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Abstract

Based on the analytical solution of Poisson and Schrédinger equation, this dissertation
establishes a theoretical framework to investigate the device scalability and sensitivity to
process variations considering the impact.of quantum-confinement effects. This theoretical
framework includes advanced CMOS device structures such as multi-gate, and
Gate-All-Around (GAA), and Ultra-Thin-Body (UTB) devices, and can be applied to devices
with high-mobility channel materials.

From the prospective of electrostatic integrity, we compare the sensitivity of threshold
voltage (V) to process variations for multi-gate devices with various aspect ratio (AR) and
GAA device using analytical solutions of 3-D Poisson’s equation. Our study indicates that
lightly doped GAA device shows the smallest Vy, variation caused by process variation and
dopant number fluctuation. For heavily doped devices, dopant number fluctuation may
dominate the overall Vy, variation. The Vy, dispersion of GAA device may therefore be larger
than that of multi-gate MOSFETs because of its larger surface-to-volume ratio. We also

analyze the impact of AR on the Vy dispersion due to dopant number fluctuation for
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multi-gate MOSFETs.

Using the derived analytical solutions of Schrédinger equation for short-channel devices,
we investigate the impact of quantum-confinement effect on the sensitivity of Vi, to process
variations. Our study indicates that, for ultra-scaled FinFET and GAA devices, the importance
of channel thickness (t;,) variation increases due to the quantum-confinement effect. For
FinFET, the Si-(100) and Ge-(111) surfaces show lower Vy, sensitivity to the t., variation as
compared with other orientations. As the Vy, sensitivity to t., for short-channel device is
determined by the short-channel effect and the quantum-confinement effect, the t;, of GAA
MOSFETs can be optimized to reduce the Vy, variation.

The impact of quantum-confinement on the short-channel effect for UTB and multi-gate
MOSFETs are investigated using the derived analytical solutions of Schrédinger equation.
When the ty, is smaller than the critical thickness, the quantum-confinement effect may
decrease the Vy, roll-off of GeOI MOSFETs. Thus, Ge devices may exhibit better Vy, roll-off
than the Si counterpart because of the more significant quantum confinement. For multi-gate
structure, by exploring the quantum-confinement effect along the Hg, direction, the Vy,
roll-off of InGaAs devices can be suppressed and become smaller than the Ge counterpart.
This 2-D quantum-confinement effect is also crucial to the scalability of multi-gate device.
Our study indicates that for a given subthreshold swing, Tri-gate (AR=1) with significant 2-D
confinement effect exhibits better Vy, roll-off than FinFET (AR>1).

We provide a closed-form model of quantum “dark space” for Ge and Si MOSFETs with
high-k gate dielectric. This model shows accurate dependences on barrier height, surface
electric field, and quantization effective mass of channel and gate dielectric. Our model can
also be used for devices with the steep retrograde doping profile. This physically accurate
dark space model will be crucial to the prediction of the subthreshold swing and

quantum-confinement induced Vy, shift of advanced Ge devices. Using this closed-form dark



space model, we also provide a closed-form model for the quantum-confinement induced
amplification factor (AFqc) in Vy, variation due to random dopant fluctuation (RDF). Using
our model, various factors such as EOT and temperature that may modulate/reduce the impact
of RDF on Ge and Si MOSFETs can be accurately assessed.

The impact of RDF and LER on the switching time variations of bulk MOSFETs and
FinFET have been assessed using the effective drive current approach that decouples the
switching time variation into transition charge (AQ) and effective drive current (I.s) variations.
Our results indicate that for bulk MOSFETs, although the RDF has been recognized as the
main variation source to Vy, variation, the relative importance of LER increases as the
switching time variation is considered. As for lightly-doped FinFET, although the impact of
fin-LER is more crucial to Vy, variation, the relative importance of gate-LER increases as the

switching time variation is considered.

Keywords: threshold voltage variation, quantum-confinement, Ultra-Thin-Body,

Multi-Gate, Gate-All-Around, high mobility channel, switching time
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Chapter 1
Introduction

To continue the MOSFET scaling, advanced device structures with better gate control are
promising candidates to extend the roadmap of CMOS. Recently, Ultra-Thin-Body (UTB) and
multi-gate structures have been promoted as parallel device types with the planar bulk
MOSFETs [1]. In the long term, Gate-All-Around (GAA) nanowire with an ideal structure to
provide superior gate control is also an important candidate for ultimate CMOS structure [1].
In addition to the innovation of device structure, Ge and III-V channels with intrinsically
higher mobility than Si have been proposed to improve the performance of highly-scaled
MOSFETs [1]. Eventually, MOSFET may possess the features of both advanced device
structure and high mobility channel material.

With the scaling of device dimensions, the impact of process variations has become a
crucial issue to device design. As the. random  dopant fluctuation are significant to
heavily-doped devices such as planar bulk MOSFETs [2]-[4], fluctuations associated with the
geometry variations such as line edge roughness are especially important to lightly-doped
devices [5]-[7]. The threshold voltage (Vi) dispersion due to these process variations
becomes increasingly important with the supply voltage scaling down. In addition to the Vy,
variation, the switching time variation is important to the logic circuits. Although the Vi,
variation has attracted extensive attention, detailed study regarding the switching time
variation due to process variations has rarely been seen.

For planar bulk MOSFETs, the gate control against the short-channel effect depends on
the enhancement of the surface electric field (by increasing the channel doping). The
increasing surface electric field results in significant electrical confinement [8], which will

increase the carrier centroid distance from the interface. This increased carrier centroid



distance (or dark space [9], [10]) will degrade the device electrostatic integrity because it
increases the electrical EOT [1]. For undoped devices, the enhancement of gate control is
through the scaling of channel thickness, which will result in significant structural
confinement [8]. As compared with Si devices, the quantum-confinement effect becomes
more significant when high mobility channel materials (which usually possess smaller
effective mass) are used. Since the quantum-confinement effect reduces the carrier density
and increases the Vy,, it may also alter the Vy, sensitivity to process variations.

This work has established a theoretical framework that can be used to assess the
electrostatic integrity and quantum-confinement effect of various device candidates for
CMOS scaling. This theoretical framework is based on the analytical solutions of Poisson and
Schrédinger equations for planar bulk, UTB SOI, multi-gate, and GAA devices. By tackling
the scalability and sensitivity to process variations, we can assess the feasibility and optimum
design of these promising device options. The organization is as follows.

From the perspective of the electrostatic integtity, Chapter 2 comprehensively compares
the sensitivity of Vy, to dopant number fluctuation and process variations for multi-gate and
GAA MOSFETs using the derived analytical solutions of Poisson’s equation for multi-gate
and GAA devices. The impact of aspect ratio on the Vy, variation due to dopant number
fluctuation for multi-gate devices is investigated. Besides the dopant number fluctuation,
impacts of geometry variations such as gate length and channel thickness variations are
examined to assess an optimum design between multi-gate and GAA devices.

When the device dimensions are further scaled, Chapter 3 investigates the impact of
quantum-confinement effect on the Vy, sensitivity to process variations. By considering the
short-channel potential, analytical solutions of Schrdédinger equation for short-channel
FinFET and GAA devices are derived. We investigate the Vy, sensitivity to process variations

for short-channel FinFET with various surface orientations [11] using the derived



short-channel quantum-confinement model. For GAA MOSFETs, we demonstrate that there is
an optimum channel thickness design to reduce the Vy, sensitivity to process variations.

Since the high mobility channel devices are more susceptible to short-channel effects
[12], [13], Chapter 4 investigates the impact of quantum-confinement effect on the Vy, roll-off
of high mobility channel MOSFETs. A detailed study of quantum-confinement effect on the
Vi, roll-off of UTB Ge devices is conducted. To assess the scalability of InGaAs multi-gate
MOSFETs, the analytical solution of 2-D Schrdédinger equation for multi-gate devices is used
to consider the 2-D quantum-confinement effect. With these derived short-channel
quantum-confinement models, we can fairly compare the Vy, roll-off of high mobility
channels.

The quantum dark space is crucial to the electrostatic integrity of heavily-doped planar
bulk MOSFETs [10]. Chapter 5 provides a closed-form dark space model that considers the
wavefunction penetration into the high-k dielectric and the parabolic potential well. With this
closed-form dark space model, the quantum-confinement induced amplification of Vi
variation due to RDF can be further modeled. Combined with the classical model for Vi,
variation, a quantum-mechanical Vy, variation model can be derived.

Besides the Vy, variation, the process variations also results in switching time variation.
Chapter 6 investigates the impacts of random dopant fluctuation and line edge roughness on
the switching time variations for heavily-doped planar bulk MOSFET and lightly-doped
FinFET. Using the effective drive current approach [14], the switching time variation can be
decoupled into the effective drive current variation and the transition charge variation. Thus,
we can fill the gap between the Vy, variation and the switching time variation due to process
variations, and provide more physical insights in the switching time variations.

Chapter 7 summarizes essential research results and contributions of this dissertation

work.
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Chapter 2
Sensitivity of Threshold Voltage to Process
Variations — A Perspective from Electrostatic
Integrity

2.1 Introduction

For nano-CMOS device design, the challenge lies in dispersions [1]. They are mainly
due to process variations and dopant fluctuation that result in the dispersion of threshold
voltage, and are closely related to the device electrostatics [1]. In other words, electrostatic
integrity and variability are crucial in assessing the feasibility of various device structure
options.

Due to their better gate control, multi-gate [2]-[4] and Gate-All-Around (GAA) [5]-[7]
structures are considered as important candidates-for the future CMOS scaling. Dependent on
the aspect ratio (AR), FInNFET (AR>1) and Tri-gate (AR=1) are two main options in the
multi-gate device design. Whether there is an optimum choice for the multi-gate structure
between the two options merits investigation. The GAA structure features the surrounding
gate channel, which is an ideal structure to provide better gate control. However, with the
scaling of device geometry, the impact of process variations has become a crucial issue to
device design. Although GAA structure is a promising alternative for future device scaling, its
immunity to process variations remains an important question [8]-[10]. Moreover, whether
there is an optimum choice between GAA and multi-gate structures merits further
examination.

In this chapter, we assess the sensitivity of GAA device to process variations compared

with multi-gate MOSFETs using theoretical calculation. A theoretical framework that can be



used to assess the feasibility of GAA and multi-gate devices by tackling their electrostatic
integrities and sensitivities to process variations will be provided [11]. First, we derive the
channel potential and the subthreshold current models for GAA [11] and multi-gate structure
[12], respectively. The threshold voltage (Vi) can be determined using the calculated
subthreshold current. Based on our theoretical calculation, we investigate the Vy, sensitivity to

process variations for GAA structure compared with that of multi-gate devices.

2.2 Modeling of Subthreshold Characteristics for Multi-Gate and
GAA Structures

An analytical channel potential solution is crucial to the derivation of subthreshold
characteristics such as subthreshold current and Vg. The channel potential solutions for

multi-gate and cylindrical GAA structures are described as follows.

2.2.1 Analytical Channel Potential Solution for Multi-Gate Structure

Figure 2-1 shows the schematic sketch of a multi-gate SOI structure. The Si-fin body
covered by gate insulator is a cuboid with six faces, and each face is connected to a voltage
bias. In the subthreshold regime, the Si-fin body is fully depleted with negligible mobile

carriers. Therefore, the potential distribution, @(x, y, z), satisfies the Poisson’s equation:

82¢(x,2y, 2), 62¢(x,2y, 2), 62¢(x,2y, z) __aN, (-1
ox oy 0z Esi

where N, is the doping concentration of the Si-fin. The required boundary conditions can be

described as:
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where & ,&; and &,, are dielectric constants of the Si-fin, gate dielectric and oxide, respectively.
Wi, Hpn, and Loy are defined as fin width, fin height, and channel length, respectively. ¢, ¢,
t;», and t,,, are thicknesses of top gate dielectric, front gate dielectric, back gate dielectric,
and buried oxide, respectively. Vi, Vig, Vies Vg @and ¥ps are the voltage biases of front gate,
back gate, top gate, buried gate and drain terminal, respectively. V, is the flat-band voltage
for these gate terminals. ¢, is the built-in potential of the source/drain to the channel.

This 3-D boundary value problem can be divided into three sub-problems, including 1-D
Poisson’s equation, 2-D and 3-D Laplace equation. Using the superposition principle, the
complete potential solution is &(x, v, z) = @i(z) + d(x, z) + $(x, y, z), where @(2), ¢ (x, z), and
@i(x, y, z) are solutions of the 1-D, 2-D, and 3-D sub-problem, respectively. The 1-D solution

@1(2) can be expressed as:
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b= a+V, -v,) (2-3c)

In solving the 2-D and 3-D sub-problems, approximation was made to avoid the
numerical iterations required in finding the eigenvalues [13] and to simplify the solution form.
The boundary conditions [Equation (2-2a) to (2-2d)] are simplified by converting the gate
dielectric thickness to (g /¢;) times and replacing the gate dielectric region with an equivalent
Si region [14]. The electric field discontinuity across the gate dielectric and Si-fin interface
can thus be eliminated. In other words, the Si-fin body and the gate dielectric region are
treated as a homogeneous silicon cuboid with an effective width W,; and an effective height

H,.;given by Equation (2-4) and (2-5), respectively.

S?i

We =W + - (’t,f + ti’,,) (2-4)
8si

I—I‘-f/."ir = Hﬁn + . ti,t + tox,u (2'5)

1

The 2-D solution ¢(x, z) can be obtained using the method of separation of variables:

- . ir g, . i g, .| ir
o, (x, z) = Z c, smh[—(x +—51, JJ +c] smh{—[Weﬁ, - (x +—1, DJ . sm[ (z o )J
i=1 He_/j" &; Heff ) & He_l?’

(2-6a)
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sinh| iz ——
H 4
2 ; .
e o) iy _t"."’“)z(_l)l e (2-6b)
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H off
2 2 ' ]
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Similarly, the 3-D solution ¢s(x, y, z) can also be obtained and expressed as

[em,n sinh(kyy) s1nh(k ( L, y)) s1n(pn;;i( Z’l’ i’bn-sin(;:; (z+t0x,u )J

Ms
s

Xy,

m=1 n=1

(2-7a)

where

2 2
k, = ’"”] +( nr J (2-7b)
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(2-7d)

Our potential solution has been verified by 3-D device simulation [15]. Figure 2-2(a) and
(b) compare the derived channel potential distribution with device simulation (at Vgs = —0.2V)
for heavily doped devices and lightly doped devices, respectively. Note that a smaller EOT is
used in the lightly-doped case to sustain the electrostatic integrity [3]. It can be seen that our

model shows satisfactory accuracy.

2.2.2 Analytical Channel Potential Solution for GAA Structure
For GAA structure, the cylindrical channel is wrapped by gate insulator and connected to
the gate terminal. Since the GAA structure is symmetrical in the 6-direction (Figure 2-3), the

2-D potential distribution ¢(r, y) satisfies the 2-D Poisson’s equation:

O*¢(r.y) 1 04(r.y)  O*¢(r.y) _  ala

ort r or ayz E

(2-8)

The boundary conditions for GAA MOSFETs are

o)
o lr=o (2-92)
5sz'M :Ci'[VGS_Vfb_¢(r:D/2ay)]
o lr—pp (2-9b)

C; =2¢;/[D-In(1+2¢/D)]

(2-9¢)
¢(l",y = O)= _¢ms
(2-9d)
¢(7", y= Leﬁ”): ~@ms +Vps
(2-9¢)

where D and ¢; are the channel diameter and thickness of gate insulator, respectively. Note that
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Equation (2-9¢) is the capacitance per unit length for an infinite long cylindrical capacitor,
which neglects the fringing effect of the field near the edges of the capacitor [16].

Similar to the procedure used in the multi-gate structure, this 2-D boundary value
problem can be divided into two sub-problems, including 1-D Poisson’s equation and 2-D
Laplace equation. Using the superposition principle, the complete potential solution is #r, y)
= ¢i(r) + d(r, y), where ¢i(r) and ¢ (r, y) are solutions of the 1-D and 2-D sub-problems,
respectively. Solving the boundary value problem in cylindrical coordinate [17], the solution

can be expressed as

é(r)=4r* +B (2-10a)
where
s=—Na (2-10b)

4e,

qNa D( D gsi

B=Vgs -V 2l E ol 2-10

SR AN 2[2+ c,.j Sy
b5(r,2) = |k, -sinh(2, - )+ &, -sinh(2,, (g — v))]- To(2, ) (2-11)

n

where J,(x) 1s called Bessel function of the first kind of order v [17]. 4, can be determined by

Jo(ﬂ,n gj —%ﬂ,nJl[/ln gj =0 (2-12)

l
The coefficients &, and &, ” can be expressed as

2
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Figure 2-4 compares the derived channel potential distribution with 3-D device
simulation for both lightly doped (1x10"°cm™) and heavily doped (3x10'®cm™) GAA devices.

It can be seen that our model shows satisfactory accuracy for various channel doping.

