2.6
axZ “ €54 tomtSi ( a)
P*V(z,y) 9%c; 0%y
Y) e 2.6b
Oy? Oy? e Oy? e Oy? ( )
2 s oz 1 2 s 1 2 s
ayQ €si toa: ay2 tothi ayQ
2 2
_ PVily) L for T Cox (2.6d)
ayZ tox €5 toxtSi €5
Using (2.6) in (2.1):
V) — ‘/S 2 s ox 2 ox Na
ooz Vg (y)+8V(y) R S B P\ 2.7)
€5i toxtSi ay2 toa: €5 ZL'o:ttSi €5q €51
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PVi) || | % Cor 7 Cor| oZax Valy) _aNa oo Vy

Iy loz €5i  toxlsi€si €silostsi  Est €8i toztsi

(2.8)

2V,
—asgy) [Esitortsi + TtsiCon — T€0n] — 2205 Vi(y) = qNatosts; — 2€00V,

Y

(2.9)

Thus, finally we get the following differential equation:
2
ot = aVily) = 5 (2.10)

where

2€ 0z

B 5Sit0:ct5i + tSigoxx - onl'Q
o qNAtoxtSi - 2501‘/9/

5Sito:ctSi + tSigo:cx - 6oazx2

The auxiliary equation is: 7> — a = 0, whose roots are: 4++/a

Hence, the eneral solution is of the form:
Vi(y) = AeVoy 4 BemVoy
and the particular solution is of the form:
2(y) =k
Hence we have: z =k, 22 =0and 2’/ =0
Using this in equation (2.10):

—ak=0=Kr=—-F/«

Hence the complete solution is:

Vi(y) = AeV 4 Bem VoY _ B/a
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Since Vi(y) is evaluated at z = 0, let

Vi(y) = Ae¥/* + Be %™ — /a (2.11)
where
5Sitoxt5i
=1 = 2.12
V= 1/val, =[5 (212)
Let
qNatSitox

Al=k=—-Bla=V,— (2.13)

2€on

Now the following boundary conditions are applied for finding A and B:

Vs)],_o = Vi (2.14a)
Vaw),_, = Voi + Va (2.14b)
where
N,N
Vi = kT In ( % d) (2.15)

with k; the Boltzmann constant, T the temperature, N, the substrate doping,
Ny the S/D doping, and n; the intrinsic carrier concentration of the channel

semiconductor material.

So we have:

Vii + Vg = Ael/™  Be7 /M 1 Ay
= (Vo — A1 — B)e"/™ 4 BeP™ =V, 4V — Ay

Vii + Va— Ay — (Vi — Ay)el/™
e—L/\ _ oL/N

—~ B = (2.16b)
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Using (2.16) in (2.11):

Vii + Vg — Ay — (Vi — Ay)el/™ L
‘é(y) = (‘/bl - Al - e_L/)\l _ eL/)‘l ey/

+ (Vbi +Va— Ay — (Vi — Al)eL/M) e VM 1A

e—L/)\l _ eL/)\l

= Ay + (Vi — Ap)ev/™

L/X
n Vi + Vi — fj/lA_ (%Lz —Aje /e (e*y/h _ ey/M)
e 1 —e />‘1

= Al -+ (‘/bz — Al)ey/)‘l

2L/
n Vi + Vg — A21L/—A(V3n' - Al)e /™ (ey/A1 — e_y/h)
e 1—1

Rearranging, the expression for the surface potential V;(y) is thus obtained

as:

(Vi + Va — Ay) (eL;ly - eLMy)
+ (Vi — A1) <€2LAIy — e*yl) (2.17)

+Ale?—1>}

Here \; can be recognized as the natural channel length as proposed by Yan
et al. [52| and is used to characterize the short channel effects in a MOSFET.

Vs(y) -z

e’ —1

Now for finding V' (z,y) from, (2.5) and (2.17) are used in (2.2):

Vi(y) — V! W V=V,
Vi) = Vi) + 2 LW Vo ca Vi Z V) oo g
g tox €8 toxtSi

Consider a point at a depth x = tg;/n(n # 0) and a given distance y along
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the channel. The 2D potential V(z,y) = V,.(y) becomes:

5oztSi Eox tSi ) [ Eoz tSi goxtSi
Viz,y) = Vi(y) (14— Zow +V (e -
( y) (y) ( 5Sitoxn £si toxn2) g (552' toxn2 5Sitozn)

6oxtSi n—1
1+ —
5Sitow ( n? )

(2.19)

6oztSi 1—-n
Ere 2.20
8Sitogr: ( n? )] ( )

+V;

g

= Vi(y)

-1 €og lsin—1

€oxt5'i n—1 =sil -
Vi(y) = Viw,y) |1+ )| PV |Tremer) O
=V 1 ()] Hu || e
where
. 1
ki = P c— ko = T esitogn? (224)

Now, going back to the differential equation obtained for Vi(y), from equa-
tion (2.10)

VW) aV(y) = 5

Tdy?
= k1 S — by V, (y) — okyV) = 8
- Pty () = TR 229
Let’s define:
o = a(r = tgi/n) (2.26)
_ 20s (2.27)

cont 2 comt 2
gSitSitox‘{’ oanZ - oilzsz
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B+ akV,
/ g
= -9 2.28
g = (229
r=tg;/n
qNatoztSi*25ong/ QEOIkQVg/
ESito:ctSi“!‘tSiEmﬁSi2 _ontQSiQ €Sit5itow+w—%
_ n n n n 2.29
; (2.29)
Thus we now have the following differential equation for V,(y):
d*Vs
i = a'Valy) = (2:30)

To solve (2.30) we use the boundary conditions:

Y

Since equation (2.30) is similar to equation (2.10), the solutions should be

similar. We have

€ itomt 7 + % - %
)\2:\/1/CYI:\/ 5 5 5 n T (231&)
Eox
6/ 2805}0(1 - k2>vl - qN(ZtOQEtSi
A, = -2 = g 2.31b
2 o’ 280Ik1 ( )

V:(y) is obtained as:

Voly) = —=

er2

(Voi + Va — Ag) (eL*zy - ew)
+ (Vi — Ay) <62i2y — e*yz) (2.32)
iy (4 - 1)

Finally, we reexpress V,(y) as V(x, y) by using (2.32) and (2.31), and switching

-1
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from (tg;/n) to x:

Viey) = —i— |Vt Va—4s) (eﬂi’ - e%‘;*)
+ (Vi — As) (e“ASy _ 65’3) (2.33)
+ A3 (eii — 1>
where
Ay = Vg/ B qNAESitoxtSi + o (tsi —x) 2310

250x55i

itowt ) ox ox 2
)\3:\/852 s <1+5—i—5— - ) (2.34b)

Eox €si to:v £si toxtSi

Here, Az can be shown to be the long channel surface potential and A3 is

the scale length.

