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ABSTRACT

In this work, a physically based analytical model for the threshold voltage and
subthreshold swing of non-planar trigate InGaAs quantum well field effect transistor
(QWFET) has been developed. The model is derived from the analytical solution of the
3D Poisson’s equation including the electron concentrations. Based on the subthreshold
electrostatic potential obtained from the solution of the Poisson’s equation, the threshold
voltage and the subthreshold swing are obtained by considering the changes at the top of
the barrier at the leakiest channel path. The results from the proposed model are
compared to the results from numerical simulator (NEGF mode-space solver) for a wide
range of gate length and lateral dimensions of the channel; hence good agreement
between the analytical model and the numerical model is observed. Applying the
developed model, the sensitivities of threshold voltage and subthreshold swing to
channel length, fin height, fin width and donor layer thickness are investigated. The
subthreshold characteristics of the planar single-gate and double-gate QWFET devices
are also modeled; and they are compared to the non-planar trigate QWFET in terms of
performance. The non-planar structure is found to provide better subthreshold swing
and stronger enhancement mode operation than its planar counterpart. Short-channel
effects of the trigate QWFET can be reasonably controlled by reducing either the fin
height or fin width. The aggressively scaled non-planar trigate QWFET proves to be the

better option for short channel operation.
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CHAPTER 1
INTRODUCTION

1.1 Preface

For the last five decades, the semiconductor industry has been characterized by the
improvement trends in terms of integration level, cost, speed, power, compactness and
functionality. Most of these trends are the direct outcome of exponential decrease in the
minimum feature sizes used to fabricate integrated circuits through aggressive scaling
trend. Due to the rapid advancement of the semiconductor device fabrication technology,
devices have approached the deep submicron regime. In order to control the gate leakage
through ultra-scaled gate oxide layer, high- k gate stacks are explored for silicon CMOS
technology. Threshold-voltage tuning and control high- x gate stacks have proven to be
challenging, especially for low-threshold-voltages as the supply voltage continues to go
down. New device architecture such as multiple-gate MOSFETs (e.g., FinFETSs) and
ultra-thin body FD-SOI are being explored to overcome this challenge. To attain
adequate drive current for the highly scaled MOSFETSs, materials with light effective
masses are greatly beneficial in quasi-ballistic operation with enhanced thermal velocity

and injection at the source end.

I11-V materials provide an attractive option for continuing transistor scaling according to
the Moore’s Law because of their high mobility, although growing high quality oxides on
I11-V materials are posing a difficult challenge. High-k metal gate dielectric with low
interface trap density (DIT), low bulk traps and leakage, unpinned Fermi level and low
ohmic contact resistances are major challenges too. I11-V Materials providing high
mobility for both electrons and holes are also being researched. Moreover, the integration
of high-mobility materials in the well developed Silicon CMOS technology is another
important issue. According to International Technology Roadmap for Semiconductors
(ITRS) 2013 Edition, in 2021-2028 the transistor gate length is projected to scale below
10 nm and ultra-thin body multi-gate MOSFETSs with lightly doped channels are expected

to be utilized to effectively scale the device and control short-channel effects [1].



As Si CMOS technology approaches the end of ITRS roadmap, high mobility channel
materials, such as germanium and I11-V materials have been considered as or replacement
for Si channel for CMOS logic applications [2]-[4]. The experimental research focused
on various high-mobility materials as candidates for high-speed low-power nanoscale
devices is extremely vast. Germanium has emerged as a promising material for high
mobility channels, especially for p-MOSFETS [5]-[6]. High mobility compound
semiconductor materials, such as InGaAs, InAlAs, InAs, InSb and GaAs exhibit excellent
transport properties, therefore they have much potential for being used in high-speed and
high-frequency systems [4],[8]. Among these materials, InAs and InGaAs have attracted
much attention recently [9]-[18]. InGaAs is a very promising candidate for future high
electron mobility devices because it allows for a very good tradeoff between the excellent
transport properties of InAs and the low leakage of GaAs [19]-[20].

As the device dimensions are scaled, the gate leakage for Schottky gated HEMT and
QWEFET devices becomes particularly dominant. High-x gate dielectric material is a
solution to solve the problem of high gate leakage current, since the gate leakage current
density corresponding to a given EOT is much smaller for high-k than for conventional
oxy-nitride gate dielectric. The tunneling current through the gate is found to be
significantly reduced with the inclusion of a high-x dielectric below the gate [21].
Integration of high-mobility materials with high-k dielectric has recently emerged as a
leading candidate for next-generation technology on and beyond 16nm node. Al,O3 gate
oxides grown via Atomic Layer Deposition (ALD) is the most promising gate dielectric
for InGaAs devices and this technique is widely used in InGaAs MOSFETSs, FinFETs and
Gate-All-Around nanowire transistors [22]-[29]. In the recents years, the non-planar
device technology has been implemented for InGaAs QWFET devices with undoped
channel [30]-[31]. This device aims to combine the superior gate control of the non-
planar technology with the high electron mobility in modulation doped InGaAs channel
and the reduced gate leakage through Al,O3; gate dielectric. As continuous scaling has
brought Si CMOS technology into its fundamental limits, the non-planar InGaAs
QWEFET is one of the most promising candidates for continuing the historic progress in

semiconductor industry.



1.2  Literature Review

In recent years, a number of research works have focused on prediction of performance
for small dimension QWFET devices in order to guide experimentalists in the process of
scaling the device dimensions [32]-[36]. These simulation based studies demonstrate
nearly ballistic operation in short-gate length devices. Moreover, the non-planar multi-
gate device is found to provide better enhancement mode operation and higher mobility

and drive current than their planar counterpart [32].

Analytical modeling of hetero-junction devices has received considerable attention in
literature as they provide fast computation and physical insights into the device operation.
Models for planar HEMT devices have been developed using a variety of approaches.
Sheet carrier based models [37]-[38] and physics based compact models [39]-[40] of long
channel HEMT devices have shown good consistency with experimental results. Gupta
et. al. have developed several HEMT models taking into account short channel effects
[41]-[42]. Multi-gate HEMT structure models have also been developed [42]-[43].

Analytical models have also been developed for undoped FInFET devices. Three
dimensional analytical models of FInFET structures have been reported in literature [44]-
[46]. The non-planar structure of multi-gate FINFET requires solution of 3D Poisson’s

equation. Such models accurately describe the subthreshold characteristics of the devices.

A considerable amount of experimental works have been focused on QWFET devices.
Experiments have shown that QWFETs demonstrate improved electrostatic
characteristics [12] as well as improved high frequency characteristics [15]. Multi-gate
non-planar QWFET structure allows better enhanced mode operations. Despite large
number of reported experimental works, to the best of our knowledge, analytic modeling
of non-planar QWFET has not been reported in literature yet. This work takes the
modeling techniques used in HEMT and SOI FinFET devices to model the QWFET

device.



1.3 Thesis Objectives

In the recent years, the non-planar structure of QWFET devices has gained attention due
to improved electrostatics and superior performance. Although a large number of
research work have been focused on the analytical modeling of subthreshold
characteristics of undoped non-planar SOI devices, no such model has been reported yet
for the non-planar QWFET devices. Hence this work aims to introduce an analytic model
for the subthreshold characteristics of non-planar trigate InGaAs Quantum Well FET

with Al,O3 gate dielectric. The primary objectives of this thesis are:

e Modeling 3D electrostatics of the non-planar QWFET in the subthreshold and
near-threshold regime

¢ Introducing a threshold voltage model using the potential distribution of the
QWFET

o Developing a subthreshold swing model considering the effective conduction path

e Comparing low dimension non-planar and planar structures in terms of
subthreshold swing, threshold voltage and drain induced barrier lowering

e Analyzing the effects of various devices parameters on the subthreshold

characteristics

1.4  Thesis Organization

Chapter 1 contains an introductory discussion on the recent trends in semiconductor
industry and the background of research on I11-V QWFET devices. It also describes the
motivation behind this work and the objectives of this thesis. The thesis is also outlines in

this chapter.

Chapter 2 provides a description of the structures of QWFET devices used in this work
with illustrations. Chapter 3 describes the analytical approach used in this works to
extract the subthreshold characteristics of a device. The potential distribution of different
types of QWFET structures, i.e. single-gate, double-gate and tri-gate are modeled in this

chapter. Using the modeled potential distribution in Chapter 3, a threshold voltage model



and a subthreshold swing model are developed in Chapter 4. In Chapter 5 the planar and
non-planar structures are compared according to their subthreshold performance. The
threshold voltage, subthreshold swing and drain induced barrier lowering effect is
observed for several structures and comparisons are made. The effect of changing indium
concentration in the InGaAs channel is also discussed. Chapter 6 draws the conclusion to
this work. It provides the summary of the significant results and observations. The scope

of future work is also discussed in this chapter.



CHAPTER 2
DEVICE DESCRIPTION

2.1 Introduction

The device under investigation is a high-mobility 111-V quantum well Field Effect
Transistor (QWFET) with high high-x gate dielectric. This QWFET device has an
undoped InGaAs channel between InAlAs barriers and Al,O3 as gate dielectric. Both the

planar and non-planar varieties of the QWFET structure have been studied in this work.