2.2.3 Modeling of Subthreshold Current and Vg Using the Channel
Potential Solution

The subthreshold current can be“derived using the channel potential solution. For
example, the current density J,(7, y) of a GAA device at the position (7, y) can be expressed as

[18]:

2 —
I (r,y)==qu,n(r,y)- dz—iy) =—qu, - ]'3 eXpV(r’ /f; /qV(y )} : dl:liy ) (2-14)

a
where n(r, y) is the electron density at the position (7, y) and V(p) is the quasi-Fermi potential.
My, 1s the carrier mobility. The current Ips (v) can be derived by integrating in » and 6

directions:

Ipg (J’) =-—qu, {— 27:]()% r- ’;\;2 exp{(/ﬁ(r’ y)— V(y)}dr} : dl;_(y) (2-15)

kT/q ly

Since the electron current flow is continuous, the subthreshold current /pg is independent of y

and can obtained by
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Ips = qHy, (kT/Q)(”iz /Na ll _ exp(— Vbs /(kT/Q))] (2-16)

R

Since the derivation procedure of /ps for multi-gate structure is similar, the expression of
Ips for multi-gate structure is similar to Equation (2-16) except for the integral term in the

denominator. For multi-gate structure,

_ au, (kT /N, 1 = expl(= Vips /(KT /)] o)
Jo | [ 1) exoltn ) kg |

The subthreshold current derived by Equation (2-16) and (2-17) has been verified by 3-D

device simulation. Figure 2-5(a) and (b) compares the derived subthreshold current with
device simulation for heavily doped devices and lightly doped devices, respectively. Besides,
we define the Vy, as the gate voltage at which the calculated subthreshold current /pg = 300nA
X Wiowa/Leg [19], where Wigw s the total width. For multi-gate structure, Wioa = 2Hn Wi
and for GAA structure, W1 = 7 D. Since our calculated subthreshold current is applicable
for the subthreshold regime, we focus on the accuracy for Vgs below V. For heavily doped
devices [Figure 2-5(a)], the Vy, is around 0.4V and for lightly doped case [Figure 2-5(b)] the
Vi, 1s around 0.2V. It can be seen that our model shows satisfactory accuracy.

Compared with the TCAD device simulation, our methodology shows higher efficiency
in determining the subthreshold current and Vg of multi-gate and GAA devices. In our
calculation, the CPU time needed is less than 20% of that needed for TCAD simulation. More
importantly, this theoretical framework provides more scalable and predictive results than

experimental or TCAD simulation does.

2.3 Impact of Aspect Ratio on Random Dopant Fluctuation for
Multi-Gate MOSFETs

With the scaling of device geometry, random dopant fluctuation (RDF) has become a
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crucial issue to device design. In this section, we compare the Vy, dispersion caused by RDF
for FinFET, Tri-gate and Quasi-planar devices with both heavily doped and lightly doped
channels [20]. Through our theoretical model, the impact of device aspect ratio on the random
dopant fluctuation in multi-gate MOSFETs is examined.

Although the actual 3-D charge distribution is not uniform, we can incorporate the
dopant number fluctuation in our theoretical framework to assess the feasibility of various
multi-gate device designs. The dopant number in the channel has been found to follow
Poisson distribution [21] and the Vy, distribution caused by random dopant fluctuation can be
approximated as Gaussian distribution [21]-[23]. With MOSFET scaling, the Vy, distribution
gradually changes its shape from the Gaussian to a Poisson-like distribution [23]. To assess
the Vy, variation of multi-gate devices caused by dopant number fluctuation, we assume that
the dopant number in the channel follows Poisson distribution [23], [24] and the standard
deviation (o) of the dopant number is n,'%, where n, is the average dopant number in the
Si-body. The Vg, variation for dopant .number fluctuation can then be calculated as
AVp=|Vin(+306)—Vu(—30)|/2.

To compare the multi-gate devices with various aspect ratio (AR=Hg,/Wiin), we focus on
the FinFET (AR=2), Tri-gate (AR=1), and Quasi-planar (AR=0.5) structures (Figure 2-6). The
total width (Wiow=2HsntWisn) of various AR devices are all equal to 75nm to make fair
comparison. Besides heavily doped devices, we also examined the impact of RDF on the Vy,
dispersion of lightly doped devices. For heavily doped devices, the channel doping is equal to
6x10'"®cm™. For lightly doped channel the channel doping is 1x10"7cm™. Note that gate oxide
(tox=1nm) is used for heavily doped devices, while high-k dielectric (tmr=2nm and the
dielectric constant of HfO, is 25) is used for lightly doped ones to sustain the device
electrostatics [3].

Figure 2-7 shows the AR dependence of AVy, caused by RDF, and the results are verified
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with device simulation [15]. For heavily doped channel, the AVy, increases with AR, and the
minimum AVy, occurs at AR=0.5, i.e., Quasi-planar device. This is because for a given Wi,

the devices with AR=0.5 possess the largest channel volume (Figure 2-8). Since

dvy,
dN

AV, == AN, (2-18)

a

AN =A”aoc\/_ Na V. _Na (2-19)

I’la_
“y v oV N

where V is the channel volume, the devices with larger channel volume show smaller AVy,. In
addition to channel volume, Equation (2-18) demonstrates that the Vy, sensitivity to the
channel doping (dVu/dN,) may also determine the AVy,. Figure 2-9 shows the channel doping
dependence of Vy, for devices with heavily doped channel. It can be seen that FinFET,
Tri-gate and Quasi-planar devices show: similar Vi sensitivity. Therefore, for heavily doped
channel, Quasi-planar device shows better immunity to RDF than FinFET and Tri-gate
because of its larger channel volume.

Figure 2-10 shows that for lightly doped channel, the AVy, increases as AR decreases.
This is because for lightly doped channel, devices with different AR show different Vy,
sensitivity to channel doping (Figure 2-11). For lightly doped channel, FInFET shows the
smallest Vy, sensitivity to channel doping because of its narrower Wy, for a given Wiy In
other words, Wy, scaling enhances the gate control and reduces the Vy, dependence on the
channel doping. Therefore, FinFET shows the best immunity to dopant fluctuation for lightly
doped channel.

To assess the impact of random dopant fluctuation on the overall Vy, variation, we have
calculated the proportion of Vy, dispersion due to random dopant fluctuation to the overall Vy,
variation (Figure 2-12). The AVy, caused by Les variation (AVi, Lesr), Wrin variation (AVi wiin),

Hsn variation (AVypan) and random dopant fluctuation (AVyrpr) are considered in our
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calculation. We assume that the 3o process variations of these device parameters are +10% of
their nominal values, and the Vy, variation is defined as AVy=|Vin(+10%)—Vm(—10%)|/2 [24].
The overall Vy, variation is defined as AVy? = AvthLeffz + Avth7wﬁn2 +AVth,Hﬁn2 + AVth,Rppz.
Figure 2-12(a) shows that for heavily doped channel, random dopant fluctuation dominates
the overall Vy, dispersion and the Quasi-planar device shows better immunity than devices
with other AR to dopant fluctuation. Our theoretical result is consistent with the experimental
data from [25], which showed that for doped channel, the 6Vy, of the devices with smaller
volume is larger than that of the devices with larger volume. Although lightly doped channel
has been suggested [26] to suppress the Vy, variation caused by dopant fluctuation, Figure
2-12(b) shows that the Vy, variation caused by dopant fluctuation is still significant for
lightly-doped Tri-gate and Quasi-planar devices. The impact of RDF may still be an issue to
the Vy, dispersion of lightly doped channel unless devices with good electrostatic integrity

such as FIinFET are used.

2.4 Sensitivity of GAA MOSFETs to Process Variations — A
Comparison with Multi-Gate MOSFETs

To assess the sensitivity of GAA and multi-gate MOSFETs to process variations, we
assume that the device parameters such as L, channel diameter (D) of GAA structure, and
Wiin of multi-gate MOSFETSs vary by +2.5nm (+3c value, ¢ is the standard deviation) [26].
This 3o value is estimated from the combination of process variations such as lithography
variation, etch variation, and resist trim variation [26]. Similar to the previous section, the
impact of dopant number fluctuation is considered assume that the channel dopant number
follows the Poisson distribution and the ¢ of the dopant number is nam, where n, is the
average dopant number in the Si-channel. The corresponding Vy, variation for process

variations and dopant number fluctuation can be calculated as AVy, = [Vin(+306) — Vi(—30)]/2
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[24].

To compare the GAA structure with multi-gate MOSFETs, the total width (Wiot) of
GAA (Wit = m-D) and multi-gate MOSFETs (Wi = 2Hj, + Wjy,) are equal to make fair
comparison. Multi-gate structures with various ARs (AR = Hp, /Wj;,) are considered,
including FinFET (AR = 2) and Tri-gate (AR = 1). Devices with various channel doping are
considered. For heavily doped devices, the channel doping is equal to 6x10"*cm™. For lightly
doped devices, the channel doping is equal to 1x10"cm.

Figure 2-13 shows the calculated AVy, caused by dopant number fluctuation (AVirpr)
for Wioral = 75nm and L. = 25nm, and the results are verified with device simulation [15].
The AV, rpr for heavily-doped GAA device is larger than that of multi-gate MOSFETs. This
is because for a given total width, GAA device possesses smaller channel volume than
FinFET and Tri-gate. Besides, it can seen that for -heavily doped channel, the AVyrpr is
significantly larger than that of lightly doped ones. The Vi, dispersion due to dopant number
fluctuation is a crucial concern for heavily doped device design.

Figure 2-14 shows the calculated AVy, caused by Leg variation (AViperr) for Wig =
75nm and Ler = 25nm. The discrepancies of AV e for heavily doped devices are not
significant. For lightly doped channel, the AV ¢ of GAA device is also close to that of
FinFET. However, the AV 1esr of GAA device is much smaller that that of Tri-gate. The
AV Lefr 18 determined by the Vy, roll-off characteristics. Figure 2-15(a) demonstrates that for
heavily doped channel, the Vi, roll-off of the three devices are similar because channel doping
reduces the geometry dependence of electrostatic integrity. In Figure 2-15(b), the Vy, roll-off
of lightly doped GAA MOSFET is close to that of lightly doped FinFET. Since Wy, scaling is
more effective than Hg, scaling in the suppression of Vy, roll-off, especially for lightly doped
case, the Vy, variation for narrower Wy, devices like FInFET is smaller than Tri-gate.

Figure 2-16 shows the calculated AV, caused by channel thickness (ts) variation (AVy, i)
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for Wipal = 75nm and Lo = 25nm. Wy, variation and Diameter variation are considered for
multi-gate MOSFETs and GAA devices, respectively. It can be seen that for heavily doped
case, the AVy, of FInFET is larger than that of Tri-gate. For lightly doped case, however, the
AVy, of Tri-gate is significantly larger than that of FinFET. This can be explained by the Wy,
dependence of V. Figure 2-17(a) shows that for heavily doped devices, the Vy, decreases
with Wy, because of the reverse narrow width effect. Also shown in Figure 2-17(a) is that the
Vi, sensitivity to Wi, [dVia/dWipn|, is larger for devices with narrower Wg,. Therefore,
FinFET with its inherently narrower Wy, shows larger AVy, as Wy, varies. Figure 2-17(b)
shows that for lightly doped devices, the Vy, increases as Wy, decreases because of smaller
Vi, roll-off in narrower devices. Also shown in Figure 2-17(b) is that the Vy, sensitivity to Wy
is larger for devices with wider Wg,. Therefore, Tri-gate with its inherently wider Wg, shows
larger AVy, as Wy, varies.

Figure 2-16 shows that for lightly doped channel, the AV, i of GAA device is smaller
than that of multi-gate MOSFETs. This is because the surrounding gate structure of GAA
device reduces the channel thickness dependence of V. Figure 2-18 shows that the GAA
structure with a square cross section (which possesses the same channel volume as cylindrical
GAA structure) shows similar Vy, sensitivity (dVa/dWsy,) as that (dVg/dD) of the cylindrical
GAA structure. Although multi-gate structures with higher AR can be used to improve the
immunity to Wy, variation, Figure 2-19 shows that with the scaling of Wiy, the AV, i of
GAA device decreases more rapidly than that of FinFET.

To assess the overall Vy, variation (AV o) for GAA device and multi-gate devices, we
assume that the variation sources such as dopant number fluctuation, L.y variation, and
channel thickness variation are independent. The overall Vy, variation can then be calculated
as AVth,totalz = AVth,RDF2 + AVt}LLeffz + AVth,tSiz . Figure 2-20 compares the calculated AVth’totalz of

GAA device and AR = 2 FInFET for Wiy, = 75nm and L. = 25nm. For heavily doped
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channel, dopant number fluctuation dominates the overall Vy, dispersion, and the AV, tota1 O
GAA device is larger than that of FinFET because of its smaller channel volume. For lightly
doped channel, process-induced geometry variations dominate the overall Vy, dispersion, and
the AV toral of GAA device is smaller than that of FInFET because of its better immunity to

channel thickness variation.

2.5 Summary

In this chapter, we compare the sensitivity of threshold voltage to process variations for
multi-gate devices with various aspect ratio and GAA device using analytical solutions of 3-D
Poisson’s equation verified with device simulation. Our study indicates that lightly doped
GAA device shows the smallest Vi, variation caused by process variation and dopant number
fluctuation. Especially, GAA device shows better immunity to channel thickness variation
than multi-gate structure because of its inherently superior surrounding gate structure. For
heavily doped devices, dopant number ‘fluctuation may become the dominant factor in the
determination of overall Vg, variation. The Vy, dispersion of GAA device may therefore be
larger than that of multi-gate MOSFETs because of its larger surface-to-volume ratio. We also
analyze the impact of aspect ratio on the Vy, dispersion due to dopant number fluctuation for
multi-gate MOSFETs. For heavily doped channel, Quasi-planar device shows smaller Vy
dispersion because of its larger channel volume. The Vy, dispersion due to random dopant
fluctuation may still be significant in the lightly doped channel, especially for Tri-gate and

Quasi-planar devices because of the larger Vy, sensitivity to the channel doping.
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Figure 2-1 Schematic sketch of the multi-gate device structure investigated in this study:.
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Figure 2-2 Analytical potential distribution compared with the result of 3-D device simulation.

For the lightly doped case, a midgap workfunction is used (4.7¢V).
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Figure 2-3 The schematic sketch of cylindrical GAA structure investigated in this study. The

origin (r =0, y = 0) is defined at the center of the channel/source junction.
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Figure 2-4 Analytical potential distribution compared with the result of 3-D ISE simulation. A
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Figure 2-5 The calculated subthreshold current compared with the result of 3-D device
simulation. (a) Heavily doped channel. (b) Lightly doped channel with high-k dielectric (the
dielectric constant of HfO; is 25). A midgap workfunction is given for both heavily and lightly

doped devices (4.5¢V).
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Figure 2-6 Illustration of three different AR devices for a given total width: (a) FinFET (AR=2),

(b) Tri-gate (AR=1) and (c) Quasi-Planar device (AR=0.5).
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Figure 2-7 The AR dependence of AVy, caused by random dopant fluctuation in the heavily

doped channel.
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Figure 2-8 For a given total width, devices with AR=0.5 possess the largest channel volume.
Devices with larger volume will show less doping variation caused by random dopant

fluctuation.
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Figure 2-9 Model prediction of the doping dependence of Vy, for heavily doped channel with

the same total width.
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Figure 2-10 The AR dependence of AVy, caused by dopant number fluctuation in the lightly

doped channel.
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Figure 2-11 Model prediction of the doping dependence of Vy, for lightly doped channel with

the same total width.
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Figure 2-12 The proportional of the AVy, caused by dopant number fluctuation to the overall

AVy, for (a) heavily doped channel and (b) lightly doped channel.
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Figure 2-13 Comparison of AVy, caused by dopant number fluctuation (AVy, rpr) between GAA
device and multi-gate MOSFETs (AR =1 and 2). Both heavily doped and lightly doped

channels are considered.
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Figure 2-15 The Vy, roll-off behaviors of GAA device and multi-gate MOSFETs (AR = 1 and 2).

(a) Heavily doped channel. (b) Lightly doped channel with high & dielectric.
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doped multi-gate devices.
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Chapter 3
Impact of Quantum Confinement Effects on the
Sensitivity of FinFET and GAA MOSFETs to
Process Variations

3.1 Introduction

In Chapter 2, we have assessed the Vy, sensitivity to process variations using analytical
solutions of Poisson’s equation. With the scaling of device geometry, however, the
quantum-confinement effect becomes significant [1], [2] and results in carrier reduction and
hence the Vy, shift. Therefore, the quantum-confinement effect may impact the sensitivity of
Vi, to process variations [3], [4].

The Vy, sensitivity to process variations_shows surface orientation dependence because
of the different degree of quantum-confinement effect for various surface orientations. Since
the carrier mobility of a MOSFET also.depends ‘on the surface orientation, it has been
proposed that with an optimized surface orientation, the circuit performance of a FinFET
structure can be enhanced [5], [6]. Thus, the immunity of a FinFET structure with various
surface orientations to process variations is an important issue.