2.2.2 Concept of the extra potential in a short channel
MOSFET

A short channel MOSFET’s potential distribution can be seen to be in-
cremented by an extra amount relative to the long channel case. The po-
tential in the short channel case, V' (z,y) is reduced to the long channel case,
Vieng(x) = As (which can be obtained on solving (2.1)-(2.4) under the assump-
tion of constant potential in the direction along the channel.) Thus there is a
2D extra potential, AV (z,y) = V(z,y) — Vieng(x) which is attributed to the

SCEs and can be expressed as:

e”3 —1

(2.35)
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2.2.3 FlexPDE Numerical Simulation

The partial differential equation solver FlexPDE was used for carrying out
the numerical simulations. FlexPDE is a “scripted finite element model builder
and numerical solver” [53]. A symbolic equation analyzer expands defined
parameters and equations, performs spatial differentiation, and symbolically
applies integration by parts to reduce second order terms to create symbolic
Galerkin equations. It then symbolically differentiates these equations to form
the Jacobian coupling matrix. Its mesh generation facility generates an un-
structured a triangular finite element mesh over a two-dimensional problem
domain (as in this work). The finite element numerical analysis module selects
the appropriate solution scheme. The adequacy of the mesh is consistently
evaluated by an adaptive mesh refinement procedure and the mesh is refined
whenever there is large error. The system iterates the mesh refinement and
solution until a user-defined error tolerance is achieved. It has graphical out-
put facility for plotting the output and a data export facility to write the
solution data to text files. The mesh density can be user controlled. The

typical structure simulated looks like the one in Figure 2.2

Figure 2.2: FlexPDE Simulation Structure

In this work the main equations solved in the FleXPDE simulations are:

Poisson’s Equation:
V- (VV)=-

oD

(2.36)
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Drift Diffusion:
V.-qnuVV, =0 (2.37)

Drain Current :

Iy =

dv,,
‘fq% (2.38)

The following Boltzmann distributions were assumed for the charge:

In the source region:
p=q (poef(vabﬁvd)/kT — ngelV Ve Va)/KT 4 Nd)
In the channel:
p=g <p06—V/kT — ngeV/MT Na)
In the drain region:

p=gq (W—(v—vm/w eV V/RT Nd>

2.2.4 Comparison: Model Vs Numerical Simulation

The analytical model for the channel potential is compared with the poten-
tial obtained from numerical simulation. They are found to be in agreement,
validating the model for good L,/ts; ratios. Figure 2.3 compares the center
channel potential and the surface potential for a MOSFET with 25 nm gate
length, while Figure 2.4 shows the comparison of the minimum surface poten-
tial (or top of the barrier) as a function of the gate length for three different

channel thicknesses.

2.3 The Question of Boundary Conditions

Recently, a detailed review and critic of these models has been published

in [54], showing that, even 40 years after the first SCEs analytical models,
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Figure 2.3: Comparison of the potential at the center and at the surface of the
channel showing the agreement between numerical solution of 2D Poisson’s
equation and the analytical model (tg;=5 nm, V,=0.5 V, V4=0V, V;,=0.2 V)
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Figure 2.4: Comparison of the minimum surface potential as a function of the
channel length obtained using numerical solution of 2D Poisson’s equation and the
analytical model for three values of channel thickness. Solid curves correspond to
the model and the symbols correspond to the numerical simulations. (V;=0.5V,
Va=0V, V#=0.2 V, tg;=5 nm, 7.5 nm, 10 nm)
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no consensus has been reached regarding the most efficient and rigorous ap-
proach. In this review however, Xie et al. have classified different types of
models and in particular, the models based on polynomial description or based
on the analytical solution of the 2D Poisson equation have been identified has
the most suitable to reproduce SCEs, as they capture the impact of the oxide
thickness [54]. All these models [48,51] use the built-in potential as boundary
condition for the potential at the source/channel and drain/channel interface,
thus allowing to neglect the role of source and drain on the potential, assum-
ing source drain as very highly doped or almost metallic. Implicitly, this type
of boundary condition assumes that there are no voltage drops in the source

and drain and hence that the doping of the source and drain is very high.

To evaluate short channel effects, numerical simulations are at first carried
out using the 2D partial differential equation solver, FlexPDE. Poisson and
drift-diffusion equations are self-consistently solved in two cases: the first one
includes the source/drain regions and boundary conditions for the potential
are set as Vj; and Vj;+Vj respectively, at the beginning of the source and at
the end of the drain, as shown in Figure 2.5. The second one does not take
source and drain into account. As shown in Figure 2.5, in this case, V;; and
Vii + Vg are applied as boundary condition for the potential, at the source

and drain end of the channel respectively, as assumed by all SCE models [54]

The devices used in the study are double gate MOSFETs with gate lengths
of 10, 15 and 20 nm and channel thicknesses of 3, and 5 nm with 2 nm thick
gate oxides. Doping levels in the source and drain are set between 10%* to 10%°

m™ in the simulations.

2.3.1 Impact of the Source/Drain regions on SCEs

The DIBL and the subthreshold slope (SS) of the double gate devices sim-
ulated using the self-consistent solution of the DD and Poisson equation are
shown in Figure 2.6. Cleary, excluding the source/drain region by applying
Vi and Vi; + Vg4 as potential boundary conditions at the edges of the channel,
results in a huge overestimation of the SCEs. The DIBL and SS are found to

be lesser in the case where S/D regions are included, with V,; and V,; + V;
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Figure 2.6: DIBL and SS as functions of channel length with or without S/D, for
two channel thicknesses (DD simulations)

This result, hence indicates that the boundary conditions used in existing
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analytical models of SCEs are not correct and result in overestimation of the
values of the SCEs.

2.3.2 Electrostatics: Variation of the minimum of chan-

nel potential (top of the barrier)

To further understand the role of the S/D regions on the electrostatics of
the device, Poisson equation has been solved in the same architectures, with-
out the drift diffusion equation (no carrier transport), with the same boundary
condition on the potential. From these electrostatic simulations, the variation
of the minimum of the potential (or top of energy the barrier) has been ex-

tracted as a function of the gate and drain voltage.

Figure 2.7 shows the potential distribution at different gate voltages and
the movement of the minimum of the potential, V,,;,. The value of V,,;,,
obtained with the same simulated devices, has been plotted as a function of
the gate voltage in Figure 2.8. The variation of V,,;, with V, can be seen as

an indirect evaluation of the subthreshold slope.

It can be seen that the slopes of the V,;, Vs V, plots are weaker when
the S/D region are excluded than when they are included. This difference is

enhanced for shorter gate lengths.

Further, as shown in Figure 2.9, AV, is the change in the minimum

channel potential as the drain voltage changes from V;=0 V to V; = 0.9 V.
AViin = Vinin(Va = 0.9V) — Vi (Vg = 0V) (2.39)

Hence AV,,.;, can be seen as an indirect estimation of the DIBL. The vari-
ation of this change in the minimum of the potential, AV,,;, per unit of the
shift in drain voltage (AV; = 0.9 V) has been plotted as a function of the gate
length in Figure 2.10 (the same device geometry has been used). It can be
seen that it is larger when the source/drain region are neglected, and smaller

when the source/drain region are included in the simulation.
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Figure 2.9: AV,,;, is the difference in the minimum channel potentials at V;=0
V and V3=0.9 V (excluding S/D)

These two results demonstrate that the overestimation of the SCEs ob-
tained by applying V4; and Vj; 4+ V; as potential boundary conditions at the
edges of the channel in the self-consistent solution of the DD and Poisson

simulation originates from purely electrostatic effects.

2.4 Effective Built-In Potential, Vbjf !

Two strategies are then possible to include the impact of the source/drain
regions in the analytical modeling of the channel potential. Either new an-
alytical models need to be developed, which would include the S/D in the
solution of the Poisson equation. Or, the same modeling structure could be
kept and new boundary conditions at the edge of the channel could be used

in order to fit the simulations which include the S/D regions.

To evaluate the feasibility of the second strategy, Poisson simulations of

the architecture without S/D have been carried out with arbitrarily modified
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Figure 2.10: AV,,;, per unit of AV, (DIBL equivalent) as a function of channel
length, in two cases of with or without S/D inclusion, and two channel thicknesses,
while solving only Poisson’s equation

value of Vj;, in order to reproduce the channel potential of simulation ob-
tained with the S/D region. The results of these simulations are plotted in

Figure 2.11, which shows the channel potential along the S/D direction.