2.2 Planar QWFET

Two types of planar structures are studied in this work:
)] Single-gate QWFET
i) Symmetric Double Gate QWFET

2.2.1 Single-gate QWFET

The planar single-gate device has an undoped InGaAs quantum well as the channel
region, while the barriers are composed of InAlAs. A 5nm Al,O3 layer is grown by
atomic layer deposition (ALD) to act as the gate dielectric, which helps to reduce the gate
leakage current of the device. An InP layer of 1nm thickness is used as the etch-stopper
layer. The InAlAs layer between the gate dielectric and the channel acts as the upper
barrier. The channel layer is modulation doped via the doping of the upper barrier layer.
The channel carriers are thus spatially separated from the doped region which results in
higher mobility since the channel carriers do not experience any ionized impurity
scattering. The barrier is either uniformly doped or pulse-doped to supply conduction
electrons to the channel. In case of uniform doping, the channel electrons at the channel-
barrier hetero-junction face some scattering due to the ionized impurities at the channel
surface. The pulse-doped structure has an InAlAs spacer layer between the doped layer
and the channel that prevents the impurity scattering at the channel surface. The upper
and lower barriers are made of wide-bandgap InAlAs, confining the electrons in the

quantum well created in the InGaAs region. A cross-section of the planar QWFET with



uniform doping is schematically shown in Figure 2.1(a) while a similar structure with

pulsed doping is shown in Figure 2.1 (b).

Al O, gate dielectric
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Gate
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N i | L, I
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Figure 2.1: InGaAs/InAlAs QWFET with (a) uniform doping and (b) pulsed doping



2.2.2 Symmetric double gate QWFET
The Symmetric Double Gate QWFET has the undoped InGaAs channel layer sandwiched

between two exactly similar layers of InAlAs barriers.

The carriers in the channel layer are controlled by the gate bias applied through the Al,O3
gate dielectric, InP etch stopper and InAlAs barrier. In the device structure shown in
Figure 2.2, the InAlAs barrier is pulse-doped to supply conduction electrons to the

channel.

The study on the QWFET structure is done for both Ings3Gag47As and Ing75Gag 25AS
channels epitaxially grown on an InP substrate. Ings3Gag 47As and Ings2Alg 4sAs layers are
lattice-matched to the InP substrate. However, Ing75Gag2sAs has a different (larger)
lattice constant than the substrate and barrier layers, which gives rise to a biaxial
compressive strain in the Ing75Gag2sAs channel region. Biaxial compressive strain
induced in the Ing7sGag 2sAs channel shrinks the in-plane lattice dimensions to take the
lattice constant of the substrate while the perpendicular lattice dimension grows. Such
biaxial compressive strain alters the band gap and effective mass of electrons of the
INg.75Gag.2sAs QW.

Al O, gate dielectric
Gate | InP etch stopper

1
1
1
1
undoped InAlAs Spacer E -+
i
1
|
1

1
++ I
M : f Drain
Sourcefl InGaAs | undoped InGaAs Channel InGaAs
source | drain
i_____undopedInAlAs Spacer _ !
I_ doped InAlAs layer _E i
____________________________ I
| undoped InAlAs Barrier ! :

Gate

Figure 2.2: Symmetric Double Gate QWFET with pulse-doped InAlAs barrier layers



2.3. Non-planar QWFET

Non-planar, multi-gate QWFET devices are used to achieve stronger gate control over
the InGaAs channel carriers due to higher carrier confinement in the channel.
Consequently, the non-planar device can provide significantly improved electrostatics
even when the transistor gate length is aggressively scaled. Moreover, more

enhancement-mode threshold voltage is obtained by the non-planar structure.

The QWFET described in this section is a trigate structure. Two types of trigate QWFET
structures are studied in this work. The cross sections of a trigate QWFET with gated
InGaAs fin with InAlAs barrier with pulse-doped donor layer is shown in Figure 2.3.
Figure 2.3(a) illustrates the cross section perpendicular to the channel length, while

Figure 2.3(b) shows the cross section along the direction of the channel length.

Similarly Figure 2.4 (a) and (b) shows the cross sections of a trigate structure without the
doped InAlAs top barrier. This alternate structure is reported to be obtained by
simplifying a recessed-gate QWFET structure by removing the thick barriers and doped
layers under the source/drain region, which enables scaling of the source/drain contact
area with small resistance [30]. Good transport characteristics along with subthreshold
characteristics are also reported for this structure. This structure is similar to a FInFET
with gated InGaAs fin on a semi-insulating InAlAs layer. Both the structures shown in

Figure 2.3 and 2.4 are epitaxially grown on an InP substrate.
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Figure 2.3: Cross sections (a) perpendicular to the channel length and (b) along the

direction of channel length of a trigate QWFET with pulse-doped InAlAs barrier layer
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Figure 2.4: Cross sections (a) perpendicular to the channel length and (b) along the

direction of channel length of a trigate QWFET without InAlAs top barrier.
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2.4. Conclusion

This chapter describes several QWFET geometries which are studied in this work. Both
planar and non-planar structures have been described. The following chapter describes
the mathematical modeling of the channel potential of these device geometries. The
threshold voltage model and subthreshold swing model, along with the subthreshold

characteristics of the device structures are described in the subsequent chapters.



CHAPTER 3
ANALYTICAL MODELING OF
SUBTHRESHOLD POTENTIAL

3.1 Introduction

In this chapter, an analytic model of the channel potential in the subthreshold regime is
developed for non-planar InGaAs QWFETs with Al,O; gate dielectric and
InGaAs/InAlAs heterostructure system. The subthreshold potential distributions of the
devices under investigation are obtained from the solution of Poisson’s equation with
proper boundary conditions. At first, the analytical expression of potential distribution for
the single-gate QWFET is derived under subthreshold conditions. Subsequently, the
analysis is extended to double-gate and tri-gate device structures. The potential
distribution of the QWFET channel is used to determine the threshold voltage,

subthreshold slope and drain induced barrier lowering in the next chapter.

3.2 Device Parameter Extraction

InxGa;xAs and In Al As are ternary IlI-V materials. Parameters of ternary IlI-V
materials are conveniently predicted by interpolating the data of corresponding binary
components. Experimentally determined parameters of GaAs, AlAs and InAs are used to
estimate the parameters of In,Ga;.xAs and InyAl;.xAs needed for the simulation

employing the following formula:

Tingaas = XTmas + (1 — x)Tgaas — X(1 — x)Crngaas
Trnaias = XTinas + (1 = X)Tajas — (1 — X)Crnaas

(3.1)
Cincaas and Cjnaias are empirical bowing parameters. Bowing is considered negligible for
lattice constant and effective mass while other parameters ( i.e. band gap) exhibit strong
bowing. Table 3.1 provides the expressions of several material parameters used in the
modeling process.
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Table 3.1: Parameters of InyGa;«As and In,Al; xAs [48], [49]

Parameters In,Ga; xAS In Al As
Lattice constant, ap 6.06x+5.65(1-x) 6.06x+5.66(1-x)
A)

Band gap, Eq (eV) 0.348x+1.426(1-x)-0.477x(1-x) | 0.348x+2.155(1-x)-0.7x(1-x)

Electron Affinity (ev) | 4.9x-4.07(1-x)+0.1908x(1-x) 4.9x-3.85(1-x)-0.49x(1-x)

Permittivity, & 15.15x+12.91(1-x) 15.15x+10.06(1-X)

Electron effective 0.026x+0.067(1-x) 0.026x+0.15(1-x)

mass/mq (I')

When Ings2Alp48As and Ings3Gags7As are chosen as barrier/channel materials, all the
layers are lattice matched to the InP substrate. On the other hand, In-rich channel layer,
such as IngesGag3sAs or Ing75Gag2sAs layers grown on undoped Ings,AlossAs has a
larger lattice constant than the substrate layer. Biaxial compressive strain induced in the
channel the shrinks in-plane lattice dimensions (a,, and a,,) to take the lattice constant
of the substrate while the perpendicular lattice dimension (a,,) grows. The relative
changes of lattice periods in x- and z-direction are:
Ast—Qo

= L% (3.2)

gxx = EZZ ao
where ag; and a, are the lattice constants of the strained and unstrained channel materials
respectively. The relative change of perpendicular lattice period, &yy is related to ex by

elastic stiffness constants Cy; and Cyp.

Eyy = —Z%Sxx >0 (3.3)
The InggsGapssAs channel is subjected to 0.8% compressive strain while 1.5%
compressive strain is induced in the Ing75Gag2sAs channel. The effects of strain are

modeled in this section by determining the shifts conduction and valence band edges and

changes the effective masses.

InAs, InAl and GaAs are indirect materials with zinc-blende (cubic) structure. In

unstrained cubic semiconductors heavy-hole (HH) and light-hole (LH) bands usually




15

overlap at the I"-point. The spin-orbit (SO) split-off valence band is separated by the split-
off energy, Ao. In unstrained Ings,Alp4sA and Ings3Gag 47As, the band edges at zone

centre are given by:

Enn(0) = Ejp(0) = EY (3.4)
Eso(0) = Eg — A (3.5)
E.(0) = EO + Eg (3.6)

However, strain splits the valence band degeneracy at zone center and shifts the spin-

orbit band. Considering strain effects, the band edges of In.ys53Ga<p 47As at the I'-point are

found from:

Enn(0) =EY —P.— Q. (3.7)
Ein(0) = B9 — P, +2[Q, — Ag +/AZ + 9QZ + 2Q.A,] (3.8)
Eso(0) = ES — P, +-[Q, — Ag — /A + 9QZ + 2Q.A,] (3.9)
Ec(0) = EQ+Eg + ac(exy + &y + £57) (3.10)

where P, and Q, are defined as:
P, = —ay(&xx + &y + &55) (3.11)
Qo = — 2 (ax + &5y — 265,) (3.12)

Factors a; and a, are hydrostatic deformation potentials in conduction band and valence

band respectively; while b is the shear deformation potential.