Since the GAA structure is considered as an important candidate for ultimate CMOS
scaling, the impacts of quantum-confinement effects may be especially significant because of
the ultra-scaled channel thickness for GAA devices. The results in Chapter 2 indicate that the
down-scaling of channel thickness decreases the sensitivity of Vy to process variations.
However, the impact of quantum-confinement effect is becoming crucial to the Vy, sensitivity
to process variations with the down-scaling of the channel thickness. Whether there is an
optimum channel thickness design regarding the minimization of the Vy, variation for GAA

devices merits further investigation.
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To account for the impacts of quantum-confinement effect, analytical solutions of
Schrodinger equation needs to be included in our theoretical framework. The
quantum-confinement effect is often considered to be independent of the carrier flow
direction (i.e., channel length direction). Thus, the quantum-confinement model for
long-channel and undoped devices was proposed using the flat-well approximation [1], [2],
[7]. For short channel devices, however, the center of the potential well is altered by the
source/drain coupling due to the short-channel effect, and the flat-well approximation is no
longer valid. An accurate quantum-confinement model considering the short-channel effects is
crucial to the determination of Vy, for short-channel FInFET and GAA devices.

In this chapter, we investigate the impacts of quantum-confinement effect on the
sensitivity of Vy, to process variations for short-channel FinFET and GAA devices using
analytical solutions of Schrodinger equation verified with TCAD simulation. Specifically, the
impacts of surface orientation on the Vi, sensitivity [3] for FinFET and the optimized channel

thickness design for GAA devices are assessed [4] using our theoretical framework.

3.2 Modeling of Eigen-Energy for Short-Channel FinFET

Figure 3-1 shows a schematic sketch of a FInFET structure. The eigen-energy of channel
carriers for FINFET can be determined either by directly solving the 1-D Schrédinger equation
[3] or by the perturbation theory [8]. With emphasis on the short-channel devices, the
potential well considering the short-channel effect is considered in the eigen-energy

calculation.

3.2.1 Analytical Solution of Schriodinger Equation for Short-Channel
FinFET

To consider the quantum-confinement effect along the fin-width (i.e., x) direction, the
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Schrédinger equation can be expressed as

h? .d2\Pj(x)
me dx2

+Ec(x) ¥ (x)=E; - ¥,(x) (3-1)

where E; is the j-th eigen-energy, ‘P/(x) is the corresponding wavefunction, 7% is the reduced
Plank constant, and m, is the carrier quantization effective mass. For electrons in Si- and
Ge-channel, the m, for various surface orientations are listed in Table 3-1 [9]. Appendix 1
shows more details of the effective masses in Table 3-1. If the conduction band edge E(x) is
treated as a flat well with potential energy S, the solution of Equation (3-1) is ¥ gu(x) = (2
Jten)? sin((i+D)(x + t4/2)/t) and Ejpe = -+ (G 172 R /Q2metas’) [2]. However, to
account for the source/drain coupling due to the short-channel effects, the conduction band
edge Ec(x) in Equation (3-1) should be treated as a parabolic-well with potential energy E(x)
= ax” + f[3]. The  and £ are length-dependent coefficients and can be obtained from the
channel potential solution of Poisson’s equation under subthreshold region.

In Chapter 2, we have derived the 3-D_channel potential solution ¢(x,y,z) for multi-gate
MOSFETs in the subthreshold region. For the FinFET structure in this study, the potential
solution can still be applied after neglecting the top gate potential coupling along the
fin-height direction. In other words, the channel potential solution for the FinFET structure in

Figure 3-1 can be expressed as @(x,y) = @i(x) + ¢(x, y):

2
¢1(x)=—qN” -(x+%tchj +a-(x+%tchj+b (3-2a)

2€ch

(qNa /chh)' (l‘ch2 + 2(gch /gin)' (l‘ch2 + 2(gch /gin)'tin Lep )) (3-2b)

Wi

&
b=Vas —Vp )+ Doty a (3:20)

m
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where Wey = ten + 2(ech / €in)-tin With e, and &, being the dielectric constants of channel and
gate insulator, respectively. ¢, is the thickness of gate insulator. N, is the channel doping, Vs
is the voltage bias of the gate terminal, V', is the flat-band voltage, Vps is the voltage bias of
the drain terminal, and ¢, is the built-in potential of the source/drain to the channel.

After further reducing ¢ to a parabolic form, E¢ can be expressed as Ec (x) = ax” + f8

with

2
= ) i ) ir 1| ix (in
a:(—q)- Z c; sinh| ——- y |+ ¢! sinh —-(L —y) ) p— -sm(—j
il{ l We_‘fj‘ l Weﬁ’ « 2 Weﬁ‘ 2

> . ir . ir (iz) |1 Eg 1kT
ﬂ:(—q)- b+ ¢; sinh| ——-y |+ ¢/ sinh| —— (L, —y -sm(—j— ——+——":In
;‘ T Wy Ty Loy =) 2) 12 ¢ 24
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(3-3b)
where kT/q is the thermal voltage, E, is the bandgap of the channel material, and N. and N,
are effective density of states for conduction and valence bands, respectively. Using the
parabolic-well approximation, the solution of Equation (3-1) can be expressed as power series

[10]
¥i(x)=>d,x"  (3-4a)

with the coefficients d,’s being determined by the following recurrence relationship:

dzz_mx(ié—ﬂ)_dm d3:_mx(f;l<2—ﬂ)_d1’

2m, (B, - p)/n> L maln?
(n+1)n+2) " (n+1)nx2) %

d,.,=- n>=2.  (3-4b)

It should be noted that as & = 0 (i.e., E¢ is spatially constant), '¥(x) will return to the form of
sinusoidal functions, which is the solution for the flat-well approximation [2]. The jth
eigen-energy E; can be determined by the boundary condition ¥; (x = #/ 2) = 0. Thus, the
eigen-energy and eigenfunction of short-channel FinFET under subthreshold region can be
derived.

To validate the accuracy of this analytical solution of Schrédinger equation, we compare
the calculation results with the TCAD simulation that numerically solves the self-consistent
solution of 2-D Poisson and 1-D Schrédinger equations [11]. The Schrodinger equation is
solved along the fin-width (x) direction to consider the quantum-confinement effect. The
effective masses used for various surface orientations in the TCAD simulations are listed in
Table 3-1. We assume that the barrier height across gate insulator/channel is infinite and the
wavefunctions vanish at the interface. In this study, we focus on FinFETs with lightly doped

channel (N, = 10" e¢m™). The EOT is 0.5nm to sustain the electrostatic integrity, and a
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mid-gap gate workfunction (4.5¢V) is used. Figure 3-2 shows that for a short-channel
lightly-doped FinFET, the conduction band edge Ec is bended from a flat well to a
parabolic-like well due to the source/drain coupling. It can be seen that the eigen-energy
calculated by our model considering the parabolic-well approximation agrees well with the
TCAD simulation. Since Ec is not spatially constant along the x-direction for short-channel
devices, we choose E¢ at the channel center (i.e., x = 0) as the reference energy. Figure 3-3
shows the channel length (L) dependence of the energy difference of Ej' (ground-state
energy in 4-fold valley) and the bottom of well Ec(x = 0). In contrast to the constant Ey'—Ec(x
= 0) calculated from the flat-well approximation, both the TCAD simulation and our model
show that the Ey'—Ec(x = 0) increases with decreasing L.y In addition to eigen-energy, the
bended potential well due to the short-channel effect also affects the shape of the
wavefunction. Figure 3-4 shows that the|%,'|* for lightly-doped FinFET with shorter Leg (i.c.,
Less = 15nm) is more centralized to the channel center. This is because the E¢ barrier at the
channel center (x = 0) is lower than that near the insulator/channel interface (x = 0.57y) and
thus the electron density becomes larger at x = 0.

Using this power series method, the eigen-energy needs to be numerically determined
through the non-linear equation. Nevertheless, the derived eigen-energy is fairly accurate (as
shown in Figure 3-2 and 3-3). In the Section 3.2.2, an approximated and explicit form of

eigen-energy can be derived using the perturbation theory.

3.2.2 Closed-Form Model of Eigen-Energy Using the Perturbation Theory
Besides solving the Schrodinger equation directly, the eigen-energy can also be derived

using the approximated methods such as the perturbation theory [8]. The advantage of the

perturbation approach is that the derived eigen-energy is a closed-form expression, which

shows clear physical insights and can be applied in the compact modeling for circuit
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simulation.

For short-channel undoped devices, a parabolic channel potential well E¢ (x) = ax* +
needs to be considered in the derivation of the ground-state eigen-energy Ej. Using the
perturbation theory and treating the ax” term as a perturbation to the flat well with energy

level 3, the first-order approximated eigen-energy Ey' for a parabolic well can be expressed as

E =By va [ 5, () (3-5)

—tch/2

where Eopu = f + e hz/(me‘tchz) is the ground-state eigen-energy of the flat well, and
Yo nadx) = (2 /tch)”z-sin(ﬂ(x + t.1/2)/t.) 1s the ground-state wavefunction of the flat well. It can

be further shown that:

K2 a 6
Elopy PN %212 3-6
0 ﬂ 2ml‘ 2 12 ch 72_2 ( )

x"ch

Equation (3-6) can provide a mathematical support for Figure 3-3. As the source/drain
coupling due to short-channel effect results in a parabolic potential well a«”, the E, for a
short-channel device is raised from the long-channel Eq s,. The decreasing Les increases the «
and hence E).

Higher order terms can be further considered to derive a more accurate ground-state
eigen-energy for a parabolic well. In our calculation, we keep the second-order term:
(a-fxz-‘I’O,ﬂat(x)-‘I’l,ﬂat(x)dx)z/(El Jiat — Eo siar) [8] where E g and Wy s4(x) are eigen-energy and
wavefunction of first eigen-state, respectively. Therefore, the second-order approximated

eigen-energy ( £ 5 ) for a parabolic well can be further shown as

+ 2 S AL (3-7)

E;=p+
o =F 2mt,’ 12 256 7°n’

T2

TR a 2_[ 6} 9’ myt,"
ch P

Figure 3-5(a) compares the E, calculated by the power series method in Section 3.2.1

and the perturbation theory [Equation (3-7)]. It can be seen that the L.y dependences of £
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calculated by Equation (3-7) for FinFETs with t;, = 6nm and 7nm are consistent with the
power series method. Nevertheless, the £y calculated by the perturbation theory for t;, = 10nm
differs from the power series method when L is smaller than 20nm. For FinFET with tg, =
10nm, the error is growing with increasing o due to the down-scaling of L.s, as shown in
Figure 3-5(b). However, Figure 3-5(c) shows that although the « is similar for Leg = 15nm
FinFET with various tq, the error of Ey calculated by the perturbation theory is larger for to, =
10nm. Thus, this error also depends on the t,.

The error source of Equation (3-7) may be attributed to the truncation of higher order
terms. The higher order terms are roughly proportional to the inverse of the differences
between adjacent eigen-energies for a flat well [12]. In other words, these higher order terms
are related to ts, and m, because the eigen-energies for a flat well are proportional to
1/(mx-tch2). Thus, the error of Equation (3-7) increases with m, and ty,. Figure 3-6(a) shows Ej
— Eo s (the Ey increase due to the parabolic well) dependence on the t” for FInFET with Leg
= 15nm. It can be seen that the error of Eg = Ey s, calculated by Equation (3-7) becomes larger
with t.,”, which can explain the discrepancy of E, in Figure 3-5(a) for FInFET with relatively
larger ts, = 10nm. In addition to te,, Figure 3-6(b) shows that the error of Ey — Eo 1., increases
with m,. As the m, for (100) surface is larger than (110) and (111) surfaces for Si-NFET, the
error of Equation (3-7) is larger for Si-(100) FinFET.

In summary, using the perturbation theory, we can derive a closed-form model of E, for
short-channel FinFET. Although the perturbation approach that keeps the lowest-order terms
may not be as accurate as the power series method, it will exhibit satisfactory accuracy for
devices with ultra-scaled to, and smaller m, such as high mobility channel materials. This
closed-form E;, model can provide physical insights and suitable for compact modeling

purposes.
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3.3 Impact of Surface Orientation on the Sensitivity of Vy, for
FinFET

For FinFET structure, different surface orientations such as (100), (110), and (111) can
be achieved by rotating the device layout in the wafer plane [5]. Thus, the Vy, variation for
various surface orientations is crucial to FInFET technology. In this section, we investigate the

impact of surface orientation on the sensitivity of Vy, to process variations and temperature.

3.3.1 Sensitivity of Vy, to Process Variations

To assess the impact of quantum confinement on threshold voltage (Vu), the Vi, is
defined as the Vgg at which the average electron density of the cross-section at y = Leg /2
(highest potential barrier for low Vps) exceeds the critical concentration 1x10'® cm™ [13] in

this chapter. The electron density is determined by the eigen-energy and eigenfunction as

E-—FE
n(x, )= Nc ou 'GXP(— . j (3-8a)
kT
kT 2 E,,—Ec
N =— emy |, (x,y) -exp| ——— 3-8b
com =3 %gv d v,j( y)( P{ T (3-8b)

where g, is the valley degeneracy and m,’ is the density-of-state effective mass of valley v.
The g, and m," for Si and Ge channels are listed in Table 3-1. In other words, the impact of
quantized eigen-energies and eigen-functions on the electron density is incorporated into the
effective density of states for conduction band (Ncou) [2]. The eigen-energies E,; is
calculated using the power series method, as demonstrated in Section 3.2.1. It can be seen
from Equation (3-8b) that the flat-well approximation may overestimate the electron density
for short-channel devices because it underestimates eigen-energies £; (as shown in Figure 3-3).
Figure 3-7 compares the electron density distribution calculated from the flat-well

approximation and our model. The electron density predicted by our model agrees well with
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the TCAD simulation, while the flat-well approximation shows higher electron density in both
sides of the channel.

Figure 3-8 shows that for Si-FinFETs with a small tc,, the Vg, and its sensitivity to
channel thickness (t.,) variations considering the quantum-confinement effect is larger than
that predicted by the CL model. Moreover, the Vg, of (111)- and (110)-surface increase more
rapidly than that of (100)-surface with decreasing t.. This is because the
quantum-confinement effect depends on surface orientation, as indicated by the inset of
Figure 3-8. For FinFET with small t,, the Vy, is mainly determined by the E. In addition, as
the m, and thus the ground-state energy of 2-fold and 4-fold wvalleys for (100)- and
(110)-surface are different (see Table 3-1), the overall lowest state occurs for the valley with
larger m, because (to the first order) the eigen-energy is inverse proportional to m,. Therefore,
the m, of 2-fold valley determines the F, for (100)-surface and the m, of 4-fold valley
determines the E, for (110)-surface. Since the dominant m, of various surface orientations for
Si-channel is (111) < (110) < (100), the ‘Eg-and thus Vy, is (111) > (110) > (100) as shown in
Figure 3-8.

For high-mobility channel such as Ge-FinFETs, the Vg, dispersion due to
quantum-confinement becomes more significant. Figure 3-9 shows that the Vg of
(100)-surface increases more rapidly than (110)- and (111)-surface with reducing t.. This is
because the quantum-confinement effect of (100)-surface is larger than that of (110)- and
(111)-surface, as indicated by the inset of Figure 3-9. Since the dominant m, of various
surface orientations for Ge-channel is (111) > (110) > (100), the Ey and hence Vy, is (100) >
(110) > (111).

Besides the Vy, sensitivity to the t, variation, the quantum-confinement effect also
affects the Vy, sensitivity to the Ly variation. Figure 3-10 shows that for Ge-FinFETs, the

degree of Vy, roll-off predicted by our quantum-confinement model is (100) < (110) < (111) <
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CL, which is opposite to the Vy, sensitivity to the tc, variations (Figure 3-9). In other words,
while the quantum-confinement effect enhances the Vy, sensitivity to the t., variation, it
reduces the Vy, sensitivity to the Leg variation. This can be explained as follows. The Vy, shift
due to the quantum-confinement effect can be expressed as AV = S/ (In10-kT/q) - Ay
with S being the subthreshold swing and Ay,®™ being the equivalent surface potential shift
[14]. The S for a short-channel device is larger than that for a long-channel device because of
enhanced drain coupling with decreasing L.g. Therefore, for devices with a given surface
orientation, the AVthQM (which increases the Vy,) of the short-channel device is larger than that
of the long-channel one, as indicated by the inset of Figure 3-10. The discrepancy in AV
between short- and long-channel devices reduces the Vg roll-off, and the Vg roll-off
considering the quantum-confinement effect becomes smaller than the CL model. In addition,
as the A\VSQM is determined by Ey, a larger Ey (and thus A\VSQM) results in a larger AVthQM and
hence smaller Vy, roll-off. This explains why the degree of Vi, roll-off is (100) < (110) < (111)
for Ge-FinFETs.

In addition to the eigen-energies (Figure 3-3) and the electron density (Figure 3-7), the
Vi, calculated by our model is physically more accurate than that calculated by the flat-well
approximation. Figure 3-11 shows that the Vy, calculated using our model and the flat-well
approximation are fairly close for devices with small t;,. However, the discrepancy between
the two models increases with t., because the impact of short-channel effects becomes more
significant for devices with larger t.,. As compared with the flat-well approximation, the Vy,
calculated by our model is more physical because it returns to the classical one for devices
with larger t.,, in which the quantum-confinement effect is negligible.