It can be seen that, when using two modified built-in potential values, des-
ignated here as Vbif 151/ D, the channel potential obtained neglecting the S/D
matches with the potential obtained while including the S/D. This result sug-
gests that it is possible to fit the results obtained including the S/D region,
by using the right boundary conditions. Therefore, an analytical model of the
effective build-in potential should be sufficient to correct the already existing
analytical models of the channel potential and hence of the short channel ef-

fects.
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Figure 2.11: Channel potential in three cases: S/D included with V;;, S/D
excluded with Vy;, and S/D excluded with Vi, (V, = 0V)

2.4.1 Analytical Modeling of V}jf f

To model V,,¢//, the voltage drop AV, at the source/channel and chan-

nel/drain junction needs to be found, as:
Vil = Vi = A" (2:40)

The Poisson simulation carried out in section 2.3 indicates that the charge
in the S/D region mainly results from depleted layers. Therefore, the field at
the source/channel and channel /drain interface, but still in the S/D region, is

simply given by [33]:

Fz=07) = /2NAVS
Fo=L}) ==/ 2N.Avp

where q is the elementary charge, €5 the semiconductor dielectric constant.

(2.41)

AVy® and AVy,;P are different voltage drops as they depend on the applied

source/drain voltages as seen in Figure 2.11.
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AV,,;5/P can then be found by equating the field on each side of the junc-
tions. This is easily accomplished by using closed form analytical model of
the channel potential. In this work, the model proposed in [51] has been used
to find AVy,. This can however be also be done with other models, such like
the often quoted Liu model [48].

The equation of V(x,y) given by equation (2.33) is used at first. The

equation of the field can then be obtained as:

L4y L—y

= 7o~ | (Vi + Vb — 4) (6*3 - 6*3)
<6 3_1>A3 (2.42)
+ (V;f — A3) (e%*;y — e*ys)]

From (2.42), it is found that:
S_ A
F ({L‘ = O+) = (Vbi)\ Ad)

3
2\ . (ViP+vp-4s)
F(o=1;) = - LEe-)

(2.43)

By equating (2.41) and (2.43) at x = 0 and « = L,, an expression of AV},

is obtained as:

AVP = Vi 4+ Vigp — As

q 2(Vi + Va/p — As) (2.44)
+ A5 =N, |1 — 1+
’ Es ! \/ /\32£Nd

€s

2.5 Impact of the Source/Drain doping

Self-consistent DD and Poisson simulations are carried out for two different
source/drain doping concentrations, N, using the same simulation framework
and same template structure as in section 2.3.The DIBL and SS obtained
are reported in Figure 2.12. It can be seen that higher value of the doping

concentration slightly reduced the difference between the two. It means that
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using the conventional boundary conditions result in more erroneous results

as the source/drain doping is reduced.
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Figure 2.12: Variation of DIBL and SS with channel length with different Ny

It can be explained as an increse in the effective channel length of the MOS-
FETs since at conditions of low doping levels and depletion in source/drain
regions, the channel-source/drain boundary shifts from the ideal case of de-
generate doping in the source/drain. And the increased effective channel
length leads to improved short channel effects. This can be very relevant for
SCE calculations for some II1-V devices where it’s difficult to highly dope the
source/drain regions due to limited thermal budget, as mentioned previously

in section 1.2.3

Further, using the model derived in the previous section, AV}; was calcu-
lated for different channel materials (different dielectric constants and band
gaps) as a function of source/drain doping concentrations. The results are
plotted in Figure 2.13.

It can be seen that the AVj; increases with the N, at the same rate
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Figure 2.13: Variation of AVj; with Ny (m™) for different channel materials

for each material till a doping concentration of around 10?3 m™ and starts
to decrease afterwards, but with different slopes, the steepness of the slopes
being proportional to the bandgaps of the materials. It’s because the Vj,; for

each material can be represented as function of the band gaps as:

kT ( N,N,
‘@@Eﬂz—%n(“f)+Aﬂ7WMm (2.45)
q n;,Si
AE, = Ey,. — E, (2.46)

This, in conjunction with the doping levels, affects the Vip, and hence V]
and Az, and finally AV;.

2.6 Corrected Short Channel Effects

The short channel effects of the same template structure used in section 2.3
have been recalculated using the corrected effective built-in potential, given
by equations (2.40) and (2.44), for the architecture excluding the S/D region.
As shown in Figure 2.14, the results obtained by neglecting the S/D region

but using the built-in potential correction are now perfectly fitting the results
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obtained with the architecture including the S/D.
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Figure 2.14: Comparison of SCEs obtained in the three cases: S/D included with
Vi, S/D excluded with Vi, , and S/D excluded with A\

This demonstrates that the overestimation of the short channel effects,
caused by neglecting the voltage drop resulting from the depletion layer in
the source and drain, can be simply corrected by using the effective built-in
potential formula obtained in (2.40) and (2.44). This also allows to correct

most of the already proposed analytical models of the short channel effects.

2.7 Conclusion

In this chapter, the effect of the inclusion of the source/drain regions of
a MOSFET on the channel potential modeling has been investigated. It has
been found that in the conventional modeling approaches, the exclusion of the
S/D regions leads to an overestimation of the SCEs. It is hence essential to
include the S/D regions for obtaining realistic values of the potential distribu-
tion and the SCEs. This can be achieved by using an already existing model,

but by replacing the built-in potential value by a modified one, proposed in
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this chapter. This approach can be extended to other models and devices (e.g.
TFETS)
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3.1 SCEs in 11I-V MOSFETs

The replacement of silicon as channel material by I1I-V semiconductors

has emerged as a realistic option for the end of the roadmap of CMOS as

discussed in Chapter 1. However, simulations and experimental results have
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shown that ITI-V technologies are subject to enhanced short channel effects,
including larger V; roll-off, larger drain induced barrier lowering and sub-
threshold slope than the silicon devices [51,55-57], which might compromise
their use for the end of the roadmap of CMOS devices [49]. In particular,
references [56] and [51] have shown by numerical simulation and analytical
modeling that the subthreshold slopes of Ge and III-V MOSFET were larger
than in Si, and [57] has demonstrated that Ing;GagsAs Quantum Well FETSs

present poor scalability for the same reason.

In addition to the increased SCEs, it has been shown by the means of
simulation that quantum confinement in III-V channel is enhanced [58,59].
Indeed, due to the smaller effective masses and hence the smaller density of
states (DOS) of these semiconductors, a larger degradation of the gate cou-
pling with the channel is expected with respect to silicon channel [60]. This
effect is shown to result in an increased electrical Equivalent Oxide Thickness
(EOT) with respect to the physical oxide thickness, phenomenon also called
dark space [58,59,61]. The concept of dark space has been explained in sec-
tion 3.2.1

Recently published results |62, 63] have stated that the quantum effects
could impact the short channel effects in the subthreshold regime. However,
these results are questionable as the approach used in these works consists
in comparing a classical simulator, an analytical model based on Poisson-
Schrodinger fitting and quantum corrected TCAD simulation. These different
codes are known to show some significant divergences and should be carried
out with care, as done in [64] for different quantum confinement codes or

in [65] for different codes of transport in nanoscale nMOSFET.

Moreover, SCEs have been shown to have a detrimental impact on inverter
performances in the strong inversion regime. Indeed, it has been shown in [66,
67] that the SCEs in strong inversion regime, and especially the non saturation
of the drain current caused by the Drain Induced Barrier Lowering (DIBL)
could severely degrade the delay and propagation time of inverter and ring

oscillator. Therefore, a comprehensive evaluation of the impact of SCEs in III-
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Vs should not be limited to the subthreshold regime only, as carried out in [49,
51,56,57,68], but should also include strong inversion. In this regime however,
the impact of quantization on the inversion charge is no longer negligible,
which raises the question of role of quantum effect on the DIBL in strong

inversion.
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Figure 3.1: SCEs in Ge and Si as reported by Batail et al. [68]

Two questions hence still remain open:

e Do quantum effects impact the short channel effects in the subthreshold

regime?
e Do quantum effects impact the DIBL in the strong inversion regime?