The conduction band offset AE. and valence band offset AE, are estimated according to
model-solid theory [49]. The concept of average valence band energy, EJ ., is employed
in this theory to obtain a reference for the energy bands. The Ej ,, parameters of GaAs,
AlAs and InAs obtained from model-solid theory are used to estimate E? ., for In,Gay.
xAs and In,Al;.xAs where the effects of change in the lattice constant (a) are encompassed

by a bowing parameter:

a(InAs)—a(GaAs)
a(InyGa,—_xAs)

CInGaAs(Ex(/),av) = 3[ay(InAs) — a,(GaAs)]

a(InAs)—a(AlAs)

CInAlAs(Ee,av) = 3[av(InAS) - aV(AlAS)] a(InyAly_xAs)

(3.13)
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For the unstrained Ing s,Alp48As and Ing53Gag 47As the conduction band edge at I'-point is

given by:
EQ = E¢ + Eg = B0,y + 2+ Eg (3.14)
where, EQ =EJ., + % (3.15)
In strained Ino53Ga<g47AS the band energies can be calculated from:
EQ = E9 + Eg = Eyay + 2+ Eg (3.16)
Evav = EQav — P (3.17)

Band offset between the channel and barrier layer is illustrated in Fig. 3.1 for two
different In-concentrations in the channel.
The electron affinity (x) of the intermediate Ings3Gag47AS layer is determined using
bowing parameter C(y):

C( = —C(Eg)(x(UnAs) — x(AlAs))/(E,;(InAs) — E;(AlAs))

C(0 = —C(Eg)(x(UnAs) — x(GaAs))/(E;(InAs) — E;(GaAs)) (3.17)

¢ 0.261eV ¢ 0.261eV
0405V A 062eV
f
0.75eV 1458V 057eV] 1458V
1344eV] 1344eV
y y
0_199V¢ 0..2?eV¢
0155V ¥ 0 1554 Y
In, 2568, ;A4S Iny 57l g InP Iy 68 sl InP
(@) (b)

Figure 3.1: Band offsets in InGaAs and InAlAs heterostructure system for

(8.) INg53Gag.47AS and (b) Ing.75Gag.25AS

From electrical characteristics and HR-XPS studies a band gap of 6.65+0.11 eV and an
electron affinity of 2.58+0.09 eV for ALD Al,O3 have been extracted [50]. We take the
band gap and electron affinity to be 6.73eV and 2.5eV respectively.
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For the unstrained Ings,Alo48As and Ings3Gag 47AS, the electron and hole effective masses
are determined from the effective masses of GaAs, AlAs and InAs. Biaxial compressive
strain causes the curvatures of the energy band structures to change and consequently

induces change in effective masses.

3.3 Modeling Potential Distribution

In the device structures considered in this work, the channel material is undoped, while
the source and drain regions are abrupt and densely doped. All the calculations are done
at room temperature. Since the conduction current is small at the subthreshold region, the
electrostatics can be assumed to be governed by Poisson’s equation only. The potential
distribution of the Quantum Well Field Effect Transistor at the subthreshold region can
be obtained by solving the Poisson’s equation including only the mobile charge
(electrons) term under gradual channel approximation. In this section, the subthreshold

potentials of single-gate, double-gate and tri-gate QWFET devices are modeled.

3.3.1 Single-gate QWFET potential
The single-gate structure used in this analysis is shown in Figure 3.2. At the subthreshold
condition, the two dimensional electron gas (2DEG) is absent in the channel. So the 2D
Poisson’s equation for threshold region with the mobile charge term can be approximated
by
V2 (x,y) = L niexp (9 — @)/Vr) (3.18)

where q is the electronic charge, ¢, and n; are the permittivity and intrinsic carrier
concentration of InGaAs respectively, V; is the thermal voltage at room temperature, ¢ is
the electrostatic potential and ¢y is the electron quasi-Fermi potential referenced to the
Fermi level in the source, which is constant in the x-direction. Here q(¢ — @z /kT>>1, so
the hole density is considered negligible. The 2D Poisson’s equation has to be solved
satisfying the following boundary conditions for the electron quasi-Fermi potential:

¢r(0,y) =0 (3.19)

or(L,y) = Vps (3.20)



¥
“; Gate

d
d4 AL, gate dielectric L,

3
d2 InP etch stopper tl:ap

doped InAlAs Barrier dd
“ 0
Virtual undoped InGaAs Channel d mmm
Source L Drain
" >
(0,0) undoped InAlAs Barrier
(a)
y
“; Gate

da

q AlL,O, gate dielectric L

di InP eich stopper t.:ap

d3 undoped InAlAs Barrier dS2

doped InAlAs Layer d,
d2
g undoped InAlAs Spacer d_,
Virtual d Virual
Source undoped InGiAs Channel ¢ Drain

(0,0) undoped InAlAs Barrier
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where Vs is the drain to source voltage and L is the channel length. The boundary

conditions for ¢ are given as

¢(0,y) =Vy; (3.21)
(L, y) = Vi + Vps (3.22)
a
3y ly=0=0 (3.23)
a a
& % ly=a- = €a % ly=a+ (3.24)

where, Vp,; is the built-in voltage, d is the thickness of the InGaAs channel and g, is the
permittivity of InAlAs. The boundary condition imposed in Eq. (3.23) considers all the
mobile charge to be confined in the channel, while the boundary condition of Eq. (3.24)
signifies constant electric flux at the channel/barrier interface. The potential ¢ (x,y) as
the sum of two terms: ¢,(y), which is the solution of the 1-D Poisson’s equation in the
direction perpendicular to the channel, and ¢, (x, y), which is the solution of the residual

2-D differential equation:

?(0,y) = o) + 91 (x,y) (3.25)
@, (v) is the solution to the one dimensional Poisson’s equation given by
aZ
557 P00 = S muexp (9o/Vr) (3.26)
which satisfies the boundary conditions:
2
aiy‘wy:o =0 (3.27)
B 2
& ai;o |y=d— =¢&q aiyo |y=d+ (3.28)

The residual differential equation for ¢, (x, y) can be written as

Vip,(x,y) = E%exp (:’f—;) n; [exp (%V;Tw) - 1] (3.29)
Assuming that (¢, — @r)/Vy is small, Eq. (3.29) can be reduced to be a Laplace
equation. This is equivalent to use the superposition of a 1D solution of the Poisson’s
equation assuming a 1D distribution of the mobile charge and a 2D solution of Laplace’s
equation [51].

The solution of the 1D Poisson’s equation, ¢, (y) is given by [52]:

@o(y) = VyIn [ZV:;—];;SC secz(By)] (3.33)
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Here B is a constant whose value depends on the boundary condition and device

parameters. The value of B should fall in range: 0 < B < %. In the following subsections,

the value of B is determined; hence the 1D potential distribution and band diagram are

modeled for both the structures shown in Figure 3.2.

3.3.1.1. With uniform doping

In the case of uniform doping of the InAlAs barrier, the y-component of the electric field
is considered to be constant in the oxide layer and InP cap layer, while the field is
considered to be zero in the InAlAs lower barrier. The y-component of the electric field

for different regions of QWFET device is given by

( —2VyBtan(By), foro<y<d
E + %y —q), ford<y<d
E,(y) = 4 1T (v ) y 2 (3.34)
Ecaps ford, <y <d;
kon, ford; <y <d,

Here N, is the donor doping density of the InAlAs barrier. At the interfaces, the electric

fields in different regions are related by

a
—2:5 " y=a = E1&q (3.35)
E,=E + %dd (3.36)
gk, = gcapEcap (337)
gcapEcap = EoxEox (3.38)

where d,; is the barrier thickness, .4, and &,, are the permittivity of InP and Al,Os;
respectively.