For Ge-FinFETs, only L-valley is considered in our calculation. The relative importance
of other conduction band bottoms such as ['-valley and X-valley will be discussed in the

Appendix 2.
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3.3.2 Sensitivity of Vy, to Temperature

Besides the Vy, sensitivity to process variations, the quantum-confinement effect may
also alter the Vy, sensitivity to temperature. In this section, we assess the Vy, sensitivity to
temperature for long-channel FinFET with various surface orientations.

Figure 3-12(a) and (b) shows the Vy, sensitivity to temperature (dVy, / dT) at 150K for
long-channel Si and Ge FinFET with various surface orientations, respectively. Note that the
dV, / dT is negative (i.e., the Vi, decreases with increasing temperature). As the dVy, / dT for
various surface orientations return to the classical (CL) value for FinFET with large t.;, the
dVu / dT depends on the surface orientation when the quantum-confinement effect becomes
significant. It can be seen that, similar to the Vy, sensitivity to te, (Figure 3-9), the dVy, / dT
for (111) surface is larger than (110) and (100) surfaces for Si-FinFET. For Ge-FinFET, the
dVy, / dT for (100) surface is larger than (110) and (111) surfaces.

The temperature dependence of Vi for NFET can be explained through the effective
density of state (DOS) for the conduction band (N¢). When the quantum-confinement effect is
not considered, the degree of freedom for electron is 3. This 3-D N¢ can be expressed as NP
= 2-[mkT/27hH)]* with m, being the classical DOS effective mass. The m, is equal to

3 wwith m, and m; being the transverse and longitudinal effective masses of the

gmmzm-(mzzmz)
constant energy ellipsoid, respectively, and g being the total number of the ellipsoids.

When 1-D quantum-confinement effect is considered for FinFET structure, the degree of

freedom for electron is 2, and the 2-D N¢ can be expressed as

1 kT E —-FE
NP = .. .m’ cexp| — -2, "¢ 3.9
C tch ﬂhz gv d p( kT ] ( )

v,J

where m,;" and E,; are the DOS effective mass for 1-D confinement (as listed in Table 3-1) and

the /™ eigen-energy for the v-valley, respectively. The Vy, shift due to quantum-confinement
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effect (AVthQC) can be expressed as m-kT/q-In(Q; c1/ Qioc) with O; ¢z and Q; oc being the sheet
charge density calculated by the classical model and the quantum-confinement model,
respectively. The AV can be further expressed as m-kT/g -In(No’°/N&P). Using the
ground-state approximation (i.e., most carriers populate at the ground-state), the AV;%¢ can

be simplified as

2 V2 12 _
AVOC — . k-T—ln ; _gtotal'(mt ml)‘ [_k .TY2 +M (3-10)
th ch v 2
q g, -my 27th q

where g, and m,’ are the degeneracy and the DOS effective mass of the valley v, in which the
ground-state electrons occupy. Using the relation m,”-(mg")* = mim; [9] with m,’ being

quantization effective mass of valley v, the sensitivity of AV, to temperature (dAV,°¢/dT)

can be expressed as

12 1/2
NG v
Vi o * |1 t,, - Stotal | M .[mokzj +1/2+l~ln(T)
dT q m 27th 2

1/2
v
K n(, )+ n| St | M | Ve o1 (3-11)
q 8y my 2

where my is the static effective mass for electron. Note that the dAVthQC/dT is independent of
the ground-state eigen-energy under the ground-state approximation.

As the impact of quantum-confinement effect on dVy/dty, stems from the m,” (see
Section 3.3.1), the impact of quantum-confinement effect on dVy/dT is also determined by
the m,". This explains why the dVy/dT and dVy/dt., are similar when comparisons between
various orientations are made. Since the (g,oml/gv)(mxv/mo)” 2 and hence the dAVthQC/dT for
Si-FinFET is (100) > (110) > (111), Figure 3-12(a) shows that the degree of dV/dT is (111) >
(110) > (100) because the dVu/dT are negative. Similarly, for Ge-FinFET, since the
(Qrotal/2v)-(mTmo)""* and hence the dAV?“/dT is (111) > (110) > (100), Figure 3-12(b) shows

that the degree of dV/dT 1s (100) > (110) > (111).
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Equation (3-11) exhibits good accuracy when the impact of quantum-confinement effect
is significant (i.e., the ground-state approximation is valid). In addition to m,, Equation (3-11)
indicates that the dAV42¢/dT also depends on the t, and temperature. Figure 3-13(a) shows
that the dAVthQC/dT for Si, Ge, and InGaAs FinFET is proportional to In(t.s), and the slope for
FinFET with small t., is independent of channel material. Figure 3-13(b) shows that the slope
of dAV/dT dependence on In(T) for low temperature is also independent of channel

material, as predicted by Equation (3-11).

3.4 Impact of Quantum-Confinement Effect on the Sensitivity of

Vi to Process Variations for GAA MOSFET

Due to the surrounding gate configuration, GAA devices with ultra-scaled channel
thickness will exhibit significant two-dimensional quantum-confinement effect. Therefore, an
accurate quantum-confinement model is crucial to the device design using the GAA structure.
Chapter 2 indicates that the channel diameter variation is crucial to the Vy, variation of GAA
devices, and the Vi, sensitivity to channel diameter can be reduced by the down-scaling of
channel diameter. However, the quantum-confinement effect becomes significant and
increases the Vy, sensitivity to channel diameter for GAA devices with small diameter. In this
section, we investigate the sensitivity of Vg, to process variations for short-channel GAA

MOSFETs using analytical solution of Schrodinger equation [15].

3.4.1 Analytical Solution of Schrodinger Equation for Short-Channel GAA
MOSFETs

The Schrédinger equation in the cylindrical coordinate is

(o> 10 1 0°
( +——+——]‘Pj(r,0)+Ec(r,e)"l’j(r,é?)=E_/.-‘Pj(r,@) G-12)

2m, o’ ror o0
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where £ is the eigen-energy, and W (7,0) is the corresponding wavefunction. 7 is the reduced
Plank constant. m, is the effective mass of electron. For Si GAA channel, we consider the
effective mass of the 4-fold degenerate valleys as 2m;m, / (m; + m,) and that of the 2-fold
degenerate valleys as m, [11], [16]-[18] with m; and m, the longitudinal and transverse
effective masses, respectively. It should be noted that an approximated isotropic effective
mass is used in Equation (3-9) to preserve the symmetric property in the cylindrical
coordinate. This isotropic-mass approximation has also been employed by [15]-[17] in the
studies of silicon nanowires, and has been shown to yield reasonably accurate subband energy
levels [16]-[18].

The conduction band edge E(76) in Equation (3-12) can be obtained from the channel
potential solution of Poisson’s equation. In Chapter 2, we have derived the channel potential
solution ¢(r,y) for GAA MOSFETs in the subthreshold region. To simplify the solution of the
Schrodinger equation, the Bessel-function-based ¢, 1s further reduced to the parabolic form,

and E¢ can be expressed as Ec = o-r” +f with
1, . ;oo
a=(-q) [A 4 z(— o j [k, -sinh(2,, - )+ &, - sinh(4, (L5 - y))]} (3-10a)
n

E

oo Tl s e sl g 22 L3

2.9 24 v
(3-13b)
The coefficients 4, B, A,, k, and k,’ are shown in Section 2.2.1. Using the separation of
variables technique, the solution of Equation (3-12) can be expressed as W, (r.0) =
R, (r)-exp(i-/-0) [19] with n and [ the principle quantum number and the angular quantum
number, respectively. It should be noted that the angular quantum number / is restricted to

integers (0, £1, £2, ....) because of the periodicity of 8. Thus, R,(r) is the solution of
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d’R dR 2m, r?
P2 dr"z(r)+r- ;r(r)"'{ Zrzr [En—(a-r2+ﬂ)—lz}-Rn(r):0 (3-14)

R,(r) can be expressed as power series
© .

R,(r)=>¢ 2 (3-15a)
i=0

with the coefficients ¢; determined by the recurrence relationship

2m, (E,-p) _om (B, =p)egmaes o, (3-15b)

2, G

n4al+1) TR 4.7 +4-i-1

¢ ==

Generally, 20 terms in the summation of (3-15a) are needed to give sufficiently accurate
results. It should be noted that as o = 0 (i.e., E¢ is spatially constant), R,(») will return to the
form of Bessel function, which is the solution for long-channel and undoped GAA devices [1],
[7]. The n™ eigen-energy E, can be determined by the boundary condition R,(r = D/2) = 0.
Thus, the eigen-energy and eigen-function for short-channel GAA MOSFETs under the
subthreshold region can be derived.

Using the calculated eigen-energies and eigen-functions, we can calculate the electron

density in the channel. The electron density can be expressed as

Ec-E
n(r,y)= Nc.om 'eXp(—%j (3-16a)
2kT S 2 E —E
Neow =y 7 'Z[gv-\/md |, () -exp(——’ - Cj (3-16b)

where g, is the valley degeneracy, and m, is the density-of-state (DOS) effective mass of
valley v.

Figure 3-14 shows the calculated quantized jth eigen-energy (E;) and the square of jth
eigen-function (|‘Pj|2) for lightly-doped long-channel GAA devices, and the results are verified

with TCAD simulation that numerically solves the self-consistent solution of 3-D Poisson and
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2-D Schrodinger equations [11]. It can be seen that £; and the difference between two distinct
eigen-energies increase with decreasing channel diameter (D). Due to the cylindrical
symmetry in the € direction, the E, and E; are degenerate because they correspond to the
states of / = 1 and -1. Similarly, the E4 and E5 are degenerate. The results in Figure 3-14 can
also be predicted by the quantum confinement model using the flat well approximation [1],
[7]. For short-channel lightly-doped GAA devices, however, the conduction band edge Ec is
lowered by source/drain coupling and is bended from a flat well to a parabolic-like well
(Figure 3-15). Since the Ec is not spatially constant for short-channel devices, we choose the
Ec at the channel center (» = 0) as the reference energy. Figure 3-15 shows that the £;’s can be
correctly predicted by our analytical solution considering the short-channel potential barrier.
Figure 3-16(a) shows that the lowest eigen-energy (£)) increases as channel length decreases.
This eigen-energy shift results from the bending of Ec due to the short channel effect. Figure
3-16(b) shows that the square of lowest eigen-function (|¥;|*) for short-channel lightly-doped
device is more centralized to the channel center. This is because the E¢ barrier at the channel
center (» = 0) is lower than that near the insulator/channel interface (» = D/2), and the electron
density becomes larger at » = 0. Figure 3-17 shows that the E; increases with Vps. In other
words, the drain-induced-barrier-lowering (DIBL) increases the Ec bending and affects the
quantum confinement effects.

Figure 3-18 compares the electron density distribution calculated from the classical
model (see Chapter 2) and the quantum confinement model using Equation (3-16). It can be
seen that for lightly-doped short-channel GAA MOSFET, the electron density near the
interface (» = D/2) predicted by the quantum confinement model is smaller than classical
model. Furthermore, the average electron density can be calculated by [277r-n(ry)dr/Ae, with
n(r,y) the electron density derived from Equation (3-16) and A, the cross-sectional area of the

channel. Figure 3-19 compares the average electron density at y = 0.5L.¢ calculated from the
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classical model and the quantum confinement one for lightly-doped short-channel devices. It

can be seen that the discrepancy becomes larger with reducing channel diameter.

3.4.2 Sensitivity of Vi, to Process Variations for GAA MOSFETs

Figure 3-20 shows that the classical Vi (Vi) of long channel GAA devices remains
constant with decreasing D, while the Vy, considering quantum confinement (Vi om) increases
significantly with decreasing D. For short-channel GAA MOSFETs, the Vi, 1 increases with
decreasing D [Figure 3-21(a)], and dVucr/dD decreases with D [Figure 3-21(b)]. This is
because the D scaling suppresses the SCE. However, for devices with small D, Vi, qom
increases more significantly than Vi, cr due to the quantum confinement effect [Figure
3-21(a)], and hence the dVyom/dD increases with decreasing D [Figure 3-21(b)]. In other
words, an optimum design for D can be chosen to reduce the Vy, sensitivity to D variation.
This optimized D depends on the L. Figure 3-22 shows that the optimized D for minimum
dVu/dD decreases with Les. It is worth noting that-although the D is optimized for minimum
dVin,om/dD, the dVi, om/dD increases with decreasing Leg.

Besides the Vy, sensitivity to D, the Vy, sensitivity to Leg (i.e., Vi, roll-off) is also crucial
to GAA devices. Figure 3-23 shows the Vy, roll-off of GAA devices with various D. The
Vinom roll-off is smaller than the Vi cr roll-off as D decreases. Figure 3-24 shows that the
discrepancy between dVyci/dLer and dViwowm/dLesr becomes larger with decreasing D.
Besides, it can be seen that the dVy/dLs decreases with D because of the suppression of the
SCE. Therefore, GAA devices with small D can be designed to reduce the Vy, sensitivity to
L.s. However, as indicated in Figure 3-21(b), device design with small D results in significant
Vi, sensitivity to channel diameter. Thus, to minimize the Vy, variation, both dVy/dD and
dVu/dLes have to be considered. Figure 3-25 shows that although the Vy, roll-off becomes

significant in short-channel GAA devices, the Vy, sensitivity to D is larger than that to L
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because of the quantum confinement effect.

In summary, our model indicates that the Vy, variation due to D variation is larger than
that due to L.y variation because of the significant quantum confinement in ultra-scaled
devices. Our model indicates that the D of GAA MOSFETs can be optimized to reduce the Vy,

variation [4].

3.5 Summary

In this chapter, we investigate the impact of quantum-confinement effect on the
sensitivity of Vg, to process variations using the derived analytical solutions of Schrodinger
equation for short-channel FInFET and GAA MOSFETs. The effective mass approximation is
employed to deal with the Schrodinger equation. Our theoretical models consider the
parabolic potential well due to short-channel effects and therefore can be used to assess the
quantum-confinement effect in short-channel devices. Our study indicates that, for
ultra-scaled FinFET and GAA devices, the importance of channel thickness variations
increases due to the quantum-confinement effect. For FinFET, the Si-(100) and Ge-(111)
surfaces show lower Vy, sensitivity to the t., variation as compared with other orientations. On
the contrary, the quantum-confinement effect reduces the Vy, sensitivity to the L.s variation,
and Si-(111) and Ge-(100) surfaces show lower Vy, sensitivity as compared with other
orientations. As the Vy sensitivity to ts, for short-channel device is determined by the
short-channel effect and the quantum-confinement effect, the t;, of GAA MOSFETs can be

optimized to reduce the Vy, variation.
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Table 3-1 The quantization effective mass (m,) and the density-of-state effective mass (m,) for

electrons in Si- and Ge-channel with various surface orientations [9].

Surface Si Ge
orientation | m, my | degeneracy | my, my | degeneracy
0.916 | 0.191 2
(100) 0.120 | 0.299 4
0.191 | 0.418 4
0.316 | 0.325 4 0.223 1 0.219 2
(110)
0.191 | 0.418 2 0.082 | 0.361 2
1.590 | 0.082 1
(111) 0.260 | 0.359 6
0.092 | 0.342 3
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Figure 3-1 Schematic sketch of the FinFET structure investigated in this paper. L 1s the

channel length, t, is the channel thickness, and t;, is the gate insulator thickness.
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Figure 3-2 Conduction band edge and quantized eigen-energies of a short-channel

lightly-doped FinFET.
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showing the accuracy of our model.
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Figure 3-4 Comparison of the square of W' for long-channel and short-channel FinFETs.
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Figure 3-7 Comparison of the electron-density calculated from our model and the model using

the flat-well approximation.
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Figure 3-8 Comparison of the t., dependence of Vi, for Si-FinFETs with various surface
orientations and the classical model (CL). The Vy, shift due to quantum confinement is mainly

determined by the Ej as indicated by the inset.
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Figure 3-9 Comparison of the ty, dependence of Vi, for Ge-FinFETs with various surface
orientations and the classical model (CL). The inset shows the comparison of the E for various

surface orientations.
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Figure 3-12 Model predicted dV/dT at 150K for (a) Si-NFET with various surface orientations
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for devices with large t,, in which the quantum-confinement effect can be neglected.
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Chapter 4
Suppressed Threshold Voltage Roll-Off by

Quantum-Confinement Effects for High
Mobility Channel MOSFETs

4.1 Introduction

To attain sufficient drive current for highly-scaled MOSFETs, high mobility channel
materials such as Ge and III-V materials have been proposed to enable the mobility scaling
[1]. As the short-channel effects (SCEs) are more severe to these high mobility materials
because of the higher permittivity, ultra-thin-body (UTB) [2], [3] and multi-gate structure
[4]-[6] has been proposed to improve the device electrostatic integrity. With the scaling of
channel dimension, the quantum-confinement effect-becomes significant and may determine
the electrostatic behavior and become crucial to the UTB and multi-gate device design. In this
chapter, we tackle the problem using the analytically derived solutions of Schrodinger

equation verified with TCAD simulation.