Therefore, SCEs in subthreshold regime will be investigated in section 3.2
of this chapter, with and without including quantum effects. Impact of mate-
rial parameters is explored in section 3.3. Finally, section 3.4 will then present

the role quantum effects on the DIBL in strong inversion regime.
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Figure 3.4: Evolution of the Effective Current, I.s; under impact of the following
effects (all in a cumulative manner): increase in mobility 1.7X, increase in
saturation velocity 1.5X (this point corresponds to strained Silicon), further
increase in mobility up to 8X, further increase in saturation velocity up to 3X (this
point corresponds to an ideal III-V channel), degradation in inversion density due
to larger Dark Space(DS) , degradation in DIBL due to DS, degradation in SS due
to DS, degradation in DIBL due to larger ¢, degradation in SS due to £ (this
points corresponds to a realistic III-V channel). [49]

3.2 Quantum Effects and SCEs in Subthreshold

Regime

3.2.1 Concept of Dark Space

When quantum confinement in the channel is taken into account, lesser
inversion charge is obtained at the same gate overdrive and this effect can be
modeled as an artificial increase of the Equivalent Oxide Thickness (EOT) of
the gate dielectric. This incremental EOT is called the “dark space” thickness,
DS [58].

It is well known that as a result of quantization of the inversion layer in
a MOSFET, electron density is found to vanish at the channel/gate oxide
interface while reaching the maximum value at some distance into the semi-
conductor, away from the interface [69], in contrast to the classical case where
the maximum electron density is expected at the interface. Figure 3.5 shows
this phenomenon. There is lesser coupling of the gate voltage with the inver-
sion charge. It is especially important in modern nanometric MOS devices

where the oxide thickness is very small and is comparable to the extent of
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inversion layer penetration into the channel [70].

Classical

Figure 3.5: Electronic charge density obtained using classical and quantum
calculations for an inversion layer

The dark space is proportional to the distance of the inversion charge
centroid from the channel /gateoxide interface. The inversion charge centroid,

Ziny can be expressed as [70] [58]:

/ 2Piny(2) dz
Zinv = 0 0 (31)
/ Pinv(2) dz
0

On changing the effective mass of the channel material, the charge centroid

shifts and hence the dark space is altered. The impact of this phenomenon

on different channel materials is discussed in the next subsections.
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3.2.2 Simulation Methodology

To investigate the potential effect of quantum confinement on short channel
effects, several previous works have compared the results obtained using clas-
sical simulator with results obtained with an analytical model and quantum
corrected TCAD simulator [62,63]. However, as mentioned in the preceding

section, this simple approach is not reliable.

Therefore, to avoid the above mentioned issue of inconsistencies across dif-
ferent simulators, the results presented in this section have been obtained using
the same tool, i.e. the NanoMOS [71,72] simulator suite, which self consis-
tently solves the Poisson-Schrodinger (PS) equations, along the channel, with
different transport models. Indeed, although NanoMOS being better known
for its Non Equilibrium Green Function (NEGF) transport model, it also in-
cludes a Ballistic Transport Model (BTM) model and a Drift Diffusion (DD)
model, which are all self consistently solved with the PS equations [71]. The
NEGF model in NanoMOS is a ballistic transport model (called the Quantum
Ballistic Transport Model, QBTM) which accounts for all source-drain tunnel-
ing components, and in particular the subthreshold source-to-drain tunneling,
which has been shown to be significant for ultra short channel (< 15 nm) ITI-V
nMOSFETs [50,73]. There is another transport model (called the Classical
Ballistic Transport Model, CLBTM) which, although takes into account the
quantum confinement in the vertical direction, neglects the source-drain tun-
neling component of the drain current. The DD model available in NanoMOS
differs from conventional drift diffusion model as the charge is rigorously cal-
culated using a Poisson-Schrodinger solver. As an example, the simulation
scheme for the full quantum ballistic transport calculation in NanoMOS is
shown in Figure 3.6. The schematic of the device structure simulated in
NanoMOS is shown in Figure 3.7.

To study the impact of quantum effect on subthreshold SCEs, NanoMOS
simulations have been performed while changing the effective masses, in order

to artificially modify the strength of quantization by:

e increasing the subband splitting through the decrease of the confinement

effective mass,
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Parameter Value
tse 5 nm
tox 1 nm

LS/D 10 nm
NS/D 5x10" cm™
NChannel 1010 cm™
Eox 3.9

Table 3.1: Template MOSFET device parameters used in the NanoMOS
simulations

e reducing the DOS in the conduction band through the decrease of the

density of state effective mass [74], and
e dark space variation

These effects will therefore highlight any dependency of SCEs with quan-
tum confinement and especially of the dark space [58,59,61].

3.2.3 Simulation Results

The devices considered in this section are template double gate MOSFETSs
with a 5 nm film thickness, 1 nm EOT and 10 nm source/drain length. The
device parameters are listed in Table 3.1. To avoid any confusion with the
increase of subthreshold slope due to the SCEs, source-to-drain tunneling has
been ignored by using the Drift-Diffusion model for carrier transport. Three
gate lengths (L,) have been considered: 10, 15 and 20 nm and, as explained,
the density of state effective mass of the channel material has been varied
from 0.05mqy to 1mgy. The carrier mobilites have been kept fixed as in the
template MOSFET with Si channel during the simulations as it is not a fac-
tor in studying the relative subthreshold performance of the device and we are
not concerned with exact values of drain currents in the simulated devices.
For the same reasons, channel/gate oxide interface states are also neglected.
The obtained DIBL and subthreshold slope are shown in Figure 3.8.

Contrary to [62,63], who argued that quantization does affect the SCEs in
subthreshold regime, the results obtained here with NanoMOS do not show
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Figure 3.8: Drain induced barrier lowering and subthreshold slope as a function
of the density of state effective mass, obtained with NanoMOS using the
drift-diffusion model, for three different gate lengths (L, = 10, 15 and 20 nm) of
double gate MOSFET featuring a channel thickness of 5 nm and an EOT of 1 nm.

any modification of the DIBL or the subthreshold slope when the density of
states effective mass is changed. These results have also been obtained when
considering different values of the confinement effective mass, which mainly
influence the value of the long channel threshold voltage, but do not modify
the subthreshold slope or the DIBL. Therefore, neither the subband splitting
induced by the reduction of the confinement effective mass, nor the increase of
dark space induced by reduced DOS effective mass modifies the SCEs. In the
weak inversion regime, the channel potential is hence still mostly controlled

by geometry, the built-in potentials and the depletion charges.

3.3 Impact of Material Parameters

Classical simulation can therefore correctly capture the SCEs. To illus-
trate further the impact of the channel material parameters on the short
channel effects, the double gate devices have been simulated with varying en-

ergy bandgaps and varying dielectric constants, by self-consistently computing
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the Poisson and Drift-Diffusion equations using FlexPDE. These double gate
devices feature a film thickness (¢,.) of 5 nm and an EOT of 1 nm. The same

three gate lengths (10, 15 and 20 nm) have been simulated.

The DIBL and subthreshold slope have been firstly extracted for varying
values of bandgap, as the channel potential profile depends on the built-in
potential between the source/drain and channel pn junctions, and hence on
E, [75,76]. These results are shown in Figure 3.9 and compared with the
results obtained from the analytical model presented in [51]. It can be seen
from Figure 3.9 that the subthreshold slope of the double gate device is in-
dependent of the bandgap value of the semiconductor. Results obtained by
simulation and the model have been found to be in agreement, without fit-
ting procedures. DIBL however seems to be a weak function of the bandgap,
mostly in devices featuring large SCEs (e.g. L, = 10 nm and ¢, = 5 nm).
The discrepancy between the model and the simulations becomes larger for
values of L,/t,. smaller than 2, which correspond to the limit of validity of
the model [51].