The potential of the InGaAs channel at y=d satisfies the following relation:

qNa(dg-d?*)  qNgqd?
2&q 2&4

QDO(d) = Ves — Oms + Vox + Vcap + (3.39)

Here it is assumed that the maximum potential occurs at y=(d + d"). Putting V,, =
Eoxtox and Vgp = Ecapteap N EQ. (3.39) and using Egs. (3.35)-(3.38), we obtain,

qNada’ __gNgdgqd’
2&q4 2&q

£
QDO(d) = VGS — Pms + fEcaptox + Ecaptcap +

qNada® _ qNgqdqd’
2&q 2&4

£ £
or, po(d) = Vgs — s + _dEZtox + iEZtcap +

Eox
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Figure 3.3: Illustration of the y-component of electric field, £, ()

£ qN gNgd 2 qNgdgd’
or, (Po(d) = Vs — Oms +( ¢ box T—— Zeap cap)(El ddd) 444 _Tdd

2&4 2&4
t dp qu qud'
01 90(@) = Vs = s + (2 + 22 (e T2 =g + qNady) + Tt — T

We can express E; as gN,d' /&4 using Figure 3.3, which leads to

tox tea d tox |, tea d
00D = Vs = s + QNadg (22 + 52 4 ) g (fox Loy 0)000) - (3.40)

ox Ecap €ox Ecap

Substituting the expression of Eq. 3.33 into Eq. 3.40 and simplifying, we get

Vis — 2¢,VypBtan(Bd) (tf’—"  fear dd) Vyin [ZVTB 2Pt sec?(Bd)| =0 (3.41)

€ox  €cap &d

where, Vis = Vs — @ms + qN4dg (tw‘ 4 Leap 4 ﬂ) (3.42)

ox  Ecap 2&q
The value of B is obtained by solving Eq. (3.41). According to analytical approach, the

solution of the 1D Poisson’s equation, ¢, (y) can be expressed as

l(VTIn [ZVTB Fe secZ(By)] foro<y<d
Ng(y—-d)?
0oy) ={ ~ T —E(—d +ed),  ford<y<d, (3.42)
_Ecap(y - dz) + (Po(dz); for dZ <Yy < d3
—Eox(y — d3) + @o(ds), ford; <y<d,

Figure 3.4 demonstrates the potential distribution, ¢,(y), while the corresponding band

diagram is shown in Figure 3.5.
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3.3.1.2. With pulsed doping

In this subsection, the expression of ¢,(y) is derived considering pulse-doped InAlAs
barrier, where d,;, d4 and d,, are the thicknesses of undoped InAlAs barrier layer, donor
layer and undoped InAlAs spacer layer respectively. For this structure, the y-component

of the electric field for different regions can be expressed as

(  —2VyBtan(By), for0<y<d
E, ford <y <d,
E1+w(y d,), ford, <y <d;
E,(y) =+ (3.43)
Y E1+mdd, ford, <y<d,
Ecaps ford, <y <d;s
\E,, fords <y < dg

where, the electric fields the interfaces are related by Egs. (3.35)-(3.38). Solving for

¢o(v), we obtain the expression

( VoIn [ZVTB Ecsecz(By)], foro<y<d
—E,(y—4d) + ¢y(d) ford <y <d,
0o(y) =4 —%;d”z —Ei(y —dz +ds2) + 9o(d), ford, <y < ds (3.44)
—E;(y — d3) + ¢o(d3) , ford; <y<d,
—Ecap(y — da) + @o(dy), ford, <y <ds
\—Eox(y — ds) + ¢o(ds), fords <y <ds

The value of B is obtained according to the previous subsection using the boundary

condition

tox tea d dg
00(d) = Vs — @rms + qNgdg ( teap | da _1)

ox Ecap 2&q &d

t t dg+dg,+dgz\ 0 (3.45)
_ Lox 4 “cap dTls1Tls2 0
& (Sox Y Ecap + €d ) ay |y=d
which leads to
' ca S S. 2 4
Vs — 2¢.VyBtan(Bd) (tO—x 4 feap | M) — Vpln [ soc2 (Bd)| = 0 (3.46)
€ox  Ecap &d ni
where Ves =V, + qNyd <t°x+tcﬂ+ﬂ+@) (3.47)
, GS GS — Pms T qNgQgq ox | Ecap | 264 | 24 .

The potential distribution, ¢,(y) and the corresponding band diagram for the single-gate

pulse doped structure are shown in Figure 3.6 and Figure 3.7 respectively.
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3.3.1.3. Two-dimensional potential distribution

Since the two-dimensional potential, ¢(x,y) can be derived by adding 2D potential
component, ¢, (x, y) to the 1D potential, ¢,(y), the residual Poisson’s Equation in Eq.
(3.29) has to be solved for ¢4 (x,y), which can be simplified to

a2 92

a2 P10 Y) + 550 (xy) =0 (3.48)
Using Eq. (3.25), the boundary conditions can be derived from the Dirichlet boundary
conditions in Egs. (3.21)-(3.23):

$1(0,y) = Vo — 9o () (3.49)
©1(L,y) = Vi + Vps — 9o () (3.50)
d
aiywy:o =0 (3.51)
The remaining boundary condition can be simplified into
d
o1 d) = ~0 2, (3.52)

which is derived from Eqgs. (3.40) and (3.45)

t t d . .

£ (-4 2 24 for uniform dopin

c
Eox Ecap €d

where, o= (3.53)

tea, 1
€ (t"_x 422y m) ,  for pulse doping

€ox Ecap €d

Eq (3.48) is solved using variable separation technique, i.e.

1, y) = fF()g () (3.54)
Substituting the expression of ¢, (x,y) in Eq. (3.48) and rearranging, we obtain,

ey "

L2488 =0 (3.55)

Choosing % =A%and % = —12, the following solutions are obtained for f(x) and
9():

f(x) = Aexp(Ax) + Bexp (—1x) (3.56)

g(y) = C cos(Ay) + D sin(y) (3.57)

D is found to be ¢ from the boundary condition in Eq. (3.51), while the Eqg. (3.52) gives
the equation to find the value of A:
Atan(Ad) = 1/0 (3.58)
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Now ¢, (x,y) can be expressed as

@1 (x,y) = [Co exp(Ax) + Crexp (—Ax)] cos(Ay) (3.59)
C, and C; are solved using the Dirichlet boundary conditions in Egs. (3.49) and (3.50):

_ Vhi—@o(d/2)][1-exp(-=AL)]+Vps
CO - [exp(AL)—exp(—AL)]cos (Ad) (360)

_ [Vbi—(po(d/Z)][EXp(AL)—l]—VDS
= [exp(AL)—exp(—AL)]cos (Ad) (3-61)

So the 2D potential distribution for the channel is given by:

p(x,y) =Vrin [ZVT—BZSC secZ(By)] + [Cy exp(Ax) + Ciexp (—Ax)] cos(1y) (3.62)

niq
The potential distribution of the channel region is shown in Figure 3.8 for the pulsed

doped structure.
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Figure 3.8: Channel potential for the pulsed doped QWFET, where Vs = 0.5V Vps =
0.5V, V,; = 0.5V and L = 100nm. The other parameters are repeated from the

corresponding single-gate structure.

3.3.2 Symmetric double-gate QWFET potential

The two-dimensional potential of the Symmetric Double-gate QWFET is derived in this
subsection by solving the 2D Poisson’s equation with the mobile charge term. Figure 3.9
shows the structure used in this analysis. The electron quasi-Fermi level satisfies the
boundary conditions described in Egs. (3.19) -(3.20). The boundary conditions for ¢ are

similar to the conditions for the single gate structure
®(0,y) = Vp; (3.63)
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o(L,y) = Vyi + Vps (3.64)
()=o) s
0 ad

The boundary condition stated in Eq. (3.65) arises due to the symmetry of the structure
under investigation. This condition is only valid for a symmetrical structure with respect
to the channel centre and equal voltages applied to the top gate and bottom gate. It leads

to a similar equation to the single-gate structure, i.e.

dp
3y ly=0=0 (3.67)
A&’
Gate
d; |
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Figure 3.9: Device geometry of double-gate QWFET

Since these equations resembles the single-gate equations, the potential ¢(x,y) is
obtained in a similar manner, assuming ¢ (x, y) to be the summation of the solution of 1D
Poisson’s equation in the direction perpendicular to the channel and the solution of the

2D Laplace equation.
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3.3.2.1 With pulse-doped barrier

The solution to the 1D Poisson’s equation is given by

d d
po(y) = VTIn[ o secZ(By)] for -— <y< (3.68)

For a DG-QWFET with pulse-doped barrier, B can be obtained by solving

2
Vg — 2¢. VpBtan (Bzd) <t°—" 4 fear 4 m) —Vrln [ZV;—I;EC secz(%)] =0 (3.69)

Sox  Ecap &q
where V¢ is given in Eq. (3.47).
The 1D potential for the double-gate QWFET is plotted in Figure 3.10, while the
conduction band diagram is demonstrated in Figure 3.11.
The solution to the Laplace equation, ¢, (x,y) is expressed as
p1(x,y) = [Cy exp(Ax) + Ciexp (—Ax)] cos(Ay) (3.70)

where the value of C, and C; are given by

_ [Vhi—@o(d/4)][1-exp(-AL)]+Vps
Co = ™ exp(AL)—exp(=AL)]cos (Ad) (3.71)

— [Vbi_(P()(d/‘l-)][eXp().L)—l]—VDS
1™ lexp(AL)+exp(—AL)]cos (Ad) (3-72)

The two-dimensional potential distribution of the symmetric double-gate QWFET is

shown in Figure 3.12.
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Figure 3.10: Potential distribution in the y-direction for double-gate QWFET with pulse
doping, where Vs = 0.5V and d = 15nm.
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Figure 3.11: Conduction band diagram in the y-direction for double-gate QWFET with
pulse doping, where Vs = 0.5V and d = 15nm.
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Figure 3.12: Channel potential for the pulsed doped DG QWFET, where Vs = 0.5V
Vps = 0.5V, V,; = 0.5V and L = 100nm. The other parameters are repeated from the

corresponding single gate structure.
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3.3.3 Non-planar QWFET potential