4.2 Quantum-Confinement Effect on V Roll-Off for UTB
MOSFETs

Using density gradient model [7], Omura et al. [8] have observed increased Vy, roll-off
due to quantum confinement in UTB Si-on-insulator (SOI) devices. Whether there exists any
difference between GeOlI and SOI devices regarding the impact of quantum confinement on
SCEs is not clearly known and merits investigation. We propose an analytical solution of
Schrodinger equation for short-channel UTB devices to assess the impact of quantum

confinement on Vy, roll-off for UTB GeOI MOSFETs [9].
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4.2.1 Analytical Solution of Schrodinger Equation for UTB MOSFETSs
To consider the quantum-confinement (QC) effect along the channel thickness (i.e., x-)
direction, the Schrodinger equation can be express as

h? _dQ\Pj(x)

2mx de

+Ec(x)- W, (x)=E; - ¥,;(x) (4-1)

where E; is the ™ eigen-energy, ¥;(x) is the corresponding wavefunction, and m, is the carrier
quantization effective mass. For long-channel undoped UTB MOSFETs, the conduction band
edge Ec(x) was usually treated as a triangular well [10]. However, to account for the
source/drain coupling due to SCEs, the conduction band edge E(x) in Equation (4-1) should
be treated as a parabolic well with potential energy Ec(x) = ax” + fx + y where «, 3, and yare
channel-length-dependent coefficients and can be obtained from the channel potential solution
of Poisson’s equation under subthreshold region [11]: Using the parabolic-well approximation,

the solution of Equation (4-1) can be expressed as 'P;(x) = > d,-x" with the coefficients d,’s:

dzz—%(Ej—?/)'do d3=_3n;xz [(Ej—ﬂf)'dl—ﬂ'do]
d, :_n(nz—Lf)hz[(Ej —y)dys—Ped, s—a-d, 4] n=4 4-2)

The /™ eigen-energy E; can be determined by the boundary condition ¥j(x=0) = ¥;(x=Tcn)
= 0 where x=0 and x=T., (channel thickness) are defined as the interface positions of
BOX/channel and channel/gate oxide, respectively. Thus, the eigen-energy and eigenfunction
of short-channel UTB MOSFETs under subthreshold region can be derived. We have verified
our model using the TCAD simulation that numerically solves the self-consistent solution of
2-D Poisson and 1-D Schrédinger equations [12]. Figure 4-1(a) and (b) show that for both the
triangular potential well of long-channel devices and the parabolic well (due to SCEs) of

short-channel ones, the E;’s calculated by our model are fairly accurate. It should be noted that
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a scalable quantum-confinement model with accurate channel length dependence is crucial to

this study.

4.2.2 Enhanced and Suppressed Vy, Roll-Off by Quantum-Confinement
Effect

To assess the impact of quantum-confinement effect on Vy, the Vy, is defined as the Vgs
at which the average electron density of the cross-section at y = ymin (the minimum potential
along the carrier flow direction) exceeds a critical concentration equal to the channel doping.
Note that the choice of other critical concentrations for determining Vy, [13], [14] will result
in a shift in Vy, but will not affect the results of Vy, comparisons in this study. Using the
calculated eigen-energies and wavefunctions, the electron density can be derived [15]. Figure
4-2 shows that the peak of electron density_calculated by the classical (CL) model is not
located at the channel/BOX interface (x=0) because the use of thin BOX (10nm) instead of
thick BOX suppresses the buried-insulator-induced-barrier-lowering (BIIBL) [8]. Although
the peak of electron density calculated by the quantum-confinement model is shifted toward
the channel center, the main current flow paths predicted by both models are quite similar for
the UTB structure with thin BOX.

Figure 4-3 shows that for GeOI MOSFETs with channel thickness (Tcy) = 10nm, the Vy,
roll-off (defined as Vu(L)—Vi(L=100nm)) predicted by the quantum-confinement model is
larger than that predicted by the CL model. This is consistent with the result reported for SOI
MOSFET [8], and can be explained as follows. The Vy, shift due to the quantum-confinement
effect can be expressed as AV ™ = §/(In10-kT/q)-Ay, 2" with S being the subthreshold swing
and Ay, being the equivalent surface potential shift due to the quantum-confinement effect
[10], [16]. The inset of Figure 4-3 shows that for GeOI devices with larger T, (10nm), the

“electrical confinement” [10] dominates the carrier quantization. The £y (ground-state energy)

94



of the triangular well (for long-channel devices) is much larger than that of the parabolic well
(for short-channel devices) because of the larger electric field in the triangular one. As Ay ™
is mainly determined by Ej, the Ay, 2™ and thus AV;,?™ for the long-channel device is larger
than that of the short-channel one. Therefore, the Vy, roll-off considering the quantum-
confinement effect is larger.

As the Tg, scales down, however, a different trend can be observed. Figure 4-4 shows
that for GeOI MOSFETs with T¢, = Snm, the Vy, roll-off predicted by the QC model becomes
smaller than that predicted by the CL model, which is opposite to the larger T¢, case and [8].
This can not be explained by the reduction of BIIBL due to the quantum-confinement effect
[8] because in this study, thin BOX (Tgox = 10nm) is used and the impact of BIIBL is not
significant (see Figure 4-2). Since the “structural confinement” [10] dominates the carrier
quantization for GeOlI devices with smaller Tg, (Snm), the inset of Figure 4-4 shows that the
Eo (and hence Ay, ™) of the long-channel device is close to that of the short-channel one.
Nevertheless, due to the SCE, the subthreshold swing S of the short-channel device is larger
than the long-channel one. Therefore, the AVthQM of the short-channel device is larger than
that of the long-channel device and the Vy, roll-off considering the quantum-confinement
effect is smaller. This mechanism is important because it may alter the comparison result for
Vi, roll-off between Si, Ge, and Ing53Gag47As devices. Figure 4-5 shows that, contrary to the
prediction of CL model, the Vy, roll-off for InGaAs device is smaller than the Si counterpart
because of the QC effect. Moreover, a crossover can be seen when Si and Ge devices are
compared, and Ge device exhibits better Vy, roll-off than the Si counterpart as T¢, < 4nm.

In summary, depending on T.,, the quantum-confinement effect may increase or decrease
the SCE of UTB devices. The critical channel thickness (Tcherit) determining whether the
quantum-confinement effect enhances or decreases the Vy, roll-off depends on the BOX

thickness (Tgox) and the channel material. Figure 4-6 shows that the Teherie of GeOl
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MOSFETs increases with Tgox. In addition, for a given Tgox, the Tehcrit of SOI MOSFETs is
smaller than that of the GeOI MOSFETs. This may explain why the suppression of Vi, roll-off
by the quantum-confinement effect was not observed for the UTB SOI devices (with T¢, =

10nm) in [8].

4.3 Two-Dimensional Quantum-Confinement Effect for

Multi-Gate MOSFETs

For multi-gate devices, the 2-D quantum-confinement effect along the Wy, and Hg,
directions may determine the electrostatic behavior and become crucial to the multi-gate
device design. Since the impact of quantum-confinement effect is especially important to
Ings53Gag47As channel because of its small effective mass, we assess this 2-D
quantum-confinement effect on the Vy, roll-off of Ings3Gay47As multi-gate MOSFETs using a

derived analytical solution of 2-D Schrédinger equation verified with TCAD simulation.

4.3.1 Analytical Solution of Schrodinger Equation for Multi-Gate
MOSFETs

To consider the 2-D QC effect in the Wy, (i.e., x) and Hgy, (i.e., z) directions, the
Schrédinger equation can be expressed as

hz(l o 19

Tl A2 a2
m_0Ox~ m, Oz

5 J\P[’j (x,z)+ E. (x,z)*Pl.J (x,z): E (x,z)-‘I’l.,j (x,z) (4-3)

where i and j are the principle quantum numbers for the carrier quantization in the Wy, and
Hrpn directions, respectively. E;; is the eigen-energy of the (i, j)-state, ¥;;(x,z) is the
corresponding wavefunction, m, and m. are the carrier quantization effective mass in the Wy,
and Hg, directions, respectively. For Ings3Gag47As with isotropic effective mass, m, = m, =

0.04my [17] 1s used. For an undoped multi-gate device, the conduction band edge E(x,z) was
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usually assumed as a flat well [18], [19]. However, to account for the source/drain coupling
due to SCEs, the Ec(x,z) in Equation (4-3) should be treated as a parabolic well with potential
energy Ec(x,2) = (ax’) + (2> + foz) + 3, where oy, o, f., and y are length-dependent
coefficients and can be obtained from the channel potential solution of Poisson’s equation
under subthreshold region as derived in Chapter 2. Using this parabolic-well treatment and
separation of variables technique, the solution of Equation (4-3) can be expressed as ¥, (x.z)
= Wix)-H{(z) = (Zd-x")-(Ze,-Z") with the coefficients d,,’s and e,’s being determined by the

following recurrence relationships:

dy = _%EW,I' -dy dy = —;%EWJ -d
2
L 1)(Zx+ T Ey.-dy—ay -dyol m>2 (4-4a)
ezz—m—zz(EH,j—J/)'eo €3=—m—22 (EH,j—J/)'el—ﬂz'eo]
h RY/]
2m,
o = —m[(EH,J- - 7)' e,— P, 'en—2l nz2 (4-4b)

The eigen-energy E;; can be determined by the boundary conditions that the wavefunction
vanishes at the channel/ insulator interfaces, and can be expressed as E;; = Ey; + Enj, where
Ey; is the i eigen-energy derived by Wix = 0) = Wix = Wg,) = 0, and Epyj is the Vi
eigen-energy derived by Hj(z = 0) = Hi(z = Hgn) = 0. Thus, the eigen-energy and wavefunction
for a short-channel multi-gate MOSFET under subthreshold region can be derived.

We have verified our model using the TCAD simulation that numerically solves the
self-consistent solution of 3-D Poisson and 2-D Schrédinger equations [12]. Figure 4-7(a)
shows that our model can predict the asymmetric ground-state wavefunction ¥y along the

Hgin direction due to the asymmetric gate configuration (and hence the asymmetric E¢) in the

97



Hgin direction. For long-channel multi-gate devices, this E¢c asymmetry along the Hg, direction
results in larger eigen-energy than that predicted by the flat-well approximation, as shown in
Figure 4-7(b). For short-channel devices, the SCEs further alter the £¢ and hence increase the
eigen-energy. Thus, in contrast to the constant Eoo—Ecmin (Ecmin 18 the minimum E¢ for a
given x-z cross-section) calculated by the flat-well approximation, both the TCAD simulation
and our model show that the Eoo—Ec ni» varies with the Leg. It should be noted that a scalable

QC model with accurate L.s and Hy, dependences is crucial to this study.

4.3.2 Suppressed Vg, Roll-Off for InGaAs Multi-Gate MOSFET

To assess the impact of quantum-confinement effect on the Vy, roll-off, the Vy, is defined
as the gate voltage at which the subthreshold current equal to 300nAXx W ga/Lesr, Where Wigtar
= 2Hgn + Wi is the total width of the multi-gate device. Using the calculated eigen-energies
and wavefunctions, the subthreshold current considering the QC effect can be derived. Figure
4-8 shows the Vy, roll-off [defined as Vin(Leg=100nm)—V(L)] for InGaAs multi-gate devices
predicted by the quantum-confinement model is smaller than that predicted by the classical
(CL) model, and the discrepancy becomes larger with decreasing Hgy,. In other words, the
enhanced 2-D quantum-confinement effect due to Hg, down-scaling suppresses the Vi,
roll-off of InGaAs multi-gate MOSFETs. This can be explained as follows.

The QC effect increases the Vi, and this quantum-confinement induced Vy, shift (AVthQC)
can be expressed as S /(lnlO-kT/q)‘A\pSQC [16], as mentioned in Section 4.2.2. Since the
short-channel device exhibits larger S, Figure 4-9(a) shows that the AV for the
short-channel device is larger than that for the long-channel device. In other words, the Vy,
roll-off of InGaAs devices is reduced by the quantum-confinement effect. Figure 4-9(b)
shows that down-scaling Hg, increases the ground-state eigen-energy Epo and hence the

Ay 2 of InGaAs devices. That is, the AV© for a short channel InGaAs multi-gate device
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can be raised by the quantum confinement along the Hg, direction, and hence the Vy, roll-off
can be significantly improved. It is also worth noting that this 2-D quantum-confinement
effect on Vy, roll-off for multi-gate devices with the Ge channel will not be as significant as
the InGaAs counterpart, as indicated in Figure 4-9(b).

Figure 4-10 shows that, contrary to the prediction of the CL model, a discrepancy can be
seen when the Vy, roll-off for InGaAs and Ge multi-gate devices are compared. The CL model
predicts that the Vy, roll-off of InGaAs devices is similar with the Ge counterpart. With
decreasing Hy,, however, the 2-D quantum-confinement effect for InGaAs devices becomes

significant, and results in significantly smaller Vy, roll-off than the Ge counterparts.

4.4 Scalability of Ge and InGaAs Channel Multi-Gate MOSFETs

Using the derived analytical solution of 2-DSchrddinger equation in 4.3.1, we can
investigate the scalability of high-mobility Ge and InGaAs multi-gate devices with various
aspect ratio (AR). With this physical and predictive approach, we can efficiently evaluate the
Ge and InGaAs multi-gate devices in a wide design space.

The contours of SS and Vy, roll-off [Viy(Leg=100nm)—V,(Leg=17nm)] considering the
QC effect in the Wy, and Hg, domain can be efficiently derived using our theoretical model.
Figure 4-11(a) shows that to achieve a given SS criterion, various AR designs can be chosen.
When we further assess the contours of Vi, qc roll-off, Figure 4-11(b) shows that the Vi oc
roll-off contours are not parallel to those of SS for InGaAs devices. As shown in Figure 4-12,
for multi-gate devices with the same SS, the Vy, oc roll-off decreases with the AR. This stems
mainly from the 2-D quantum-confinement effect demonstrated in 4.3.2. In addition to the
carrier confinement along the Wy, direction, the confinement along the Hy, direction becomes
significant with decreasing AR (i.e., Hgy). Thus, the eigen-energy (and hence the quantum-

confinement induced Vy, shift) increases (Figure 4-13) with decreasing AR. The suppression
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of Vi, roll-off due to this 2-D quantum-confinement effect is more significant than the
1D-confinement effect. Therefore, as compared with the AR dependence of the classical Vy,
roll-off, Figure 4-12 shows that the Vi, oc roll-off exhibits more significant decrease with the
AR after considering the 2-D quantum-confinement effect.

Using the contours in Figure 4-14(a), Figure 4-14(b) shows that to maintain a given SS,
the Wi, required for low-AR devices is larger than that for high-AR devices. This is
consistent with the result in [20]. Thus, the Tri-gate (AR=1) is more scalable than the FinFET
(AR>1). In addition to the advantage of scalability, Figure 4-14 indicates that for a given SS,
the Vinqc roll-off for Tri-gate is smaller than FinFET because of the more significant 2-D
confinement effect for Tri-gate (as explained in Figure 4-12).

Figure 4-14(a) compares the SS contours for Ge and InGaAs multi-gate devices. It can
be seen that the InGaAs devices exhibit smaller SS-than the Ge counterpart because of the
smaller permittivity. Thus, to maintain a given SS, Figure 4-14(b) shows that the InGaAs
device possesses more relaxed Wr, than'the Ge counterpart. Figure 4-15 shows that the Vi oc
roll-off for the InGaAs device is smaller than the Ge counterpart. This is because the degree
of quantum confinement for InGaAs devices is larger and hence the improvement of Vi,
roll-off is more significant (Figure 4-13). Thus, the InGaAs devices possess better scalability

and smaller Vi, oc roll-off than the Ge devices.