Similar simulations have been performed for varying dielectric constants of
the channel material. The DIBL and subthreshold slope obtained from these
simulations are plotted in Figure 3.10, which shows, as expected that DIBL
and subthreshold slope are much stronger functions of the dielectric constant
[51] than of the bandgap. Both DIBL and subthreshold slope significantly
increase when the dielectric constant ey, goes from 12e5(~ eg;) to 17gg(~
€rmsp)- These results are also in agreement with the model proposed in [51] and
the simulation results. It confirms that the main cause of short channel effect

increase in III-V technologies is related to their larger dielectric constants.

3.4 DIBL in Strong Inversion Regime

3.4.1 Effective current and DIBL

Conventionally, in the expression for gate delay C'V/1, the current is taken
to be the on-current, I,, = Ip(V, = V4 = Vpp). However, the current

never reaches [, during the switching process, and it has been argued that
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it is necessary to take into account the linear characteristics of the device in
addition to the saturation current for circuit speed calculations [77]. It has
been shown [78| that using an “effective on current”, I.¢; instead of I, leads

to more accurate estimation of CMOS inverter delays. I is given by:

[eff = (IL + IH) /2 where (32)
IL = Id(‘/g = VDD/27 ‘/;l = VDD) and (33)
Iy =1,V =Vpp,Vi=Vbp/2) (3.4)

Even at the same I,, and I,f¢, a technology with higher DIBL will result

Same I,

Id 1 i —— _’-;OVDD

el

I, w. DIBL
<I.,w/o DIBL

Vbp/2 Voo V,

Figure 3.11: Impact of the DIBL on effective current: Technology with higher
DIBL (red dotted line) will have lesser I.f¢ than that with lower DIBL (blue
dotted line)

(Taken from [49])

in lesser I.r; [49]. Figure 3.11 explains this graphically using the switching
trajectories for two devices having different DIBLs. DIBL and the switching
frequency (f = I.s¢/CV') can be roughly related as [49]:

Af Al 2ADIBL
f [eff VDD - ‘/t

(3.5)

It implies that a higher DIBL translates to lower /.;; and hence lower switch-

ing frequency.
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3.4.2 Dark space and DIBL in strong inversion

The previous section has confirmed that the confined minority carriers
could be neglected when solving the Poisson equation in subthreshold regime.
However, in the inversion regime, the inversion charge has to be taken into
account in the Poisson’s equation, and hence quantum effects should be in-
cluded. Besides, the DIBL is also known to be a function of the oxide thick-
ness. In subthreshold condition and using the Voltage-Doping Transformation
model |75, 76|, the DIBL can be simply reduced to:

4 Na/ ScC Ssc
DIBL = t,, VA4 aEscOs ¢ (3.6)

6O£U qNaLg

where N, is the channel doping concentration, 2¢; the surface potential at
threshold, ¢ the elementary charge, ¢,. and ¢,, the silicon and oxide dielectric
constant, L, the gate length, and ¢,, the EOT. The DIBL may hence be im-

pacted by the dark space, which increases the effective t,, in strong inversion.

Next, subsection 3.4.3 will first present a definition and an extraction
method for the DIBL in the strong inversion regime. Then, subsection subsec-
tion 3.4.4 will use this definition and extraction method to study the impact

of quantization on the DIBL in strong inversion.

3.4.3 Definition and extraction method of the DIBL in

strong inversion regime

Figure 3.12 shows how DIBL affects the I; — V; curves in the saturation
regime differently for a long and a short channel MOSFET. The conventional
definition of DIBL is based on the threshold voltage shift induced by a drain

voltage, as:

VPIBL(V)) =V, — AV, (3.7)

where V; is the drain voltage, V; the threshold voltage at low Vj, V;D IBL

the shifted threshold voltage and A, the DIBL. In the subthreshold regime, A

is extracted by calculating the gate voltage shift at a constant drain current
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Figure 3.12: Schematic plot of the I; — V; characteristic for a long and a short
channel MOSFET, showing the impact of DIBL on the saturation regime.

of I4-V, curves obtained for two drain voltages. This extraction procedure
is no longer relevant in strong inversion regime. One way to generalize the
extraction of DIBL to all regimes is to use the approach presented in |79, 80|,
which extends the conventional definition of the DIBL given by equation (3.7).
This extraction method is based on the parasitic increase of the drain current

related to the drain voltage variation.

As shown in Figure 3.13, the increase of current 6/, resulting from the
increase of drain voltage 0V} is equal to the product of the transconductance
01,4/6V, and the shift in gate voltage AdV;. Hence, A can be defined as:

. (SId (5Id . ﬂ

- ¢ J L _ 3.8
i/ V. gm (3:8)

where g4 is the conductance and g,,, the transconductance. Equation (3.8)
hence enables an extraction of the DIBL, not only in subthreshold regime, but
in all regimes, either from measurements or simulations results. Moreover, it
is easy to show that the calculated value in subthreshold regime coincides with

the value of the conventional DIBL.
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Figure 3.13: Scheme of the impact of DIBL on the subthreshold I — V
characteristics of an nMOSFET, illustrating the relation between the
transconductance, the drain current current increased due to DIBL, and the
corresponding gate voltage shift.
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Figure 3.14: Generalized DIBL parameter A as a function of the gate voltage, for
three drain voltages (above the saturation voltage), obtained by classical drift
diffusion simulation of asymmetrical double gate MOSFET featuring a gate length
of 20 nm, a film thickness of 5 nm and an EOT of 0.7 nm.
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Figure 3.14 shows such extraction of g4/ g, as a function of the gate voltage,
for different drain current (higher than the saturation current) obtained from
simulation of a double gate MOSFET using the Drift Diffusion transport
model, featuring an EOT of 0.7 nm, a 5 nm thick silicon channel and a gate
length of 20 nm. It can be seen that the extracted DIBL from g4/¢,, is
indeed constant in the subthreshold regime but that its value increases in the
strong inversion regime. In addition, a increase of g4/¢,, for increasing value
of V (higher than the saturation drain voltage) is also obtained from the drift

diffusion simulation.

3.4.4 Impact of quantum effects and dark space on the

DIBL in inversion

Equation (3.6) shows, with a simple model, that the subthreshold DIBL is
a linear function of the oxide thickness. However, in strong inversion regime
and in presence of quantum confinement, the equivalent oxide thickness is
increased with respect to the physical oxide thickness t,., by a value called
the dark space [58,59,61], which is induced by the displacement of the charge
centroid away from the insulator/semiconductor interface [58| and by the re-
duction of the density of state due to the presence of subband level [60]. This
dark space is generally in the order of 3 A in Si, but larger in the case of I1I-V
semiconductors, as obtained by quantum simulation in [58,59]. Therefore,

quantum effects may have an impact on DIBL in the strong inversion regime.

To clarify that point, two sets of simulation have been performed. The
first set of simulations have been carried out using quantum corrected Drift
Diffusion simulations in FlexPDE, while the second set have been carried out
with the NanoMOS suite with the Drift Diffusion model. In the quantum cor-
rected numerical simulations, the Hansch model [81] has been implemented
as a first order quantum correction, in order to mimic the displacement of the
charge centroid. Although not being able to fully capture the carrier quan-
tum degeneracy as well as Poisson-Schrédinger calculation, the Hansch model
manages to introduce an apparent additional oxide thickness in strong inver-

sion as in the quantum case. In addition, the dark space obtained with the
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Hansch model can be easily tuned, by simply changing the value of Hansch’s
length [81] in:

n () = no(x) [1 —exp (—;—H)] [1 —eap (—tS"L; 5’“")] (3.9)

where ny(x) is the corrected charge profile, ng(x) the classical profile, tg;

the semiconductor film thickness and Ly, the Hansch’s length. On the con-
trary, the NanoMOS simulator rigorously accounts for quantum degeneracy,
but the value of dark space can only be indirectly tuned through the variation

of the density of state effective mass.