In this subsection, the subthreshold potential distribution will be derived for the non-
planar trigate QWFET, with the aid of the analysis done for the single-gate and the
double-gate structures. Since the structure is non-planar, the solution requires three-
dimensional analysis. Accordingly, the 3D Poisson’s equation with the mobile charge
term is solved with the appropriate boundary conditions. Figure 3.13 shows the geometry
of the structure used in this analysis. While the boundary conditions for electron quasi-

Fermi level remains the same as (3.19) -(3.20), the boundary conditions for ¢ are given

by

For the source end:

¢(0,y,2) =V, (3.73)
For the drain end:

o(L,y,z) =V + Vps (3.74)
For the top gate:

Vos = s + ANadq (224 2 4 4 4 &

€ox  Ecap 2&q €d

)— o(x, h,z)

t t dg+dsi+d 110 (375)
0x ca d S S _
—& (; + ﬁ + —S; 2) 2y lxehz) =0
For the bottom barrier:
B
o loz =0 (3.76)
For the right gate:
tox) O
Vs = Pms = 906y, w/2) = £ (2) Sl ywrzy = 0 (377)
For the left gate:
tox) O
VGS - Qoms - (p(xr y; _W/Z) + SC (;) % |(x'y'_w/2) = O (378)

Since the potential is symmetric with respect to the z-axis, the Eq (3.77) and Eq (3.78)
lead to

dp _
= ley,0) = O (3.79)
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Figure 3.13: Cross section of the non-planar trigate QWFET in (a) the yz plane

(perpendicular to the channel direction) and (b) the xy plane (along the channel direction)
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where w is the fin width, while h is the fin height. The potential ¢(x,y,z) will be
represented as the sum of two terms: ¢, (v, z), which is the solution of the 2D Poisson’s
equation for the cross-section of the channel, and @5, (x,y), which is the solution of the

Laplace equation along the length of the channel:

o(x,y,2) = p2p (¥, 2) + @3p(x,y,2) (3.80)
@,p (v, z) is the solution to the 2D Poisson’s equation for the device cross-section:
Vi,p(y,2) = —n iexp (92p(¥,2)/Vr) (3.81)

where ¢,p(y,z) is sum of the solution of 1D Poisson’s equation in the y direction,

@y (¥) and the solution of 2D residual Poisson’s equation, ¢,,, (¥, z), i.e.
2p(¥,2) = @y (¥) + ¢y, (v, 2) (3.82)
where ¢@,, () is the solution of
52 <py ) = n iexp (¢y (v) /Vr) (3.83)

with the following boundary conditions

0
"’y 2 y=0 =0 (3.84)

Vos = Pms + qNada (t“ vy ) (h,2)

€ox  Ecap 2&q

tox tcap dg+dsi+dsy | 09y (385)
~& (a t ey Ecap + &d ) |(h z) — =0
The solution to Eq. (3.83) can be expressed as
2VTB?e,

oy (y) =Vyin [ 167 sec2(By)] (3.86)
where B is given by
Vas — 2&.VrBtan(Bh) (Z—’; + Z—‘;’: + %{;”2) —Vypln [—ZVTTf:S"secz(Bh)] -0
(3.87)

here Ves =V, + qNadg (22 4+ 222 4 S 4 S 3.88

wi , Gs = Vs — Pms T qiNqlgq cox | Zeap | 20a | ca (3.88)

®yz (¥, z) is the solution of residual Poisson’s equation

aa_;¢yz + :_Zzzgoyz = nl exp( ) [EXp ((Pyz) - 1] (389)
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P yz

Considering the =— to be small and expanding exp ( yz) by Taylor’s expansion, Eq.

(3.89) can be 5|mpI|f|ed into

a2 92
32 Pz t o Py © 2B*sec?(By) gy, (3.90)

Using separation of variable method, ¢,, (y,z) can be expressed as f(y)g(z), where

f(y) and g(z) can be found by solving the equations:

") _ op2e,.2 —m?2

) 2B*sec”“(By) —m (3.91)
9@ _ 2 (3.92)
9(2)

where m is the separation factor, i.e. the eigen value. After some mathematical
manipulation, f(y) and g(z) can be expressed as [53]
f(y) = cos*(By) (3.93)
g(z) = Clexp(mz) + exp(—mz)] (3.94)
Here the eigen value, m is approximated to be equal to 2B. Hence ¢, (y,z) can be
written as
@y, (v,z) = Clexp(2Bz) + exp(—2Bz)]cos*(By) (3.95)
where C is derived from boundary conditions in Egs. (3.77) and (3.78):

exp(Bw)[1+ZB‘E;(t)—°x"]cos2 (Bh)+exp(—Bw)[1—23852—‘;"]c052(3h) '

Hence ¢,p (¥, z) is obtained by adding ¢,,, (v,z) and ¢, (). The potential distribution

of the cross section of the non-planar QWFET, ¢,p (v, z) is shown in Figure 3.14. Now

the solution to the 3D Laplace equation has to be obtained with the following boundary

conditions:
@3p (0,¥,2) = Vi — @2p W, 2) (3.97)
©3p (0,y,2) =V + Vps — @2p (1, 2) (3.98)
ox , tea dg+dgsi+dsy | 0
3o Cx,hy7) — e (4 en Salatda) Dm0 Lm0 (399)
a
52 lwom =0 (3.100)

tox 0
)22 |z = 0 (3.101)

Eox

—@3p (x,y,Ww/2) — & (

d
"’30 2 ey = 0 (3.102)
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Figure 3.14: 2D potential distribution for trigate QWFET at the yz plane normal to the

channel direction, where Vg = 0.4V, h = 20nm and d = 20nm.

@sp (x,y,2) is obtained using variable separation technique, i.e.

@3p (x,y,2) =u()v(y)w(z) (3.103)
Substituting the expression of @5, in the Laplace equation and rearranging, we obtain,

u') v W@ _
o + ) + D = 0 (3.104)
. u'’ (x) 2 @ _ .2 W”(Z) _ a2 . .
Choosing et A, ) A, and o o 1,7, the following solutions are
obtained for u(x), v(y) and w(z):
u(x) = Aexp(Ax) + Bexp (—Ax) (3.105)
v(y) =C cos()Lyy) (3.106)
w(z) = E cos(4,z) (3.107)
While the boundary conditions provide the values of 4, 1,, and 4, :
-1
tox tea dg+dgi+dg
Aytan(A,h) = [ec (; + ﬁ + %)] (3.108)

Ltan(Ah) = [e (f—)]_1 (3.109)
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2=12+21° (3.110)
Hence ¢;p (x,y,2) is given by
®3p(x,¥,2) = [Co exp(Ax) + Crexp (—Ax)] cos(,y) cos(2,z) (3.111)
C, and C; are solved using the Dirichlet boundary conditions in Egs. (3.49) and (3.50):

[Vpi—@2p (hw/2)][1-exp(—AL)]+Vps
0~ [exp(AL)—exp(—AL)]cos (Ayh)cos (A,w/2) (3'112)

_ __ Vphi—@ap(hw/2)]lexp(AL)—1]-Vps
1™ [exp(AL)—exp(~AL)]cos (Ayh)cos (Azw/2) (3.113)

Now ¢,p (v, 2) and ¢sp (x,y,2) are added to obtain the 3D potential for non-planar
QWEFET in the subthreshold region. The potential distribution, ¢(x,y,z) is plotted in

Figure 3.15 for the xy-plane at the channel center.
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Figure 3.15: 2D potential distribution for trigate QWFET at the xy-plane along the
channel direction, where Vg = 0.4V, h = 20nm, d = 20nm, Vs = 0.5V, V,; = 0.5V
and L = 100nm..

3.4 Conclusion

The mathematical models for the channel potentials of multiple QWFET structures are
developed in this chapter. In the following chapter, the expressions of the potential
distribution are used to model subthreshold swing, threshold voltage and drain induced

barrier lowering of the QWFET structures.



CHAPTER 4
MODELS FOR THRESHOLD VOLTAGE AND
SUBTHRESHOLD SWING

4.1 Introduction

In this chapter, models for threshold voltage and subthreshold swing are developed for
both planar and non-planar InGaAs QWFETs with Al,O3 gate dielectric. The potential
distribution model described in the previous chapter is employed to develop these

models.

4.2 Design Trade-Off

The threshold voltage can be defined by the maximum transconductance method [54].
According to this method, threshold voltage can be determined by drawing a tangent to
the Ip—Vgs characteristics at the point of peak transconductance and finding the voltage
where the tangent line intercepts the Vgs-axis. As the gate voltage drops below the
threshold value, i.e. at the subthreshold region the logarithm of the drain current
decreases with the decreasing gate voltage at an almost constant rate. The inverse of the
log(Ip) vs. Vps curve at the subthreshold region is defined as the subthreshold swing (SS),
which signifies the rate at which the drain current diminishes below threshold. The value
of drain current at zero gate voltage is denoted as the off-state leakage current, lorr and it
is directly related to the value of subthreshold swing. In order to minimize the off-state
power consumption, the leakage current has to be minimized. It can be seen from Figure

4.1 (a) that the lower subthreshold swing implies lower subthreshold leakage current.