4.5 Summary

In this chapter, we investigate the impact of quantum-confinement on the short-channel
effect of UTB and multi-gate MOSFETs using derived analytical solutions of Schrodinger
equation verified with TCAD simulation. Our study indicates that when the Ty, is smaller than
critical thickness, the quantum-confinement effect may decrease the Vy, roll-off of GeOl

MOSFETs. Thus, Ge devices may exhibit better Vy, roll-off than the Si counterpart because of
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more significant quantum confinement. For multi-gate structure, by exploring the
quantum-confinement effect along the Hgy, direction, the Vy, roll-off of InGaAs devices can be
suppressed and become smaller than the Ge counterpart. This 2-D quantum-confinement
effect is also crucial to the scalability of multi-gate device. By exploring a wide design space
with various aspect ratio (AR), our study indicates that for a given subthreshold swing,
Tri-gate (AR=1) with significant 2-D confinement effect exhibits better Vy, roll-off than

FinFET (AR>1).
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Figure 4-1 Conduction band edge and quantized eigen-energies of lightly doped GeOI
MOSFETs. (a) A long-channel device with triangular well. (b) A short-channel device with

parabolic well.
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Figure 4-2 Comparison of the electron density distribution with and without considering
quantum-confinement (QC) effect. The electron density is calculated from 2-D

density-of-states, eigen-energies, and wavefunctions.
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Figure 4-3 Comparison of the Vy, roll-off between QC and CL models for T, = 10nm. The QC
effect alters Ly, (Where the Vy, roll-off = =0.2V [16]) by about +2nm. The inset indicates that
for GeOl MOSFETs with larger Tc,, the difference in Ey for long-channel (Eojone) and

short-channel (Esnort) devices is significant due to electrical confinement.
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Figure 4-4 Comparison of the Vy, roll-off between QC and CL models for T, = Snm. The QC
effect alters L, by about -1nm. The inset indicates that for GeOl MOSFETs with smaller Ty,
the difference in Eo for long-channel (£pong) and short-channel (Eogshor) devices is small

because the degree of structural confinement is similar.
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Figure 4-5 Vy, roll-off comparison between Si, Ge,-and InGaAs UTB devices considering QC

effect. The inset shows the comparison result using the classical model.
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Figure 4-6 The difference in Vy, roll-off between the QC and CL models depends on Tgox and
channel material. The filled region denotes.that the QC effect enhances the Vy, roll-off, while

the blank region denotes that the QC effect suppresses the Vy, roll-off.
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Figure 4-7 (a) Comparison of spatial distributions of | ¢|* along the Wy, and Hg, directions for
long-channel InGaAs multi-gate MOSFETs. (b) Channel length dependence of Eyo with

various Hg, showing the accuracy of ourmodel.
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Figure 4-8 Comparison of the Vy, roll-off vs. Hg, characteristic predicted by classical (CL) and

quantum-confinement (QC) models for InGaAs multi-gate MOSFETs.
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Figure 4-9 (a) Comparison of the Vi, roll-off characteristics predicted by the CL model and the
QC model for InGaAs multi-gate MOSFETs. (b) The Eq of InGaAs multi-gate devices can be
sensitively modulated by Hgy, scaling. The Epo of Ge multi-gate devices with (100) surface

orientation are also shown.
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Figure 4-10 Comparison of the Vy, roll-off vs. Hg, characteristic between InGaAs and Ge
multi-gate MOSFETs considering the 2-D QC effect. The inset shows the comparison result by

the CL model.
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Figure 4-11 (a) Equi-SS contours, and (b) comparison of contours for Vi, oc roll-off (solid line)

and SS showing the design space of the multi-gate InGaAs NFET.
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Figure 4-12 AR dependences of Vy, roll-off for InGaAs-NFET with SS=90mV/dec.
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Figure 4-13 The Ey of InGaAs multi-gate devices can be modulated by AR. The Ey of Ge

multi-gate devices with (100) surface orientation are also shown.
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Figure 4-14 (a) Comparison of Equi-SS contours for Ge and InGaAs NFETs. (b) AR

dependences of the Wy, needed to maintain SS=90mV/dec for Ge and InGaAs NFETs with

Le=17nm.
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Figure 4-15 AR dependences of Vi, oc roll-oft for Ge-and InGaAs NFETs with SS=90mV/dec.
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Chapter 5
Modeling of Quantum Dark Space and Random
Dopant Fluctuation for Advanced Ge/Si Bulk
MOSFETs

5.1 Introduction

As the high-k/metal-gate stack is introduced to continue the scaling of equivalent oxide
thickness (EOT), high mobility channel materials such as Ge have been proposed to
compensate for the mobility loss due to the high-k gate stack [1], [2]. However, larger “dark
space” [3], [4] due to quantum confinement is one major concern for Ge devices because it
may significantly increase the overall electrical EOT (EOTe,) in the subthreshold region, and
degrade the device electrostatic integrity. Since the quantum-confinement effect pushes the
carriers away from the interface, the quantum “‘dark space” can be viewed as the distance
from the interface to the centroid of the carrier layer (normalized with the permittivity ratio)
[3]. This dark space is critical because it may significantly increase the overall electrical EOT
(EOT.) in the subthreshold region, and degrade the device electrostatic integrity.

In additional to the dark space, the small effective mass of Ge channel and the high
surface electric field will result in discrete eigen-energy and increase the effective surface
potential needed for threshold condition. Thus, the Vi, will be increased because of this
additional Vy, shift due to quantum-confinement effect. As the random dopant fluctuation
(RDF) becomes crucial to the Vy, variation for heavily-doped nanoscale MOSFETs, this Vy,
shift due to quantum-confinement effect also presents a significant fluctuation, which results
in an amplification of the Vy, variation due to RDF. Therefore, a scalable model that can
predict this quantum-confinement induced amplification of Vy, variation is needed.

In this chapter, we tackle this amplification of Vy, variation with the dark space. The
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modeling of this amplification requires the modeling of the dark space. First, we derive the
analytical solution of the Schrodinger equation for Ge MOSFETs with high-k dielectric [4].
We further derive closed-form ground-state eigen-energy and dark space models for Ge
MOSFETs with high-k dielectric. This model gives insights to the minimization of the dark
space, and can be used to predict the electrostatic integrity of advanced Ge devices. Using the
dark space model, a closed-form model of the amplification factor for RDF-induced Vg,

variation can be derived.

5.2 Analytical Solution of Schrodinger Equation for High-k
Dielectric MOSFET
5.2.1 Eigen-Energy (E))

In the past, an analytical solution of Schrodinger equation in the subthreshold region had
been introduced by Stern [5], who- assumed an infinite oxide barrier, i.e., the carrier
wavefunction goes to zero at the oxide/semiconductor interface. For high-k dielectric
MOSFETs, however, the assumption is no longer valid due to smaller barrier height of the
dielectric. In this section, a physically more accurate quantum confinement model by
considering correct boundary conditions across the channel/dielectric interface will be
presented.

An analytical solution of the Schrédinger equation in the subthreshold region can be
obtained by approximating the potential well in the channel V,(x) as a triangular one V,;(x) =
q-Fsx [5] with F the surface electric field in the channel. Under the triangular potential well,
the eigen-function for the channel carrier can be expressed as
Wop =1 - Ailkey - (x = xap,) (5-1)
with kep = 2mengFs / H)" and xo, = Ej/(qF5s) [5]. E; is the eigen-energy, 7 is the reduced Plank

constant, and m,; is the effective mass of the channel carrier. 4i(x) is the Airy function of the
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first kind.

For high-k dielectric, the barrier height (¢) is relatively small and the eigen-functions
are not zero at the dielectric/channel interface (x =0). Since the potential well in the dielectric
18 Vilx) = (&/€si)-q-Fs-x+@p with & and &; being dielectric constants of channel and gate
dielectric, respectively, the eigen-function in the gate dielectric can be expressed as
Wyi = ¢y - Ailkg; - (x = xg)) + ¢3 - Billky; - (x = xg)) (5-2)
with ky=2mal &a/ea)qFs/i)">, xa=(E~qd)/(&/€a-qF’s), and my;is the effective mass in the
dielectric. Bi(x) is the Airy function of the second kind. Using the boundary conditions that
the eigen-function as well as its first derivative divided by the carrier effective mass are
continuous across the channel/dielectric interface (x = 0) and the eigen-function vanishes at
the dielectric boundary (x = -7,; with T, being the dielectric thickness), the eigen-energy E;
can be determined from
[Ai(= kepxen ) Bi'(= kg )= (mas [ meg, Kk [ JBI i )- AT’ (= e |- Ai(= ki (xgi + T) = 0
(5-3)
where A4i'(x) and Bi'(x) are first derivatives of 4i(x) and Bi(x), respectively.

A steep-retrograde doping profile [7], [8] with an intrinsic region (1x10"° cm™) of 10nm
(xs = 10nm) near the interface and a heavily doped substrate (Ng,= 5x10'%cm™) as the ground
plane (as shown in the inset of Figure 5-1) is used to verify the Equation (5-3). Since the Fs
for a steep retrograde doping profile is constant, the potential well is triangular. Figure 5-1
shows that in the subthreshold region, the eigen-energies determined by Equation (5-3) are
fairly accurate as compared with the numerical simulation that self-consistently solves
coupled Poisson and Schrodinger equations [9]. It can be seen that the eigen-energies are
reduced due to wavefunction penetration.

From Equation (5-3), E; can be further expressed as E; = Ej(#, = 00) — AE; with Ej(#, = )
being the eigen-energy derived by Stern (i.e., (H/2ma))"? (3/2-7z-(j—1/4)-qFS)2/3) [5] and AE;
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being the eigen-energy reduction due to wavefunction penetration. AE; can be approximated

by the first-order Taylor expansion of Equation (5-3) around Ej(¢, = «):

AE; = 9L /
2 il/2 c i i c -
(o) -z (2){on-ss -5

(5-4)

Equation (5-4) indicates that the reduction of eigen-energy (i.e., AEy) due to the WP effect
increases with Fi, as can be seen in Figure 5-2(a). For a given F near the onset of threshold,
Figure 5-2(b) shows that the AE, due to the WP effect increases as the dielectric barrier height
@» decreases [as indicated by Equation (5-4)], and our model agrees well with the numerical
simulation. It should be noted that the calculated £, from our model (with WP) returns to
Stern’s model [5] (w/o WP) as ¢, approaches. infinity. Figure 5-3 further compares the
wavefunction profiles of the first two subbands between models and exact solution. It can be
seen that as the WP effect is considered, the wavefunctions in the channel shift towards the

interface and our model agrees well with the numerical simulation.

5.2.2 Carrier Centroid (X))

The carrier centroid can be expressed as Xy = (| x-¥o*(x)dx)/(J¥o*(x)dx) with Wo(x) being
the ground-state wavefunction [5]. Xj is equal to 2Ey/(3¢Fs) if the wavefunction vanishes at
the interface [i.e, Wo(x=0) = 0] [5]. However, for high-k dielectric devices with significant WP,
a more general expression of Xj is required. As the X (and hence dark space) increases the
overall EOT. and hence degrades the subthreshold swing (SS), an analytical expression for
dark space can be derived from the SS. The SS is defined as (dlogio(Q:)/dVs)" with O; being
the sheet carrier density [n(x)dx, in which the electron density n(x) can be determined by the

eigen-energies and eigenfunctions
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2 E +EFE —-F
AP (x) cIn|1+exp| ——Sf v CF 5-5
() { p( - ﬂ (5-5)

where g, is the valley degeneracy, m,’ is the density-of-state effective mass of valley v. Ec gy,
E,j, and Er are conduction band edge at the surface, /™ eigen-energy, and Fermi level,
respectively. Figure 5-4 shows that the electron density considering WP is higher than that
without WP because of the £; reduction. The electron penetration into the dielectric region can
be clearly seen using the E; derived from Equation (5-3). In addition, it can be seen that the
dark space can be reduced by the WP effect.

When the Er is sufficiently smaller than E¢ s+ E,; (€.g., in the subthreshold region), the

Q; is proportional to exp(-q(Ec sustE,j~Er)/kT). Therefore, the SS can be expressed as

SS = [k—Tj In(10)-Q, -
q

kT E,., +E, —B ar dE, a0\ -0
— Z g, m; -exp| — Cosurf v-J = 1— S | ﬂ . Tdi + i1y /q
e KT ar, \e, dF,

1

Using the ground-state approximation (i.€.; most carriers populate at the ground state),

SS ;[k—TJ-ln(IO)-{I—ﬂ-(ﬁ-Tdi n d(Eo/CI)H
q dv,

¢ \Cui dF
_[ kT I gch'(dFs/ch) )
- (7} ' ln(IO). _1 ) [gdi/[Tdi + (gdi/gch ) d(Eo /q)/dFs]ﬂ 7

= (%Tj -In(10)- :1 —[gd—gfcﬂl = (%Tj : ln(lO)-[l +[C%Qpcﬂ

The Cy;oc is the equivalent dielectric capacitance considering the quantum-confinement effect.

Since the total charge is &, Fs by Gauss’s law, the Ciu = &a'(dFs /dVg) is the total
capacitance and is equal to Cyioc Cuep/(Caioc + Caep) With Cgp being the depletion
capacitance. It can be seen that the equivalent increment of dielectric thickness due to
quantum-confinement effect is (&4 /&.)-[d(Eo/q)/dF’s], and hence the carrier centroid (Xy) due

to the quantum-confinement effect can be expressed as
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XO — d(EO/Q) (5-8)
dF

Figure 5-5 shows that, without considering WP, the d(Ey/q)/dFs expression returns to
2Ey/(3gFs) because Eo(@,= ) can be approximated as (}‘12/(2171,3;1))1/3(9/8~7z‘qFS)2/3 [5]. When
the WP effect is considered, however, the X; calculated by d(Ey/q)/dFs is significantly smaller
than that calculated by 2Ey/(3¢F’s). It should be noted that while £, can be used to assess the
degree of quantum-confinement induced Vy, shift, the Ey sensitivity to F [i.e., d(Eo/q)/dFs]

can be used to assess the SS and therefore the device electrostatic integrity.

5.3 Closed-Form Models of Dark Space, Subthreshold Swing, and
Vi Shift Due to Quantum-Confinement Effect

As the ground-state eigen-energy (Ep) and hence the dark space (DS) can be determined
from the non-linear equation [Equation (5-3)], closed-form modeling of E, and DS for
uniformly-doped channel will be employed in this section. Then, closed-form models of

subthreshold swing and Vy, shift due to quantum-confinement can be derived [6].

5.3.1 Dark Space & Vg, Shift Due to Quantum-Confinement Effect

With the triangular well and infinite oxide barrier approximations, a carrier layer
thickness model [=2E/(3¢gF’s)] for Si channel had been proposed in the past [5]. However, for
Ge-channel devices with high-k gate dielectric, these approximations may result in significant
error in the prediction of the dark space and eigen-energy because of the small effective mass
of the channel carrier and the finite dielectric barrier height. Although the impact of finite
barrier height on Si devices had been considered by empirically fitting the ground-state

eigen-energy dependence on the surface electric field with numerical simulation recently [11]
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[12], the fitting results were not scalable and not applicable for Ge devices.

To derive the Ey and DS models for Ge channel with small quantization effective mass
mcp, @ more accurate Ey-Fs relationship than the one used in [5] needs to be employed. First,
for a uniformly-doped channel with doping concentration N., (negative for p-type substrate),
a parabolic channel potential well Vou(x) = ¢-[Fsx + (gNe/264)-x"] has to be used in the
derivation of the ground-state eigen-energy Ey. Using the perturbation theory [13] and treating
the q-(chh/2gch)-x2 term as a perturbation to the triangular well V., ,(x) = g-Fs-x, Ey can be
expressed as Eo . + q-(chh/286h)-f xz-‘{’zo, #i(X)dx with E ,; and Wy ,(x) being the ground-state
eigen-energy and wavefunction of the triangular well V. ,.(x), respectively. It can be further
shown that:

Eo = Eo i + (4/15)-(New/)-(Eo,il ). (5-9)

To derive an accurate Ej,; for Ge devices with high-k dielectric, the wavefunction
penetration effect needs to be considered. Equation (5-1) indicates that the wavefunction (and
hence the carrier distribution) will be shifted toward the interface by x.,(@=0) — x.i(d)
[=AEo,+/(qFs)], which is responsible for the X, reduction Xo(dp=0)-Xo(d) [=d(AE,+i/q)/dFs].
Hence, dAE ,i/dFs = AEy,/Fs. In other words, AEy,; = a-Fs with a being a coefficient
independent of F.

The coefficient o can be determined by Equation (5-4). When the Fs of Equation (5-4)
approaches zero, we can derive the dependences of AEy ,; on m,, mg;, and ¢, and then the

can be obtained as

h [m 1]. (5-10)

Therefore, Ey ,; can be expressed as
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1/3 2/3
n? 9 no[mg 1
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Substituting Equation (5-11) into Equation (5-9), we can obtain a closed-form model for Ey:

13 2/3
[ 9 ho(yma 1)
E°‘( J '(§”"’FSJ _q'dz'[\/m mCJFS
) (5-12)

2 1/3 2/3 .
+iwa( h J(%w)—-iﬂﬂ@_LJ

8 V2 \ g, ma,

It can be seen from Equation (5-12) that E, is not exactly proportional to (FS)/1 [10]. This
explains why in [11] A has to be treated as a fitting parameter as the relation Eq oc (Fs)"* was
used. In addition, although the A had been empirically derived by introducing several fitting
parameters to consider the ¢, and N.; dependences [12], the m,.;, and m,; dependences were not
considered. Therefore, the fitting parameters used in [12] cannot be employed for devices
with different channel and dielectric materials.

As Xy = d(AEy/q)/dFs, we can obtain a closed-form model for carrier centroid Xj:
X_z%ziﬁfpﬂmnz“ﬂz_L.
’ 3 2mcthS 8 \/5 \)q¢b mch
13
8N, | n 9 no(me 1)1
1+— Z N\=r-q| —-q-—- — (5-13)
15 gch 2mchFS 8 2 \/q¢b mch FS
2
8 N, 1 2\ (9 By (Jmy 1
—_——— 3. . _ﬂ.qFS —q._. - —_— .FS
15 gch qu 2mch 8 \/5 hY q¢b mch

After normalized with the permittivity ratio, the dark space DS can be determined by

Xo/(&:/0x). Figure 5-6 summarizes the derivation procedures of the closed-form model for
dark space.
As the quantum-confinement effect increases the effective surface potential needed for

threshold condition, this quantum-confinement induced surface potential shift (A(/)SQC) [14] 1s
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A@sRC = Eolg — (kT/g)-In(g,-gmaFs/(75*N¢)) (5-14)

where N¢ is the effective density of state for the conduction band. With Aps®C, the
QC-induced Vy, shift (AV?©) can then be derived by m-Ap?C with m = 1 + (&/&x)
(EOT+DS)/W4ep, with Wy, being the maximum depletion width. With Equations (5-12), (5-13),

and (5-14), closed-form models for Aps?“ and AV can be derived.