Therefore, at first, quantum corrected drift diffusion simulation of an FD-
SOI MOSFET has been performed with different Ly to extract A using equa-
tion (3.8). Figure 3.15 shows the corresponding extracted DIBL, A as a func-
tion of the gate voltage, for three different Hansch’s length (Ly = 1, 2 and
4 nm). It can be seen that in subthreshold regime, A is unchanged, as the
total charge is fixed by the geometry, the depletion charge. In strong inver-
sion regime, on the contrary, Ly increases the value of A\, thus indicating that
the DIBL is a function of the dark space, which depends, in this model, on
Hansch’s length.

To investigate further this effect with a more accurate treatment of quan-
tum confinement and transport, the NanoMOS simulation suit has then been
used to compute A in double gate MOSFETSs, featuring 10 nm gate length,
5 nm film thickness and 0.7 nm EOT. In this case also, the density of state
effective mass has been varied to change the strength of the quantum confine-
ment. The drift diffusion transport model coupled with Poisson-Schrodinger
solution of the charge has been used with a constant mobility, in order to
avoid the impact of the effective mass on carrier transport, normally included
in the two other transport model [71]. Two effective masses have then been
used (0.1mg and 1my) to artificially emulate two different dark spaces in these
devices. These different dark spaces consequently lead to the I; — V, charac-
teristics shown in Figure 3.16, which present a more degraded coupling in the

case of the 0.1mg simulation than in the case of the 1mg one.
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Figure 3.15: Generalized DIBL parameter A as a function of the gate voltage, for

three Hansch’s lengths, obtained by quantum corrected drift diffusion simulation of

FDSOI MOSFET, featuring a gate length of 20 nm, a film thickness of 10 nm and
an EOT of 0.7 nm and a buried oxide thickness of 50 nm.

As no absolute extraction of the dark space is possible with the NanoMOS
suite, the impact of varying dark space is evidenced by plotting the ratio
of the drain current for my = 0.1mg to the drain current for my = 1.0my
(140.1mg/ Laimo)- This ratio, plotted in Figure 3.17, hence corresponds to the
dark space increase of my = 0.1mg with respect to the dark space for my =

1m0.

The A obtained with myg = 0.1mg and my = 1mg have been calculated
using the resulting I,;(V}, Vy) characteristics and equation (3.7). The same
trend as in Figure 3.15 has been obtained, i.e. A has been found to be larger
for mg = 0.1mg than for my = 1mg, confirming that the larger dark space

induced larger A in the inversion regime.

As ) is expected to be proportional to t,,, while the drain current I; in the

linear regime is inversely proportional to t,,, the ratio Aj.gm,/MNo.1m, as been
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Figure 3.16: I; — V, characteristics at V3 = 10 mV, obtained with NanoMOS
using the Drift Diffusion transport model, for two density of state effective masses
inducing two different dark spaces.
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plotted in Figure 3.17 and compared to the ratio Iy 1my/la1.0me- It can be seen
that A1 omg/A0.1mg follows the trend of I4g.1mg/La1.0mg, thus confirming that \ is
increased in presence of quantization in the same extent than the drain current
degradation due to quantum confinement and increased dark space. This
result therefore shows that a part of the DIBL in the strong inversion regime,
defined by A, is due to the presence dark space and quantum confinement and
that the larger dark spaces obtained in the case of III-V MOSFETs [58, 60]
may cause further enhancement of the DIBL in the strong inversion regime

compared to silicon devices.

3.5 Impact of the architecture on the SCEs

The different architectures of I1I-V. MOSFETs have been discussed in
Chapter 1. The impact of different architectures on SCEs needs to be evalu-

ated to determine their worthiness.

3.5.1 Impact of barrier layers: QWFET Vs thin films

As discussed in the introduction section, III-V heterostructure devices, also
called Quantum Well FETs have attracted a lot of attention(for example [82]).
All the proposed QWFET architectures include I1I-V barrier layers (generally
InP) on top of the channel (often In,Ga, As). The wide band gap barrier
layers are required for carrier confinement in the lower band gap quantum
well, to limit mobility degradation due to interface defects [83,84] and also for
reducing junction leakage and off-state leakage currents. In this section the

impact of the barrier layer above the channel is explored.

A simplified structure of such category of mulitlayered MOSFET struc-
tures is illustrated in Figure 3.18. This section examines the impact of this
barrier layer on the SCEs of I1I-V QWFETs.

Self-consistent solution of the Poisson and Drift-Diffusion equation have
hence been carried out using FlexPDE for an asymmetrical double gate de-
vice (grounded back gate), featuring a 5 nm thick Ing;Gag3As channel and

an InP barrier layer. At first, it has been checked that if the barrier layer is
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Figure 3.18: Simplified scheme of a heterostructure Quantum Well FET.

thin enough with respect to the channel thickness, no charge was transferred
from the channel to the barrier under reasonable bias conditions. Hence, the

barrier layer could be simply considered as an additional dielectric layer.

To illustrate the impact of this layer, the DIBL has been reported as a
function of the dielectric constant of the barrier material in Figure 3.19(a),
for two gate lengths (15 and 20 nm) and for two barrier thicknesses (5 and 2
nm). It can be seen that, as expected, the DIBL is increased in the presence of
a barrier layer and that thinner barrier layer would lead to weaker DIBL. For
larger dielectric constant and thinner barrier layer, the DIBL is reduced and
the equivalent oxide thickness of the barrier stack is essentially independent

of the barrier layer thickness.

However, the previous results have been obtained by applying Neumann
boundary conditions to the barrier layer, as in the case of conventional di-
electric layer. In fact, the potential on the left and right side of the barrier
layer is set by the source and drain voltage, and the S/D boundary condition
should rather be of Dirichlet type. The difference between these two types of
boundary condition is reported in Figure 3.19(b), which also plots the DIBL

as a function of barrier dielectric constant (Ty,,— 2 nm).
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Figure 3.19: DIBL as a function of the barrier layer dielectric constant. (a) For
different barrier thicknesses, using Neumann boundary condition. (b) for Dirichlet
- correct (solid) boundary conditions and for Neumann - incorrect (open)

It can be seen that the DIBL is increased by when Dirichlet boundary
condition are used, which means that SCEs are degraded when the barrier
layer is in contact with the source and drain. In addition, an increase of
barrier dielectric constant slightly increases DIBL, which shows that the drain
voltage and the channel potential are in fact coupled by the barrier layer, hence
acting as a fringing capacitor. Therefore, the barrier layer of the QWFET
architecture not only increases DIBL by increasing the EOT, but also due to

fringing capacitance.
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4.1 Leakages in Nanoscale MOSFETs

Maintaing a high I, /1, ratio is essential while miniaturising transistors.
Different leakage mechanisms contribute to the off current in a MOSFET

which can be categorized as follows

e Source to Drain Leakage: It consists of the off state currents along

the lateral direction along the channel:

— Thermionic Current: Electrons in the source side with thermal
energy greater than the potential barrier can escape into drain re-
gion.

— Subthreshold Leakage: It is the diffusion current in the channel

due to minority carriers when the applied gate voltage is less than
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the threshold voltage, V, < V4, increasing exponentially with V. It
is enhanced by the drain induced barrier lowering effect (DIBL) as

the drain voltage is increased.

BTBT (Band to Band Tunneling): It is caused due to the
electrons tunneling from the valence band to the conduction band

(or vice versa).

SDT (Source to Drain Tunneling): It is the direct tunneling
of the conduction band electrons in the source to the drain through
the channel potential barrier. This has been discussed in detail in

the next section.