However, as the power supply voltage (Vpp) is being scaled, the threshold voltage (Vrw)
has to be lower in order to facilitate a sufficiently high drain current, since it is directly
related to the Vpp-Vry. On the other hand, a lower threshold voltage invariably leads to a
higher off-state leakage current if the subthreshold swing remains the same, as seen from
Figure 4.1 (b). Since the subthreshold leakage current prevents the downscaling of

threshold voltage, the supply voltage is more difficult to scale than the other device
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parameters. According to ITRS Reports 2013 Edition, the power supply scaling remains
as one of the most crucial long-term challenges, which requires scaling of power supply
while supplying sufficient drive current and maintaining a low subthreshold current or
subthreshold swing [1].

4 A
|Clg ID SS'-|OW log Ip
SS,high
/ I (
I I
lorr ! : ,
| lorr ;!
I I
lorr2 I lorr2 : I
I
, |
> l >
V1h Vs Viriow  VTH nigh Vas
lorr1>lorr2 lorr1>lorr2

(a) (b)

Figure 4.1 : Relations between off-state leakage current, threshold voltage and

subthreshold swing

It can be observed from the scaling trends of supply voltage, that it has not been
aggressively scaled due to these trade-offs. ITRS predicts that the supply voltage will
approach the regime of 0.6 V within a few years as shown in Figure 4.2. This fact along
with the continuing increase of current density (per area) causes the dynamic power
density to climb with scaling and to approach an unacceptable level. Alternate high-
mobility channel materials like InGaAs can provide some solution to this problem by
allowing more aggressive Vpp scaling via smaller subthreshold swing. Hence, the
modeling of subthreshold characteristics of the high-mobility material devices is very

important to understand their prospect in future technologies.
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Figure 4.2: Predicted scaling trend of supply voltage for (a) logic high

performance transistors and (b) logic low power transistors

4.3 Subthreshold Swing Model

Subthreshold current can be characterized by the amount of carriers traveling in the

channel over the potential barrier between the source and drain when the gate voltage is

below the threshold value. Hence the number of electrons at the top of the barrier i.e. at

the location of the minimum channel potential can be used to define the subthreshold

swing. The location of the minimum potential in the channel-length direction is described

as the “virtual cathode”, which is of particular interest in device modeling. This location

corresponds to the maximum potential barrier faced by the electrons traveling from

source to drain. Figure 4.3 shows the process of subthreshold leakage over the barrier.

o
Ees _ ___ e Location of
Ec minimum
otential
Source P
end
Ey

Figure 4.3: Injection of carrier from the source to the drain over the potential barrier
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We can obtain the location of the virtual cathode by solving the equation

dp
Z=0 4.1)

where, Xmin IS the location of virtual cathode in the channel direction, which is given by
1 C
Xmin = ﬁln(c_:) (4.2)

The subthreshold drain current, I, is proportional to the total amount of free electrons

diffusing over the virtual cathode, i.e.

Non-planar structure: Ip o f o fz_/ /2 THEXP (%"l’;—(y’z)) dydz (4.3)

Planar structure: Ip « f n;exp ((pmm(y )y dy (4.4)
T

aVGS

So the subthreshold swing, SS = can be expressed as

2 @ dp
y=0 fM;/_W/Z niexp ( mln) mlndyd ]

w/2
y:()f =—W/2

aVGs
niexp ( ;”Tf”)dydz

Non-planar structure: SS =VrIn(10) [ (4.5)

BVGS
‘pmln
n;ex d
fy oMiexp (—, vy )dy

-1
f; e p(‘pmln) ‘szndy
(4.6)

Planar structure: SS =VrIn(10) [

The expressions of subthreshold swing can be simplified by considering the value of the
integrals fixed at the effective conduction path. Hence the subthreshold swing can be
expressed as

_ {Z.BVT nWe, 2c), for non-planar structure @.7)

2.3Ve n(ye), for planar structure
where 7 is known as the subthreshold slope factor. For bulk devices, # is calculated from
the inverse slope of the surface potential versus gate voltage characteristics, since most of
the carriers are accumulated at the surface. However, in the case of undoped small-
dimension QW channels, the conduction electrons could spread all over the channel. So
the effective conduction path could be away from the surface in undoped devices [45]-
[46]. It was reported that for trigate FINFET devices, the effective conduction path is very
close to y = hand z = w/4 [45]. It is observed that for the trigate QWFET, good results

can be obtained by considering y. = h and z; = w/4. In case of the single-gate and



double-gate devices the effective conduction path can be defined as: y.

ye = d /4 respectively. So the subthreshold slope factor can be expressed as

n= (afpmin)_1
Vs

where @, 1S the potential at x,,,;;, and at effective conduction path.

4.3.1 Planar structure

a .
For planar structures, % can be expressed as
GS

0Pmin _ 909(xmin¥yc)  99o(¥Yc)

Vs 0¢o(¥yc) Vs
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=d/2 and

(4.8)

(4.9)

Similar expressions can be obtained for the SS of single-gate and double-gate QWFET by

determining the derivatives from Eq. (4.9).

4.3.1.1 Single-gate QWFET
Using Egs. (3.59)-(3.61) ¢,,;, Can be written as

Pmin = Po (%) + [[a ~ Beo (%)] exp(Axmin) + [y — 60 (%)] eXp(—/lxmm)] cos (Az—d)

Vpill—exp(=AL)]+Vps
B [exp(AL)—exp(—AL)] cos(/lz—d)
_ 1—exp(—AL)
- [exp(AL)—exp(—AL)] cos(lz—d)
Vpilexp(AL)-1]-Vps
- [exp(AL)—exp(—AL)] cos()lz—d)
_ exp(AL)—1
B [exp(AL)—exp(—AL)] cos(%)

where,

Rearranging Eq. 4.10 and setting y. = d/2 we get can obtain

09(XminyYc) _ 1 _ . B . Ad
Tovolve) 1 — [B exp(Axpmin) + 8 exp(—Axpin)] cos ( : )

1
where Xmin = aln(

a-Bog

y=8¢pg

and m _ Psub_th—laexp(AL/2)+y exp(-1L/2)] COS(’lz—d)
Po 1—[B exp(AL/2)+8 exp(—AL/2)] cos(};—d)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

In this work, @, ¢ is chosen to be 0.05V below the threshold potential at the effective

conduction path, which is determined via numerical simulations. It is to be noted that the
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value of @4, n does not significantly alter the results as long as its value is in the

subthreshold region.

Now 2290%) ¢ pe expressed as
Ves
9¢o(yc) _ 9¢o(d/2) ,0Vgs
Vgs o 0B / 0B (415)
where
9¢o(d/2) _ 2Vr d Bd
5 — 5 T 2Vr > tan ( . ) (4.16)
Wes _ 2Vrtan(Bd) + 2Vye.Bdsec?(Bd) (t"—" + Zeap M) (4.17)
0B €ox  Ecap £d

B can be obtained by solving

2VrB2e,

o = Vrln [—sec2 (%)] (4.18)

niq

Since the value of % is close to one, the value of subthreshold swing can be
GS

approximated using Eqs. (4.7) and (4.8):
23Vt

1B exp(AXmin)+8 exp(~Lxmin)] cos(%)

SS =~

(4.19)

4.3.1.2 Double-gate QWFET
Using a similar analysis, the expression of subthreshold-swing of double-gate can be

derived:
2.3Vr
SS =~ 490
1-[B exp(Axmin)+8 exp(—Axmin)] cos(%) (4.20)
— 1—exp(—AL)
[exp(AL)—exp(-AL)] cos(22)
e exp(AL)-1 (4.21)

B [exp(AL)—exp(-AL)] Cos(};—d)

and x,,,;, can be obtained by substituting y. = d/4 in Egs. (4.13)-(4.14).

4.3.2 Non-planar structure

a .
In case of non-planar structures, % can be expressed as
GS

0Pmin _ 9¢XminYc 2c) % 992p(Ye 2c) (4.20)

Vgs d¢2p(Yc zc) Vgs
where ¢, (v, z) is the 2D potential given by Eq. (3.82). Following the steps described in

09 (XminYc, Zc)

can be obtained
d92p(Ye zc)

subsection 4.3.1, the expression for
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09 (XminYc, 2c) _ _ ] _ ‘ AW
302p(ve zc) =1 [ﬂ exp(lxmln) +4 exp( Axmln)] COS(/lyh) COS( " ) (421)
Vpill—exp(=AL)]+Vps

a“= [exp(AL)—exp(—AL)] cos(lyh)cos(
B _ 1—exp(—AL)

[exp(AL)—exp(—AL)] cos(lyh)cos

Azw

4

=) (4.22)

Vpilexp(AL)—1]-Vpg
Yy = Azw
[exp(AL)—exp(—AL)] cos(lyh)cos -
_ exp(AL)—-1

B [exp(AL)—exp(—AL)] cos(lyh)cos(lsz)

where

The location of minimum potential, x,,;, is given by Eq. (4.13) where ¢{* is modified for

non-planar structure:

m @sub_th—[a exp(AL/2)+y exp(—AL/2)] COS(Ayh)COS(A%TW) (4 23)
bo = 1-[B exp(AL/2)+68 exp(—AL/2)] cos(lyh)cos(/lZTW) .

. a , ) .
Considering the value of W is close to one, the approximate value of
GS

subthreshold swing can be obtained from Eqs.(4.7)-(4.8):

23Vr

SS = T
1—[B exp(Axmin)+6 exp(—Axmin)] cos(lyh)cos(zT)

(4.24)

4.4 Threshold Voltage Model

In a QWFET device, the threshold voltage can be found numerically by the maximum
transconductance method. Analytically, the threshold condition could be defined by the
potential of the effective conduction path at the top of the drain-source. At threshold
condition, this potential (@) is extracted by simulation. The threshold voltage, V;y is

modeled using the value of ¢ry.