5.3.2 Verification with TCAD Simulation

To verify our closed-form models, we have performed the TCAD simulation that
numerically solves the self-consistent solution of coupled Poisson and Schrodinger equations
[9]. For a given Fs near the onset of threshold, Figure 5-7 shows that the £y for Ge-(100) and
Si-(100) devices decrease with the barrier height ¢, because of the wavefunction penetration
(WP) effect, and our model agrees well" with the - TCAD simulation. In addition, the Ej
reduction for Ge-(100) is more significant than Si-(100) because Ge-(100) possesses smaller
m.;, and hence larger o [Equation (5-10)}.. Figure-5-8 shows that for Ge-(100) device with
high-k dielectric and uniformly-doped profile, the E, is reduced after considering the WP
effect and the parabolic well. Moreover, our model shows accurate Fs dependence of Ej,
which is crucial to the DS modeling. Figure 5-9(a) indicates that when the WP effect is not
considered, the Xy of Ge-(100) is significantly larger than that of Si-(100). When the WP
effect is considered, however, the discrepancy of X, for Ge-(100) and Si-(100) is substantially
reduced because of the more significant reduction of Xj for Ge-(100). After normalized with
the permittivity ratio, Figure 5-9(b) shows that the discrepancy of DS for Ge-(100) and
Si-(100) will be further reduced because of the higher permittivity for Ge channel. The
discrepancy of DS becomes smaller than 1A for the F near the onset of threshold. Figure
5-10 shows that the DS depends on the surface orientation because of the different

quantization effective mass m.;. Since the DS increases with decreasing m.,, the DS of
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Ge-(100) surface is larger than the Ge-(110) and (111) counterparts. This is contrary to the Si
devices that the DS of (100)-surface is smaller than the (110) and (111) counterparts. Figure
5-11(a) shows that the E, increases with decreasing m.;, and the Ey of Ge-(100) surface is
larger than the Ge-(110) and (111) counterparts. This is contrary to the Si devices that the E,
of (100)-surface is smaller than the (110) and (111) counterparts. Since the g, and m, also
contribute to the AVy?© [Equation (5-14)], Figure 5-11(b) shows that Ge-(100) and (110)
devices exhibit similar AVthQC. For Si devices, the AVthQC of (110) and (111) are similar. The
DS and Ags®C also depend on the material of gate dielectric because the properties of gate
dielectric such as ¢, and mg; will determine the degree of the WP effect. Figure 5-12 shows
that among the three high-k dielectrics, HfO, possesses smaller DS and AgoSQC than ALLO; and
La,0s.

Since the Fy is related to the N, and can be modulated by the substrate bias (V,), the
DS and AV also depends on N and Vo As the Fs near the onset of threshold is
[2gNen-(2pp — Vsub)/gch]”2 (@5 = (kT/q)-In(N_4/n;) with n; the intrinsic carrier concentration),
the F increases with N, and reverse V. Figure 5-13(a) shows that the DS near the onset of
threshold decreases with increasing N, because the DS decreases with increasing Fs (Figure
5-9). On the contrary, Figure 5-13(b) shows that the AV increases with the N, of
uniformly-doped profile because the E, increases with Fs. In addition, the AV;,°C increases
with EOT because the m factor increases with EOT. Figure 5-14(a) indicates that applying the
reverse Vi, will reduce the DS because of the larger Fis. In addition, it can be seen that the
Ge-(100) surface exhibits higher DS sensitivity to Vj, than the Ge-(110) and (111)
counterparts. On the contrary, Figure 5-14(b) indicates that applying the reverse Vs, will
increase the AV, C because of the larger Fs. In addition, the Ge-(100) and (110) surface
exhibit larger AVthQC sensitivity to Vy,, than the Ge-(111) counterpart.

In additional to the uniform doping profile, our model is also applicable for devices with

129



a steep retrograde doping profile [4]. For the steep retrograde doping profile with an intrinsic
region near the interface (inset of Figure 5-1), the Fy is constant and the potential well is
triangular. Therefore, the E,; in Equation (5-11) can be applied to the ground-state

eigen-energy for the steep retrograde profile. The Xj ,; can be derived by d(Eo ,/q)/dFs:

1/3 2/3 ——
Xoi = 2 n’ .(27[.61]/ .FS—1/3_ R L (5-15)
i 3 2mch 8 \/5 \/Q¢b Mmep

The DS for the steep retrograde profile can be determined by Xo i/ (&4/&sx). Figure 5-15(a)

shows that for a given heavily-doped substrate doping (Ny»=5x10"%cm™), the DS decreases
with the intrinsic region depth x,. This is because the Fs near the onset of threshold increases
with decreasing x;. Thus, Figure 5-15(b) shows that for devices with steep retrograde doping
profile, the AV4% increases with the intrinsic region depth x,. As the uniformly-doped
channel is similar to the steep retrograde profile with.x; = 0, it can be seen from Figure 5-15(a)
that the DS of the uniformly-doped profile is smaller than that of the steep retrograde profile.
On the contrary, it can also be seen from Figure 5-15(b) that the AVyx3© of the

uniformly-doped profile is larger than that of the steep retrograde profile.

5.3.3 Subthreshold Swing
With the closed-form DS model, we can assess the SS of Ge devices with high-k
dielectric by incorporating EOT. = EOT + DS in the SS model [2], [3], [17]. In this paper, we

use the reported analytical SS model for short-channel bulk devices [17]:

SS:k—Tln(l()) I_EOTe . _chhAWdep N 2€chXj .AV

q Eox ¢f LeﬁrQ ¢f

(5-16)

where L. and X; are the effective channel length and junction depth of source/drain,
respectively. The definitions of AWy, Av,and ¢ can be referred to [17]. Figure 5-16(a) shows

that for long-channel Ge NFETs, the calculated SS of Ge-(100) is larger than the Ge-(110) and
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(111) counterparts, as predicted by the DS in Figure 5-10. Moreover, the reduction in SS for
Ge-(100) due to the WP effect is more significant than the Si-(100) counterpart. Figure 5-16(b)
further shows that this reduction in SS for Ge devices due to the WP effect increases for
short-channel devices.

For Ge bulk MOSFETs, only L-valley is considered in our calculation. The relative
importance of other conduction band bottoms such as I'-valley and X-valley will be discussed

in the Appendix 2.

5.4 Quantum-Confinement Induced Amplification of Vy, Variation

Random Vy, variation is a serious problem for nanoscale MOSFETs. Whether the
introduction of Ge channel will fundamentally impact the Vg, variation is an important
question. Due to random dopant fluctuation (RDF), the ground-state eigen-energy of Ge
devices presents a significant fluctuation, which results in an amplification of the Vy, variation.
In this section, we present a closed-form model for the quantum-confinement induced
amplification factor (AFqc) in the standard variation of Vi, (6Vy). In addition, we propose
that a scalable quantum-mechanical cVy model can be obtained through the classical

Takeuchi model [18], [19] multiplied by AFqc.

5.4.1 Modeling of the Amplification Factor (AFc)

In addition to the conduction band edge (Ec¢) fluctuation (i.e., surface potential
fluctuation), the RDF also results in significant ground-state eigen-energy fluctuations. Figure
5-17 shows that the spatial fluctuation of ground-state eigen-energy due to RDF is larger than
that of Ec. While the classical-Vy, (Vin,cr) variation due to RDF results from the E¢ variation,
the larger ground-state eigen-energy fluctuation will cause more serious Vg qc variation.

Figure 5-18 shows that the dispersion of Vi, oc is closely correlated to the dispersion of Vi cr.
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Therefore, the standard derivation of Vi, oc (6Vinoc) can be modeled as the product of 6V, cr
and the slope dViqc/dVincr. The slope dVinoc/dVincr can be viewed as an amplification
factor (AFqc) due to quantum confinement. Therefore, modeling the AFqc is crucial to the
prediction of Vi, oc variation for Ge MOSFETs.

As the Vinocis Vincrplus the QC-induced Vi, shift AV,2, the AFoc(=dVinoc/dVincr)

for RDF can be expressed as

-1
dAV”?C. dFg _(thh,CLj (5-17)

AFy- =1+
oc dFy  dN. \ dN,,

Since Figure 5-13(b) has qualitatively demonstrated the impact of RDF on Vg qc, we can
further demonstrate the AV, dependence on Vi, cr from Figure 5-13(b), as shown in Figure
5-19. It can be seen that the AVthQC shows linear dependence on V¢, and the slope
dAVthQC/dV ihcr 18 (AFqc — 1). In addition, Figure 5-19 indicates that the AFqc depends on the
EOT. Using derived E,, dark space, and AVthQC models-in Section 5-3, our closed-form model

for AFqc [model (1)] can be expressed as the products of the following three equations:

d(Lt,?C)‘ :m_[d(EO/q) kT J

th,CL (5-183)

(1, (€en/€0c)-(EOT + DS) .(DS_ kT Nih

Wdep (gch/ on)' qF S Eox
dfy | _ ((03 L Vsub +k_Tj. \/ q (5-18b)
chh o 2 q Eeh 'Nch '((”B + Vvub/z)
dav,

mer KT 1 | EOT -[qog 4 Vs +k—TJ- \/ 9Eeh (5-180)
chh q Nch Eox 2 q Nch (¢B + Vsub /2)

where Fs |vincL= (¢ New Waep/ 1) and @p= (kT/q)-In(Np/n;).
In this study, we also compare the model (1) with a different AFoc model based on the

Takeuchi model [18], [19], in which the 6V = Byr-[Tinv-(Vart Vo) (W-L)]"? with Tiy being

132



the electrical EOT, Vo= —(Vpt2¢p), and Byr being a constant. Since the AFqc can be

determined by the ratio 6V oc/ocVimcr (for oV cr, Tinw=EOT and V4=V cr; for 6Vimqc,

Tinv=EOT+DS and Vis=Vnqc), the AFqc from Takeuchi model is [model (2)]:

1/2
EOT + DS\* (Vioc +Vo /
AFye =|E2 228 )| 2o T 0 (5-19)
EOT Virer +Vo

5.4.2 Amplification of Vy, Variation for Ge MOSFET with High-k Dielectric

Figure 5-20 shows that with EOT downscaling, both the AFgc and the AFqc sensitivity
to EOT increase. In addition, as model (1) shows consistent AFqc with the TCAD simulation,
model (2) overestimates the AFqc, and the discrepancy increases with EOT downscaling.
Therefore, model (1) is a more scalable AFoc model. Figure 5-21 indicates that the AFqc
decreases with increasing temperature, and model (1) shows higher sensitivity to temperature,
which is consistent with TCAD simulation. Since the dark space (and hence AFqc) depends
on the dielectric material (Figure 5-12), Figure 5-22 shows that for a given EOT, the AFc for
HfO, is smaller because of the smaller dark space. Figure 5-23 shows that the AFqc decreases
with reverse substrate bias Vg, which is consistent with the Vg, dependence of dark space
(Figure 5-14).

Figure 5-24 demonstrates that, after multiplied by the AFqc, the oV oc due to RDF can
be predicted based on the Vi cr. The VL can be derived either from the atomistic
simulation [20], [22] or the analytical model [18], [19]. For example, based on the Ayt cr (the
slope of oV for various device geometry in the Pelgrom plot [23]) derived from the
atomistic simulation, we can calculate the Avroc by (AFqc-Avrcr). Figure 5-25 shows that the
6 Ve predicted by the AFqc is consistent with the atomistic simulations that solves the
time-consuming exact Schrodinger equation. Therefore, the AFqc approach can significantly

reduce the computational time for atomistic simulations.
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More importantly, a scalable 6V, oc model can be obtained using our closed-form AFqc

combined with the classical Takeuchi model (T;,,=EOT and Vix=VincL):

(5-20)

EOT'(Vm CL +V0)
Vi.oc =AFpc - Byr \/ :

WL

As the 6V cr depends on EOT with the power equal to 1, Figure 5-26 shows that the power
dependence of oV oc on EOT decreases because of the impact of AFqc. Moreover, the
6 Ve predicted by model (2) exhibits a much less sensitivity to EOT scaling because it
overestimates the AFqc (Figure 5-20). In addition, Figure 5-27(a)-(c) comprehensively
compares the sensitivity of the model-predicted oV oc and Vi cr due to RDF for Ge
MOSFETs. Contrary to the classical model, Figure 5-28(a) and (b) show that our model can
predict the discrepancy of oVy, for various surface orientations and gate dielectric materials,
respectively.

Since the dopant position fluctuation is not considered in the classical Takeuchi model
[18], only the dopant number fluctuation is included in Equation (5-20). For heavily-doped
bulk MOSFETs, the dopant number fluctuation may dominate the overall RDF because the
amount of dopants in the channel is quite high (e.g., ~80 dopants in a volume = (25nm)’

channel with N, = 5x1 Olgcm'3).

5.5 Summary

In this chapter, we have provided closed-form models of “dark space” and ground-state
eigen-energy for Ge MOSFETs with high-k gate dielectric. These models show accurate
dependences on barrier height, surface electric field, and quantization effective mass of
channel and gate dielectric. Our models predict that as the dark space decreases with reverse
substrate bias and increasing channel doping, the quantum-confinement induced Vy, shift

shows the opposite dependences with substrate bias and channel doping. Our model can also
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be used for devices with the steep retrograde doping profile. This physically accurate dark
space  model will be crucial to the prediction of the subthreshold swing and
quantum-confinement induced Vy, shift of advanced Ge devices.

Using the closed-form dark space model, we have provided a closed-form model for the
quantum-confinement induced amplification factor (AFqc) in oVy due to random dopant
fluctuation. Therefore, a scalable quantum-mechanical cVy, model can be obtained through
the classical model multiplied by AFqc. Using our model, various factors (e.g., EOT,
temperature, etc.) that may modulate/reduce the impact of RDF on Ge MOSFETs can be

accurately assessed.
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Figure 5-1 Ec and the first three subband eigen-energies for Ge-(100) NFET with steep
retrograde doping profile. The eigen-energies with-and without considering the WP effect are
compared with the numerical simulation. (Inset) The steep retrograde doping profile used in

this study.
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Figure 5-2 (a) Comparison of surface electric field dependences of Ej of Ge-(100) surface
calculated with and without WP. (b) Comparison of barrier height dependences of Ey of

Ge-(100) surface calculated with and without WP.
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Figure 5-3 Wavefunction spread of the first two subbands for Ge-(100) surface calculated with

and without WP verified with numerical simulations.
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Figure 5-4 Comparison of electron density profiles calculated from models with and without

WP. The ¢, and m,; used for HfO; in this'study are 0.9eV and 0.2m, [15], respectively.
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Figure 5-5 Comparison of the two expressions of carrier layer thickness (Xo) due to the QC

effect. The X from numerical simulation is calculated by [x-Wo (x)dx)/(J¥o*(x)dx.
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Figure 5-6 Flowchart demonstrating the derivation of the closed-form model for dark space

considering the parabolic well and the wayvefunction penetration effect.
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Figure 5-7 Barrier height dependences-of £, for-Si-(100) and Ge-(100) surfaces with and

without considering the wavefunction penetration (WP) effect.
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Figure 5-8 Ey dependence on surface electric field for Ge-(100) device with high-k dielectric. It

can be seen that the wavefunction penetration (WP) and parabolic well reduce the Ej.
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Figure 5-9 (a) Comparison of X; for.Si-(100) and Ge-(100) surfaces with and without

considering the WP effect. The ¢, and my; used for HfO,are 0.9¢V and 0.2m [15], respectively.

(b) The DS is directly derived by the results from (a) divided by (&, / &x).
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Figure 5-10 Impact of channel quantization effective mass and surface orientation on the DS of
Si and Ge devices. The curve for Ge is below that of Si because of the higher (&, / &) ratio for
Ge. For Ge NFET, the m,;, for (100), (110), and (111) surfaces are 0.12my, 0.223m, and 1.59ms,,
respectively [16]. For Si NFET, the m,, for (100), (110), and (111) surfaces are 0.916my,

0.316my, and 0.26m,, respectively [16].
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Figure 5-11 (a) Impact of channel quantization effective mass and surface orientation on the Ey
at the onset of threshold for Si and Ge devices. The curve for Ge is below that of Si because of
the larger permittivity and hence smaller F at onset of threshold for Ge. (b) Comparison of

AV 2€ for Si and Ge devices with various surface orientations.
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Figure 5-12 Impact of gate-dielectric material on the (a) DS and (b) E, of the Ge-(100) device.