GIDL (Gate Induced Drain Leakage): It occurs when the gate
is biased at zero or negative voltage and drain bias, V) is high cre-
ating a high-field p* —n* junction at the gate/drain overlap region
and electrons can tunnel across it through mechanisms of band to
band tunneling and trap assisted tunneling, leading to increased

drain current and its impact can be seens as observed the upward
bending of I; — V, curves below threshold [85] [86].

Figure 4.1 shows the dominant leakage currents in the source-drain di-
rection in a MOSFET that contribute to the net off state current.

e Gate leakage: It consists of leakage currents in the gate-to-channel

direction.

— Fowler-Nordheim Tunneling: Tunneling of electrons from the

channel into the gate oxide layer through a triangular barrier

— Direct Tunneling: It takes place in very thin oxide layers (when

Loy 18 less than 3-4 nm) and the electrons tunnel directly into the

gate region through the forbidden energy gap of the oxide layer.

— Hot carrier Injection: If the electric field at channel /gate oxide

layer interface is too high, electrons can gain enough energy to cross

above the potential barrier from substrate to gate insulator [87].

Figure 4.2 shows the first two types of gate tunneling mechanisms.
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In the previous chapters, where the goal was to focus mainly on the elec-
trostatics and quantum confinement effects in the perpendicular direction to
the channel, source-to-drain leakage currents were ignored. But since in short
channel devices source drain leakage plays an important role by tunneling
mechanisms, it is important to evaluate its impact on the short channel ef-
fects and explore if source-to-drain tunneling can set the scaling limit for Si
and ACM devices. In this chapter the impact of the source-to-drain tunneling

is studied, without taking into account any gate leakages.

4.2 Source to Drain Tunneling

As the MOSFET gate lengths get smaller with each new technology gen-
eration, due to increased proximity of the source and drain regions, quantum
mechanical tunneling of carriers from source to the drain starts to play a
significant role in the off state leakage and is a possible determinant of the ul-
timate transistor scaling limits [88] [89]. This source drain tunneling through
the channel barrier can be a lot more detrimental in MOSFETs with alter-
native channel materials like II1I-V compounds as they have smaller effective

masses, leading to higher off currents and poor switching characteristics.

4.2.1 The WKB approximation

The Wentzel-Kramers-Brillouin (WKB) approximation is a way to find an
approximate solution to the time independent Schrédinger equation [90]. The
tunneling through a barrier can be described using the tunneling probability

or transparency obtained using the WKB method as given by:

T(E,) = exp (? /12 V2 (Byarpier (1) — Ey) dﬂﬂ) (4.1)

1

where m* is the effective mass of the electron, Epsprier(2) is the channel
potential energy barrier between source and drain, F, is the electron energy
with Epgrrier(2) > E, in the tunnel region as shown in Figure 4.3. 27 and x5

are the classical turning points ( Epgrrier () = Ep at © = xq, 29 ).
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From first order perspectives, it can be readily predicted from (4.1) that
a lighter effective mass corresponds to a higher value of the transparency and

hence increased source-drain tunneling.

E

barrier

Figure 4.3: WKB Approximation

4.2.2 Effective barrier size modulation

As the gate length is reduced, the effective barrier width reduces and hence
the source drain tunneling current increases. As shown in Figure 4.4 the effec-
tive barrier width is found to reduce with increased channel thicknesses. So
thicker devices have increased tunneling. So this puts further constraint on

the t,. requirement to be made thinner, than simply worsened electrostatics.

Also, this narrowing of the channel barrier is also dependant on the applied
drain bias. Higher drain voltage causes more thinning of the barrier along with
its lowering (DIBL) as the conduction band is pulled down with increased
drain voltage is pulled down as depicted in Figure 4.5 for an InSh device with
10 nm long gate and 2 nm thick channel. As a result the SD tunneling is

expected to increase because of this two fold effect of DIBL.
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4.3 Source Drain Tunneling and ACM

Simulations have been performed for different channel materials by varying
their effective masses and dielectric constants, once including and then exclud-
ing source-to-drain quantum tunneling by using different transport models in
NanoMOS, while keeping other parameters the same. In the following simu-
lations, the devices considered are double gate MOSFETs as in the previous
chapters. In [89] it was shown that S/D tunneling is negligible in devices
with channel lengths greater than 10 nm for a Si device. In this study it is
intended to find if the same holds true for alternative channel material MOS-
FETs. Ballistic transport has been assumed in the devices using the NEGF
approach.
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Figure 4.6: The narrowing of the potential barrier for two different materials:
GaAs (red), InSb (blue) at two different channel thickness: 2 nm (closed symbols),
4 nm (open symbols)

The narrowing of the potential barrier for different materials is shown in
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Figure 4.6. It is seen that the narrowing of the barrier is more for channel
materials with lighter masses. Hence the SD tunneling is expected to be more

in case of I1I-V devices.

In the simulations carried out in this section, the first ballistic transport
model includes quantum confinement in the vertical direction by solving the
one dimensional Schréodinger equation. And the carrier transport in each re-
sulting subbands is then calculated using thermionic component only while
ignoring any tunneling [71]|. In the second ballistic transport model, the car-
rier transport is evaluated in each of the subbands by solving another set of
one dimensional Schrédinger equation in the channel direction using the non-
equilibrium Green’s function (NEGF). In the latter model, the source-to-drain

tunneling is accounted for.

The following channel materials were considered: Si, GaAs, InGaAs, InAs
and InSb. Simulations are carried out for three channel thicknesses of 2, 3
and 4 nm and different channel lengths, ranging from 7 nm to 40 nm. The
expected increased BTBT in these low bandgap devices can be compensated
by using optimized architectures and the use of thin channels where quantum
confinement leads to widening of the band gaps [91], and have been neglected
in the following simulations for simplicity. The channel-source/drain junctions

are considered abrupt as in previous chapters of this thesis.

Subthreshold slope variation in MOSFETs with different channel materials
has been plotted in Figure 4.7 without considering source-to-drain tunneling,
and in Figure 4.8, including source-to-drain tunneling. As already described in
chapter 3, when S/D tunneling is ignored, the vertical quantum confinement
alone does not alter the subthreshold slope and hence curves in Figure 4.7
are seen to huddle together. On the contrary, when S/D tunneling is taken
into account, it is seen that the subthreshold slopes degrade rapidly with
decreasing effective mass and increasing dielectric constant as we go from a

silicon device to an InSb device.

It can also be seen that the subthreshold slopes of GaAs and InGaAs based
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Figure 4.7: Subthreshold slope variation in MOSFETs with different channel
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Figure 4.9: Subthreshold slope variation with channel thickness in MOSFETs
with different channel materials, with and without considering source to drain
tunneling (L, = 10 nm)

MOSFETs deviate from the Si values at gate lengths around 15 and 20 nm re-
spectively, while for other channel materials with lighter effective masses this
length is well above 20 nm. So while SD tunneling is not a critical factor for Si
devices for gate lengths larger than 10 nm, as has been reported in published
literature, for example [89], it can cripple device operation at fairly large gate

lengths if the channel material is changed to be Ge or a III-V material.