4.4.1 Planar structure
In the planar structure, at threshold condition occurs when

@ Xmin Ye) = Pra (4.25)
The potential ¢(x,y) of a planar QWFET consists of two terms: a one-dimensional
potential and a two-dimensional potential term. Since the 1D potential is a function gate
voltage (Vgs), it is necessary to extract the 1D potential at the effective conduction path in
the threshold condition (¢ry 1p). Using Egs. (3.59)-(3.61), ¢ry and @1y 1p Can be

related by the equation:
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@PtH = PTH 1D T [[05 - ﬁ(PTH_w] exp(Axmin) + [V - 6(pTH_1D] eXP(—Axmin)] cos(dyc)
(4.26)

where a, 8, y and § are parameters defined in section 4.3.

<pm [a exp(AXmin) +V €Xp(=AXmin)] cos(Ayc) (4.27)

PTHAD = ™1 (B exp(Atmin)+6 exp(—Axmim)] cos(Ayc)

The value of x,,;, is found by Eq. (4.13). The threshold value of the parameter, B is
denoted as By, which is extracted from the equation:
2VrBrHEC

@ruap = Vrin [%:SSQCZ(BTH)’C)] (4.28)

The value of By is used to find the threshold voltage, V- with the aid of Eq. (3.46) (for
single-gate structure) or Eq. (3.69) (for double-gate structure). The threshold voltage is

given by
fox toa d ds tox tea
Vry = @ms — qNgdg (a + ﬁ * ﬁ * E_dl> +2&cVrBrytan(2Brayc) (a * ﬁ *
dd+d:1+d52) + VTI [ZVTBTH Ec SeCZ(ZBTHyc)] (429)
a

4.4.2 Non-planar structure
For the non-planar structure, the threshold condition is defined by

©(Xmin, Ve, Zc) = @rH (4.30)
Since the potential of the non-planar structure contains a 2D potential term and a 3D

potential term, the value of the 2D potential at effective conduction path is extracted by

A
ora—[a exp(Axmin) +Y exp(—=Axmin)] COS(Ayh)COS( iw)

OTH 2D = G +6 exp(—Atm)] cos(Ayh)cos(22%) (4.31)
The values of a, 8, y and § can be found from subsection 4.3.2.
So the threshold condition occurs when
Ori_2p = P20 Ve, 2¢) (4.32)
With the aid of Eq. (3.86) and Eq. (3.95), ¢,p (¢, z¢) can be expressed as
Oryap =C [exp( ) + exp( )] cos?(Byyh) + VyIn [% secZ(BTHh)]
(4.33)

where C is found by mathematical manipulation of Egs. (3.85) and (3.96):
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C= l qNadg (tox zeap g 9y Ot )+ 2e VrBrytan(Bryh) (Zox Zeap 4 —dd+d51+d52) +

fox  Ecap 2£d &d ox Ecap &d
Vrin [—ZVTiT: = SeCZ(BTHh)” / [eXp(BTHw) [1 + 2Bpy = "x] cos?(Bryh) +

exp(-Bryw) [1 - 2By Egtﬂ] cosz(BTHh)] (4.34)
Now Eq. (4.33) is numerically solved to find the value of B;. This value is substituted
in the following equation to obtain the value of threshold voltage, V.

tOX
Vig =@, + ZBTHCeC;.x [exp(Bryw) + exp(—Bryw)]cos?(Bryh) + Clexp(Bryw) +
eXp( BTHW)]COSZ (BTHh) + VTI [M eCZ (BTHh)] (435)
4.5 Drain-Induced Barrier Lowering
As the channel length is aggressively scaled, the potential barrier between the source and

the drain is lowered. This effect is more pronounced at higher drain voltages as seen from

the plot of mid-channel potential in Figure 4.4.
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Figure 4.4: Effect of drain voltage on the channel potential and location of minimum

potential for channel length, L=50 nm.



45

It can be observed that the higher the drain voltage, the higher is the value of minimum
channel potential. The minimum channel potential corresponds to the top of the barrier
between the source and the drain. The higher drain voltage raises the potential of the
channel, i.e. the energy required for an electron to reach the top of the barrier gets
lowered. Moreover, the location of minimum channel potential shifts towards the source
end as the drain voltage is increased. The lowering of barrier due to drain voltage, i.e the
drain-induced barrier lowering effect is more dominant in short channel devices. Figure
4.5 shows the mid-channel potential for different gate-lengths. The longer gate length has
stronger control over the channel potential, so the drain-induced barrier lowering effect is
less pronounced in long channel devices. However, in short-channel devices the drain
voltage increases the minimum potential and lowers the threshold voltage. Hence it is
important to characterize the drain-induced barrier lowering effect in short channel
devices. The drain-induced barrier lowering (DIBL) parameter is defined as the change in

threshold voltage with respect to the change in drain voltage.

DIBL = [VrH (VDS high)-VTH(V DS low))] (4.36)
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Figure 4.5: Effect of gate length on the channel potential and location of minimum
potential for Vps=0.5V
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The lower DIBL signifies better performance of the device. In this work, DIBL is

calculated considering V pg pign and Vpg ., to be 0.5V and 50mV respectively.

4.6 Conclusion

In this chapter, models are proposed for extracting the threshold voltage and the
subthreshold swing of QWFET devices. In the next chapter, the results obtained from
these models are used to compare different QWFET structures in terms of threshold

voltage, subthreshold swing and drain-induced barrier lowering.



CHAPTER 5
RESULTS AND DISCUSSIONS

5.1 Introduction

According to the analytical model proposed in the previous chapter, the subthreshold
characteristics of the InGaAs QWFET device are defined and the corresponding results
are presented in this chapter. Several parameters defining the subthreshold characteristics,
i.e. subthreshold swing, threshold voltage and drain induced barrier lowering are
extracted and illustrated here. Using the subthreshold swing model described in Section
4.3, the subthreshold swings of both planar and non-planar QWFET are obtained, while
the threshold voltages are extracted for the same structures using the model introduced in
Section 4.4. The results from the proposed model are compared with the device
characteristics obtained from Silvaco ATLAS [55]. The default simulation parameters are

shown in Table 5.1.

Table 5.1: Default device parameters used in analysis

Parameter Symbol | Values
Channel length L 100nm
Channel thickness (Planar) d 15nm
Fin height h 15nm
Fin width w 15nm
Drain voltage Vbs 0.5V
Donor layer thickness dg 8nm
Upper Barrier thickness ds1 2nm
Spacer thickness ds2 2nm
Doping of donor layer Nqg 10"°cm™
Gate dielectric thickness tox 5nm
Cap layer thickness teap 1nm
Metal-semiconductor work function | ¢, 0.03Vv
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5.2 Channel Length Variation
In this section, the effect of channel length variation are observed on the single-gate,
double-gate and trigate QWFET structures, hence the short channel effects are observed.

A comparative analysis is made on the performance of all three types of structures.

5.2.1 Effects on threshold voltage

The variation of threshold voltage with channel length for single-gate, double-gate and
trigate QWFET structures are shown in Figure 5.1, Figure 5.2 and Figure 5.3
respectively. It can be observed from the figures, that the developed model shows good
agreement with simulation results. However, the results from the model are found to
deviate from the ATLAS simulation results when channel length is very small. It is to be
noted that the variation of charge distribution due to the potential variation in the channel
length direction was ignored while solving the Poisson’s equation, i.e. the residual
Poisson’s equation was simplified to Laplace equation. While this simplification has
negligible effects on the accuracy of long channel devices, the same assumption is not
valid for the devices with strong short channel effects, which is the reason behind the
discrepancies between analytical model and simulation results at short channel length and
higher drain voltage.

Figure 5.4 compares threshold characteristics for single-gate, double-gate and trigate
structure. At short channel length, the trigate QWFET has the largest threshold voltage
among the three structures, which exhibits stronger enhancement mode operation. The
larger threshold voltage is achieved by the superior gate control of the non-planar
structure. Between the planar structures, the double-gate structure has the larger threshold
voltage compared to the single-gate structure. It can be observed that the trigate structure

is less sensitive to gate length scaling compared to its planar counterparts.

Figure 5.5 shows a comparison of the three structures of QWFET devices in terms of
drain induced barrier lowering (DIBL), which demonstrates that the trigate device

threshold voltage is more immune to changes in drain voltage.
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Figure 5.1: Variation of threshold voltage, V4 with channel length, L for single-gate
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5.2.2 Effects on subthreshold swing

The variation of subthreshold swing with channel length for single-gate, double-gate and
trigate QWFET structures are shown in Figure 5.6, Figure 5.7 and Figure 5.8
respectively. The developed model shows good agreement with simulation results for
small values of Vps. The double-gate and the trigate structure models deviate from
simulation results when Vps values are large. However, the deviations are small. It can be
observed that short channel devices have higher subthreshold swing values.

Subthreshold swing characteristics of single-gate, double-gate and trigate QWFET
structures are compared in Figure 5.9. It is noted that the trigate structure has the smallest
subthreshold swing value for any channel length and it approaches the 60mv/Dec limit

for long channels and smaller drain voltages.
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Figure 5.6: Variation of subthreshold swing, SS with channel length, L for single-gate
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5.3 Variation in Lateral Channel Dimensions
The effect of lateral channel dimensions on the threshold voltage and subthreshold swing

of different QWFET structures are discussed in this section.