Figure 4.9 shows the variation of subthreshold slope with the channel thick-
ness for devices with 10 nm gate lengths for the five different materials. It is
seen that even with extreme geometries like £,,=2 nm and L,=10 nm which
guarantee a good electrostatic control by the gate, SD tunneling is very dam-
aging and leads to rapid degradation of the subthreshold slope in alternative

channel materials.
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4.4 Quantum Confinement and SDT

Confinement effective masses depend on crystal orientation as well as the
thickness of the MOSFET channel. In the previous analyses, the effective
masses used were that of the bulk semiconductors. However, it is known
that an increase in the transport effective mass in thin semiconductor films is
found compared to bulk material and this effect is observed more as channel
thickness (,.) is scaled thinner and thinner. Using a tight binding approach,
Liu et. al [92] have shown that in Si, although not much significant, this
increase has been found to be around 10% for a 3 nm thick channel, causing
my to rise to 0.22mg from 0.19mq . Figure 4.10 shows the variation of the

transport effective mass, m; with the silicon channel thickness.
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Figure 4.10: Variation of the transverse effective mass m; with the Si body
thickness [92]

In III-V materials this effect is much more pronounced due to the strong
non-parabolicity of the I' valley [73,93-95|. For example, it has been demon-
strated in [93], the effective mass model with parabolic bandstructure utilising
the bulk effective mass is not valid in cases of strong quantum confinement,

and full band calculations reported significant increase of the effective mass
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Figure 4.11: Confinement effective mass of electrons in the I" valley as a function
of the channel thickness for GaAs and InAs double gate MOSFETs [93]

with channel thickness scaling. The increase in the confinement effective mass
in the I valley of GaAs and InAs as a function of the body thickness is plotted
in Figure 4.11 (taken from [93]). Table 4.1 displays the efffective masses in

bulk and in a semiconductor body with 3 nm thickness.

While increased effective masses of electrons can reduce the injection ve-
locity and hence the on current, it can also help reduce the leakage current
by reducing the tunneling transparency. Its impact on the SD tunneling leak-
age was hence studied to assess how this increase in the effective mass affects
scalability in terms of the gate length. For this, a critical length is proposed
to quantify the impact of tunneling. The critical gate length, L..;; has been
defined as the gate length at which the subthreshold slope worsens by 2% due

to source-to-drain tunneling.

Further simulations were carried out with the increased masses listed in

Table 4.1, with GaAs and InAs devices as examples for demonstration. When
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Si | GaAs | InAs
Bulk Effective Mass, my guik 0.2 | 0.067 | 0.023
Tight Binding Effective Mass, m;rp | 0.22 | 0.17 | 0.12

Table 4.1: Comparison of the bulk effective mass and the effective mass taking
into account the quantum confinement, calculated using a tight binding approach
for Si [92], GaAs and InAs [93]. tsc =3 nm

Channel Material | Le.;; (nm)
Si 10
GaAs 15.5
InGaAs 20
InAs 26
InSb 32.5

Table 4.2: Criticial gate length (defined as the gate length at which inclusion of
source to drain tunneling degrades the slope by 2%) for different channel materials

higher masses were used, the subthreshold slope improved and it was seen that
the critical gate length where source-to-drain tunneling becomes a limiting

factor decreased allowing comfortable scaling beyond 15 nm.

Channel Material | L. with my, . | Lerie with mbp | % improvement
GaAs 15.5 11 29
InAs 26 12.5 52

Table 4.3: Criticial gate lengths (in nm) calculated with bulk effective mass and
effective mass obtained from Tight Binding bandstructure calculations and the
percentage improvement

The comparison of the critical gate lengths obtained using bulk effective
masses and the effective masses obtained from tight binding calculations avail-
able in existing literature, and the corresponding percentage decrease in the
criticial length have been shown in Table 4.3. The critical gate length, L..;
is found to decrease by 29% for GaAs and by 52% for InAs MOSFETSs, thus
enabling more physical scaling of channel length than that predicted by pre-
vious calculations using bulk effective masses. Figure 4.12 shows the result

graphically.
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Figure 4.12: Critical gate lengths (in nm) calculated with m},,;,. and mi.g

4.5 Conclusions

The impact of source-to-drain tunneling is more severe in [1I-V MOSFETs
than in Si devices. The channels with lower effective mass materials have
worse subthreshold slopes. And this behaviour with different effective masses
is displayed at longer gate lengths in III-V devices than expected in Si devices.
Thus source-to-drain tunneling makes the devices with high mobility mate-
rials like III-V and Ge less scalable than a Si device, causing less aggressive
shrinking of gate lengths along the roadmap beyond the 15-20 nm technol-
ogy nodes. In other words, III-V devices can achieve higher on current and
comparable short channel performance compared to a Si device only when the

channel lengths are larger than the critical lengths.

Finally, when the increase in the effective masses with channel thickness
scaling is taken into account, an improvement in the critical gate lengths is
found, signalling a more optimistic scenario compared to the cases where bulk

effective masses are used in the simulations.
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5.1 Conclusions

In this PhD thesis, the current state of non silicon channel MOS devices
was ascertained through extensive literature survey, and then the short chan-
nel behaviour of these devices was explored via modeling and simulation. We
began by providing a correction to the boundary conditions as applied in con-
ventional potenial modeling schemes in MOSFETs. In the existing modeling
approaches, the voltage drops in source and drain regions are ignored. It was
found that this can lead to huge over-estimation of SCEs. To correct this, a
model for an effective built-in potential was proposed, which when applied to
the conventional models, is able to account for the impact of source and drain

regions on the channel potential and hence the SCEs.

[II-V devices display worse short channel behaviour than their silicon coun-
terparts. The main focus of this dissertation work was on understanding the
origin of the short channel effects (subthreshold slopes and drain induced bar-
rier lowering). It was found that the quantum confinement does not have any
impact on the SCEs, as long as tunneling leakages are neglected in the analy-
sis. The detorioration in SCEs is mainly due to the worsened electrostatics of

the short channel devices. Higher dielectric constants and smaller bandgaps
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are accountable for the SCE degradation. The off-state characteristics of the
devices are not affected by quantum effects, and hence classical simulations

are able to capture them.

However, in the strong inversion regime of the device where the minority
carriers are taken into account, quantum effects have to be considered. The
increased dark space (due to smaller effective mass) in I1I-V devices results in
an increase in the effective oxide thickness, which in turn increases the DIBL
effect in the on-state. This was concluded using both quantum simulations
with DD transport as well as DD simulations with quantum corrected charge

profile using the Hansch model.

Simulations clearly showed that increased dielectric constant leads to an
increase in the DIBL and the subthreshold slope, and that the DIBL is a
weak function of the material’s bandgap. Thus this part of the research work
showed that the SCE degradation is very fundamental to III-V devices and
is ascribed to their higher dielectric constants and smaller effective masses.
Also, the incorporation of barrier layers in QWFET architecture was shown

to cause further degradation of the SCEs.

In the final part of the thesis, the goal was to investigate the impact of the
source-to-drain tunneling on the SCEs in ITI-V devices and predict the critical
gate lengths at which its inclusion leads to significant difference compared to
the case where tunneling is ignored. The impact of the increase of the effec-
tive mass due to carrier confinement in ultra thin films is also studied and it
was concluded that the source-to-drain tunneling causes further degradation
in the SCEs, but when the increased effective masses are used for calculations,
we have more leeway and the scalability is not as bad as predicted when cal-

culations are performed by taking the bulk effective masses instead.

Thus, to take advantage of the excellent transport properties of I11I-V/Ge
materials, it is imperative to control the loss in terms of short channel effects.
Hence device structures that offer tighter gate control, like the triple gate and

gate all around/nanowire MOSFETs are good candidates for the introduction
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of alternative channel materials.

5.2 Future Perspectives

Some suggested future works are as follows:

e The impact of the quantum confinement and material parameters on
the threshold voltage roll-off in III-V devices can be pursued to get a

more complete picture of SCE degradation.

e The on-state performace is impacted by the DIBL deterioration as demon-
strated in this work. Its effect on the transistor delays can be studied
to get some insights into circuit design issues that can come up with
alternative channel material MOSFETs.

e The study can be repeated for I1I-V devices in different multi gate archi-
tectures other than the double gate: e.g. triple gate, {2-gate, nanowire
structures etc and quantify the advantages of better electrostatic control

in such devices.

e While in this thesis the dielectric/channel interface imperfections were
ignored, the inclusion of such non-idealities in the analysis can be done

to see how much do they impact the device performance.

e Finally, comparison of the results of modeling and simulation results

needs to be done with experimentally measured values.
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