5.3.1 Effects on threshold voltage

Figure 5.10 and Figure 5.11 shows the effect of channel thickness on the threshold
voltage of single-gate and double-gate QWFET structures respectively, while the effects
of scaling the channel fin of non-planar trigate QWFET can be observed in Figure 5.12.
The model shows satisfactory agreement with simulation results. It can be noted from the
figures, that the threshold voltage becomes less immune to drain induced barrier lowering
as the lateral dimensions are scaled for all the devices. Moreover, the drain voltage has
least effect on the trigate QWFET. Additionally, the threshold voltage of the trigate
QWEFET can be adjusted by scaling either the fin height or the fin width, which provides
further design flexibility.
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Figure 5.10: Variation of threshold voltage, Vry with channel thickness, d for single-gate
modulation doped QWFET .
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5.3.2 Effects on subthreshold swing

Figure 5.14 and Figure 5.15 show the effect of scaling channel thickness on the
subthreshold swing of single-gate and double-gate QWFET devices. As the dimensions
become smaller, the devices show smaller subthreshold swing. Between the two planar
structures, the double gate QWFET has the better subthreshold value. Similar effects are
observed in Figure 5.16 and Figure 5.17 for the scaling of fin height and fin width in the
non-planar structure. For all three structures, increasing channel thickness results in
increase in subthreshold swing. The single-gate and double-gate structure shows almost
linear characteristics. For the trigate structure, the effect of channel thickness on
subthreshold swing saturates at high channel thickness values. Results from the analytical
model and simulation match closely for the single-gate and double-gate structure. The
analytical model and simulation results vary slightly for the trigate structure. Figure 5.18
shows that subthreshold swing increases with the increase of fin thickness. The deviation
is more pronounced for smaller dimensions due to neglecting some of the quantum

mechanical effects.
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Figure 5.14: Variation of subthreshold swing, SS with channel thickness, d for single-gate
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Figure 5.16: Variation of subthreshold swing, SS with fin height, h for trigate modulation
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5.4 Effect of Indium Concentration

The effects of indium concentration on the threshold voltage and subthreshold swing of
non-planar trigate QWFET structure is discussed in this section. Figure 5.18 shows that
the device with Ing7Gag 3As channel has a lower threshold voltage than the Ings3 Gag 47AS
device; i.e. higher indium concentration results in lower threshold voltage. Since the
higher indium concentration increases the intrinsic carrier concentration and decreases
the bandgap of InGaAs, the electron concentration is significantly larger in the In-rich
channel for the same gate voltage. This results in a lower threshold voltage in channels
with higher indium concentration. Figure 5.19 depicts that the subthreshold swing is
slightly larger for the indium-rich QWFET. Since at the subthreshold region of trigate
QWEFET, the change in minimum potential in the effective conduction path with respect
to the gate voltage is a weak function of intrinsic carrier concentration, the subthreshold

swings are found to be similar for both materials.
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Figure 5.18: Effect of change in indium content in the channel of trigate non-planar
modulation doped QWFET on threshold voltage, V4 (Vps = 0.5V).
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5.5 Effect of Donor Layer Parameters
The effects of donor layer thickness on the subthreshold characteristics of the non-planar

trigate QWFET structures are observed for multiple doping concentrations.

Figure 5.20 shows that the threshold voltage decreases with the increase in donor layer
thickness, since a thicker donor layer can supply more conduction electrons to the
channel at a certain gate voltage. Higher doping concentrations also results in smaller
values of threshold voltage, since the availability of electrons in the channel is directly

dependent of the availability of donors in the InAlAs barrier layer.

Figure 5.21 shows that the subthreshold swing increases with donor layer thickness,
although the effects are negligible. Moreover, the doping concentration has no effect on
the subthreshold swing value, since the doping concentration does not affect the change
of minimum potential in effective conduction path with respect to the change of gate

voltage. The thicker donor layer increases the distance between the top gate and the
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channel, resulting in poorer top gate control. However, the subthreshold swing in trigate
QWEFET is immune to the changes in donor layer thickness because the thicker donor
layer only reduces the control of the top gate over the channel carriers, whereas the
control of the other two gates remains unchanged. Hence the subthreshold leakage is not

affected by the poor control of the top gate.

For the sake of comparison, the effect of donor layer thickness is observed on the
subthreshold swing for the single-gate QWFET in Figure 5.22. Since there are no other
gates to control the source-drain subthreshold leakage in the single-gate structure, the
effect of poorer gate control demonstrates itself in drastically increasing subthreshold

swing.
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Figure 5.20: Variation of threshold voltage, Vry with donor layer thickness, dq trigate
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5.6 Modulation-Doped QWFET and Undoped QWFET

The threshold and subthreshold characteristics of doped QWFET and undoped QWFET
is compared in this section. Figure 5.23 shows that the modulation doped QWFET has
lower threshold voltage compared to an undoped device. Since there is no donor layer in
the undoped device to supply electrons to the channel, higher gate voltage is required to
draw out electrons from the n™* InGaAs cap at the source, which results in a higher

threshold voltage value.

As seen in the previous section, the donor layer has little effect on the subthreshold swing
of the trigate QWFET devices due to its superior gate control. So removing the donor
layer of the trigate QWFET does not significantly improve the subthreshold swing.
Figure 5.24 shows that the subthreshold swing of modulation-doped device is slightly
larger than that of an undoped device. However, this effect can only be observed for short
channel devices. For longer channel lengths the difference between the subthreshold

swing of the doped and undoped devices starts to diminish.
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5.7 Conclusion

Effect of different device parameters on the threshold and subthreshold characteristics of
single-gate, double-gate and trigate QWFET structures are shown in this chapter. The
results obtained from the analytical model are compared with results from ATLAS
simulations, and they are found to be in good agreement. A comparative analysis of the
performances of single-gate, double-gate and trigate structures is made in terms of

subthreshold characteristics.



CHAPTER 6
CONCLUSION

6.1 Summary

The work presented in this thesis concentrates on analytic modeling of threshold and sub-
threshold characteristic of QWFETSs. The analysis is done for both planar and non-planar
structures of QWFET. For the planar configuration, two dimensional Poisson’s equation
is analytically solved to formulate the potential distribution. The planar variety includes
both single-gate and double gate QWFETs. On the other hand, the solution to three-
dimensional Poisson’s equation is obtained for modeling of the non-planar configuration,
i.e. the trigate QWFET. A threshold voltage and subthreshold swing model is proposed
using the channel potential distribution obtained from the mathematical model. The
obtained results from the analytic model are compared with simulation results. The
results are found to be in good agreement with each other, thus verifying the proposed

model.

The analytical model is used to observe the effect of device dimensions on device
characteristics. Short channel effects on device performance are highlighted, hence the
non-planar structure is found to perform better compared to the planar structures. The
short channel non-planar structure is also less sensitive to drain induced barrier lowering
than its planar counterparts. For low drain voltages, the short channel trigate QWFET
provides subthreshold swing very close to the 60mv/Dec limit. However, the
discrepancies between the analytical model and the numerical results are amplified as the
channel length approaches the value of the channel thickness. This is a direct
consequence of ignoring the charge variation due to the channel length dimension while
solving the 3D Poisson’s equation. Two types of planar structures are considered in this
analysis i.e. single-gate and double-gate QWFETSs. Between these two structures, the
double-gate provides better performance at short channel lengths and higher drain

voltages.
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The effects of scaling the lateral dimensions of the channel are also observed for different
configurations of QWFET devices. When the channel thickness is scaled in the planar
structure, the device provides stronger enhancement mode operation, i.e. the threshold
voltage is found to increase. In the non-planar device, scaling the fin height and width has
a similar effect. Scaling of lateral dimension is found to improve the subthreshold swing
in all three types of structures, although the trigate structure is found to perform yield the
lowest value of swing. In the trigate structure the subthreshold swing value approaches
60mV/Dec limit for ultra-scaled device dimensions even for small length of channels,
while the planar structures produce higher value of SS for similar cases. The accuracy of
the proposed model deteriorates when the lateral dimensions are scaled, since all the
guantum mechanical (QM) effects could not be included while solving the 3D Poisson’s

equation.

The effects of scaling the dimension and changing the doping concentration of the donor
layer were also observed for the trigate device. The threshold voltage increase when the
donor layer is thinner or donor concentration decreases, since the amount of conduction
electron provided by the donor layer decreases in these cases. These properties can be
used to adjust the threshold voltage in QWFET structures. On the other hand, the
subthreshold swing increases for thicker donor layer, although the doping concentration

has no discernible effect on the subthreshold swing.

6.2  Scope for Future Work

In this work, the threshold and subthreshold characteristics are derived from the
Poisson’s equation including the semi-classical mobile charge terms. The accuracy of the
proposed model can be increased for short channel and small lateral dimensions by
including the quantum mechanical (QM) effects. The QM effects can be included by
adding a correction term with the threshold voltage that can provide sufficient accuracy

for small dimensions.

Moreover, a similar analysis can be applied to the gate-all-around and pi-gate structure to

derive the subthreshold characteristics.
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