The ¢, used for La,O3 and Al,O;5 are 2.1eV and 2.6¢eV, respectively. The m; used for La,O3 and

ALOj; are 0.25mg and 0.35my, respectively [15].
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Figure 5-13 (a) Channel doping dependences of DS for Si-(100) and Ge-(100) surfaces. (b)
Channel doping dependence of AV4°C for uniformly-doped Ge-(100) device with EOT =

0.5nm and 1nm.
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Figure 5-14 Substrate bias dependences of (a) DS and (b) AV, ¢ for Ge NFET with various

surface orientations.
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Figure 5-17 RDF-induced spatial fluctuations in Ec and ground-state eigen-energy. The

atomistic RDF simulation is performed by considering the long-range part of the atomistic

Coulomb potential for each randomly-placed impurity charge [20]. The quantum-confinement

(QC) effect is simulated by solving the exact 1-D Schrédinger equation [21].
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Figure 5-18 The Vi, qc dispersion is closely related to the Vi, o1 dispersion. It can be seen that
the slope dVi,oc/dVincr 1s not sensitive to the inverse of the screening length (k) used in the

long-range RDF simulation [20].
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Figure 5-19 The AV vs. Vincr plot for Ge devices with various EOT. The various VincL

values are due to the change of doping coneentration.
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Figure 5-20 As compared with model (2), our model shows more accurate EOT dependence in

AFqc.
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Figure 5-21 As compared with model (2), our model shows more accurate temperature

dependence in AFqc.
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Figure 5-22 The dark space and hence AFqc depend-on the dielectric material because of the

wavefunction penetration effect.
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Figure 5-24 Flow chart demonstrating the AFqe approach to assess the Vi, oc due to RDF.
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Figure 5-25 The AFqc approach can predict the 4yr considering the QC effect through the

classical AVT (AVT,CL)-
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Figure 5-26 The 6V, oc model based on the AFgc approach can demonstrate the fundamental

impact of QC effect with EOT downscaling. W = L'=25nm is used in the calculation.
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Figure 5-27 Sensitivity of aVy, to (a) temperature, (b) channel doping, and (c¢) substrate bias.
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Chapter 6
Switching Time Variations for FinFET and Bulk
MOSFETs

6.1 Introduction

With MOSFET scaling, the impact of random dopant fluctuation (RDF) and line edge
roughness (LER) on the threshold voltage (Vy,) variation of nanoscale transistors is growing
and being extensively examined [1]-[3]. For example, Asenov et al. [2] has shown that as gate
dimensions for bulk MOSFETs are reduced, the Vy, fluctuations increase and are comparable
in magnitude to those caused by RDF. Roy et al. [3] has concluded that the Vy, variation due
to RDF would dominate the behavior of the bulk MOSFETs if the LER can meet the
prescription of the International Technology Roadmap for Semiconductor (ITRS) [4].

Due to its better gate control, FinFET structure is an important candidate for CMOS
scaling. The channel doping of FinFET can be reduced because the short channel effect can be
suppressed by the geometry control. The channel RDF in FinFET is not as significant as that
in bulk MOSFETs because the lightly doped channel is usually used in FinFET. Thus, the
geometry variation becomes the main variation source for FInFET. Brown et al. [5] has
concluded that LER is the major contributor to parameter fluctuations in sub-10nm FinFET.
Baravelli et al. [6] has investigated the gate-LER and fin-LER for FinFET. They have
demonstrated that for lightly doped FinFET, the Vy, variation due to fin-LER is larger than
that due to gate-LER.

For logic circuits, however, the variation of signal switching time (ST) due to RDF and
LER is particularly important. Whether there is any gap between Vy, and switching time
variations merits investigation. The switching time variations for bulk MOSFETs have been

investigated using the mixed-mode transient simulation [7], [8]. These studies all
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demonstrated that the drive current variation caused by RDF results in the intrinsic switching
speed variation for bulk MOSFETs. However, how the geometry variation such as LER
affects the switching time variation of FinFET has not been reported. Specifically, the impacts
of gate-LER and fin-LER on the switching time variations of lightly-doped FinFET are
crucial to the logic circuit using FinFET structures. In this chapter, we investigate the
switching time variation for bulk MOSFETs [9] and FinFET [10] using the approach of

effective drive current in CMOS inverters [11].

6.2 Switching Time Variation Decoupling Using the Effective
Drive Current Approach

We decouple the switching time (ST) variation into transition charge (AQ) variation and
effective drive current (I.s) variation. The ST can be defined as AQ / L [12], where AQ is the
transition charge between logic “ON” and “OFF” states. The AQ for an NFET can be
calculated by Q, (Vas = Vop, Vbs =0 V)..— Qn (Vas = 0V, Vps = Vpp) [12]. The L4 for an
NFET can be approximated as [Ips (Vgs = Vbp, Vps = 0.5Vpp) + Ips (Vgs = 0.5Vpp, Vps =
Vpp)] / 2 [11]. Therefore, in contrast to the time-consuming mixed-mode transient simulation
[7], [8], only DC simulation for a single device is needed to derive AQ and I+ More
importantly, the effective drive current approach may provide physical insights in the
assessment of switching time variations.

Since ST = AQ / I, the ST fluctuation stems from the fluctuations of AQ and I

ol . ol
ST+$T=AQ+6AQ;AQ.E1+6AQJ. e | or [, B (6-1)
Ly +0lyr Loy AQ Ly AQ Iy

where the fluctuation J is small as compared with its nominal value. Therefore,

ST _AQ gy
ST~ AQ Iy

(6-2)
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We assume that the devices with 1o value of ST (uST + oST) are just the same devices that
correspond to 16 values of AQ (LAQ + cAQ) and Lesr (ulesr + olesr), where p and o are the mean
and the standard deviation of the parameter, respectively. Similarly, the devices with the p
value of ST also correspond to the p values of AQ and I.. The normalized standard deviation
of ST (oST / uST) can thus be approximated as ST/uUST = cAQ/PAQ — oleg/plesr. It should
be noted that the standard deviations (6ST, cAQ and cl.x) are considered as signed numbers,
which means they can be either positive or negative values. Practically, the standard
deviations derived from the statistical experiments are always positive. Therefore, we take the

absolute value:

aST| _

oAQ Olgy
uST|~

/JAQ IUI eff

| 0| (63
‘ﬂleff ﬂAQ‘

The right-hand-side (RHS) of Equation.(6-3) equals to |ole / pler] — [0AQ / pAQ)| if the cAQ
and ol have the same sign (i.e., AQ-and L. are positively correlated). On the contrary, the
RHS of Equation (6-3) equals to |olesr /“pilesd] =46AQ / pAQ| if the cAQ and ol have the

opposite sign (i.e., AQ and I.s are negatively correlated).

6.3 Switching Time Variations for Bulk MOSFET

The device parameters of bulk MOSFETs used in the simulation is effective gate length
(Ler) =25nm, channel width (W) = 25nm, oxide thickness (t,x) = 0.8nm, source/drain junction
depth (X;) = 12.5nm, channel doping (N¢p) = 4.8% 10'® cm™, and supply voltage (Vpp) = 0.8V.
To assess the RDF in bulk MOSFETs, we have carried out the atomistic device simulation
using the Monte Carlo approach to generate the dopants in the channel [1]. To avoid the
charge trapping in the sharp Coulomb potential well and hence the mesh size dependences of
the simulation results, we have employed the density gradient method in our atomistic

simulation [3]. The boundary condition at the Si/SiO, interface for the density gradient

169



method is that the carrier density changes continuously across the interface, i.e., the continuity
of the wavefunctions across the interface [13]. Figure 6-1(a) shows one of the 150 samples in
our atomistic simulation. To assess the LER, the line edge patterns were derived using the
Fourier synthesis approach similar to the one in [2], and then the Monte Carlo simulation was
performed. The parameters used in the LER simulation is the root-mean-square (rms)
amplitude A = 1nm [4] and the correlation length A = 30nm. Figure 6-1(b) shows one of the
150 samples in our simulation. In this study, we use the drift-diffusion equation as the
transport model. Velocity saturation model is used to assess the on-current under the high
drain field.

Figure 6-2(a) compares the saturation threshold voltage (Vi sat) distributions due to RDF
and LER for bulk MOSFETs. Figure 6-2(b) compares the ST distributions due to RDF and
LER. It can be seen that the standard deviation of Vi sat (0Vinsat) due to RDF is larger than
that due to LER. Nevertheless, Figure 6-2(b) shows that the standard deviation of ST (oST)
due to LER is comparable with that due to RDF. In other words, the relative importance of
LER for ST variation increases as compared with that for Vi, variation. This can be
explained by Figure 6-3, which shows the |6ST/uST|, |cAQ/uAQ)|, and |cles/plesd caused by
RDF and LER. It can be seen that the |cST/uST| due to RDF is roughly equal to |oleq/ples —
|cAQ/nAQ)|. However, the |6ST / uST| due to LER is roughly equal to |cles / plerd + [0AQ /
HAQ).

The results in Figure 6-3 can be explained as follows. The impact of RDF on MOSFETs
stems from the variation of the effective channel doping (Nchesr). For devices with smaller
Nehetr, the Vi, 1s smaller and hence I+ and AQ are larger because they are roughly
proportional to (Vgs—Vw). Thus, I and AQ are positively correlated [Figure 6-4(a)] and |6ST
/ uST]| is roughly equal to |clem/plen| — [JAQ/HAQ)| because the quantities of cAQ and ol have

the same sign. In other words, the impacts of RDF on AQ and I are mutually canceled and
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|oST / uST]| is reduced.

The impact of LER on MOSFETs results from the variation of the effective channel
length (L.g). For devices with shorter Les, the Vi, is smaller because of the short channel
effect and hence the L. is larger. As for AQ, devices with shorter L.g possess smaller AQ
because AQ is proportional to the gate area (W x Leg). Thus, L. and AQ are negatively
correlated [Figure 6-4(b)]. Therefore, |oST / uST| is roughly equal to |cAQ / pAQ| + |oles /
uler| because the quantities of cAQ and oles have the opposite sign. In other words, the |[cST /

uST]| is larger than either |GAQ / pAQ| or |oler / e

6.4 Switching Time Variations for FinFET

The device parameters of FInFET used in the simulation is Leg =25nm, fin-width (Wg,) =
15nm, fin-height (Hg,) = 30nm, tox = 0.8am, channel doping (N¢p) = 1x 10" em™ ,and Vpp =
0.8V. The impact of RDF in the channel is not significant to FinFET with undoped channel.
Due to the vertical channel configuration, the LER‘due to fin patterning for FinFET structure
includes gate-LER and fin-LER [6]. The parameters used for the fin-LER and gate-LER
simulations are the A = 1.5nm [6] and the A = 20nm [2]. Figure 6-5(a) shows the nominal
FinFET structure with aspect ratio = 2. Figure 6-5(b) and 6-5(c) show one of the samples in
gate-LER and fin-LER simulations, respectively. We use the drift-diffusion equation as the
transport model. Velocity saturation model is used to assess the on-current under the high
drain field.

Figure 6-6(a) compares the impacts of gate-LER and fin-LER on V¢ variations of
FinFET. It can be seen that the standard deviation of Vi sat (6Vinsat) due to fin-LER is larger
than that due to gate-LER. This comparison result for Vi, s variation in FinFET is consistent
with [6]. Nevertheless, Figure 6-6(b) shows that the standard deviation of ST (oST) due to

gate-LER 1is larger than that due to fin-LER. In other words, the relative importance of
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gate-LER for switching time variation is larger as compared with that for V¢ variation
(Figure 6-7). Figure 6-8 shows the [6ST / uST|, |olefr / plesd, and |[cAQ / pAQ| caused by
gate-LER and fin-LER. The |6ST / uST| due to gate-LER is roughly equal to the |olesr / ples] +
|cAQ / pnAQ|. However, the [6ST / uST| due to fin-LER is roughly equal to |ole / ples| — |0AQ
/ pAQ)|. Thus, the different trend of gate-LER and fin-LER can be explained by the opposite
correlation of L. and AQ for gate-LER and fin-LER.

The impact of gate-LER on FinFET results from the variation of the effective channel
length (L.g). For devices with shorter Les, the Vi, is smaller because of the short channel
effect and hence the I 1s larger. As for AQ, devices with shorter Leg possess smaller AQ
because AQ is proportional to the gate area (Wioa1 X Lesr With Wiora the total effective width
for FinFET). Thus, L. and AQ are negatively correlated as shown in Figure 6-9(a). Therefore,
|oST / uST]| is roughly equal to the sum-of [cleg / plen] and [cAQ / pAQ)|. In other words, the
|oST / uST] is larger than either |6lesr / plen] or |GAQ /' HAQ).

The impact of fin-LER on FinFET stems from the variation of the effective fin width
(Wsin). For lightly-doped devices with smaller Wg,, the Vy, is larger because of the
suppression of short channel effects [14] and hence the I s is smaller. As for AQ, devices with
smaller Wy, possess smaller AQ because AQ is proportional to the gate area. Thus, the s and
AQ are positively correlated as shown in Figure 6-9(b). Therefore, |6ST / uST| is roughly
equal to the difference between [clesr / pleg] and |GAQ / pAQ)|. In other words, the impacts of
fin-LER on I and AQ are mutually canceled and |6ST / uST] is reduced.

In the derivation of Equation (6-3), we have assumed that devices with 16 (or ) value of
ST are those correspond to 16 (or p) value of AQ and I.&. However, if the distributions of I
and AQ are not highly correlated (i.e., the correlation coefficient is not close to +1 or -1),
some error may be introduced in (4). It can be seen in Figure 6-9 that the correlation

coefficients between I and AQ due to gate-LER (-0.44) and fin-LER (0.82) are not very
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close to £1. Therefore, in Figure 6-8, the |cST / uST] is not exactly equal to the sum or the
difference of |olesr / pler| and [cAQ / pAQ|. Although Equation (6-3) is not quantitatively very
accurate in Figure 6-8, it can still provide simple and physical relationship between the ST

variation and the I.¢r and AQ variations.

6.5 Summary

In this chapter, we investigate the impact of RDF and LER on the switching time
variations of bulk MOSFETs and FinFET using the effective drive current approach that
decouples the switching time variation into AQ and I variations. Our results indicate that for
bulk MOSFETs, although the RDF has been recognized as the main variation source to Vi,
variation, the relative importance of LER increases as the switching time variation is
considered. This is because I and AQ variations due to RDF are mutually canceled and the
switching time variation caused by RDF is reduced, while I.¢+ and AQ variations due to LER
increase the switching time variation caused by LER. As for lightly-doped FinFET, although
the impact of fin-LER is more crucial to Vy, variation, the relative importance of gate-LER

increases as the switching time variation is considered.
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(a) (b)

Figure 6-1 The simulated bulk MOSFETs in this study. (a) One of the samples with RDF and (b)

one of the samples with LER.
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Figure 6-5 (a) The nominal FinFET structure with aspect ratio = 2. (b) One of the samples with

(a)

gate-LER. (¢) One of the samples with fin-LER.
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Chapter 7
Conclusion

With MOSFET scaling, the impacts of process variations and random dopant fluctuation
are main chanllenges for nano-CMOS device design. Based on the analytical solutions of
Poisson and Schrodinger equation, we have established a theoretical framework to investigate
the device scalability and sensitivity to process variations by tackling the electrostatic
integrity and the impacts of quantum-confinement effect. This theoretical framework includes
advanced device structures such as multi-gate, and GAA and UTB devices, and can be applied
to devices with high mobility channel materials.

From the prospective of electrostatic integrity, we have compared the sensitivity of Vi, to
process variations for multi-gate devices with various aspect ratio (AR) and GAA device
using analytical solutions of 3-D Poisson’s equation [1], [2]. Our study indicates that lightly
doped GAA device shows the smallest Vi variation caused by process variation and dopant
number fluctuation. For heavily doped devices, dopant number fluctuation may dominate the
overall Vy, variation. The Vy, dispersion of GAA device may therefore be larger than that of
multi-gate MOSFETSs because of its larger surface-to-volume ratio. We have also analyzed the
impact of AR on the Vy dispersion due to dopant number fluctuation for multi-gate
MOSFETs [3]. For heavily doped channel, Quasi-planar device shows smaller Vy, dispersion
because of its larger channel volume. The Vy, dispersion due to random dopant fluctuation
may still be significant in the lightly doped channel, especially for Tri-gate and Quasi-planar
devices because of the larger Vy, sensitivity to the channel doping.

Using the derived analytical solutions of Schrédinger equation for short-channel devices,
we have investigated the impact of quantum-confinement effect on the sensitivity of Vy, to

process variations [4], [5]. Our theoretical models consider the parabolic potential well due to
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short-channel effects and therefore can be used to assess the quantum-confinement effect in
short-channel devices [4], [6]. Our study indicates that, for ultra-scaled FinFET and GAA
devices, the importance of channel thickness wvariation increases due to the
quantum-confinement effect. For FinFET, the Si-(100) and Ge-(111) surfaces show lower Vy,
sensitivity to the tg, variation as compared with other orientations. On the contrary, the
quantum-confinement effect reduces the Vy, sensitivity to the L variation, and Si-(111) and
Ge-(100) surfaces show lower Vy, sensitivity as compared with other orientations. As the Vy,
sensitivity to tg, for short-channel device is determined by the short-channel effect and the
quantum-confinement effect, the t.;, of GAA MOSFETs can be optimized to reduce the Vy,
variation [6].

Using the derived analytical solutions of Schrodinger equation, we have investigated the
impact of quantum-confinement on the short-channel effect of UTB [7] and multi-gate
MOSFETs. When the t¢, is smaller than critical thickness, the quantum-confinement effect
may decrease the Vy, roll-off of GeOl MOSFETs: Thus, Ge devices may exhibit better Vi,
roll-off than the Si counterpart because of more significant quantum confinement. For
multi-gate structure, by exploring the quantum-confinement effect along the Hg, direction, the
Vi roll-off of InGaAs devices can be suppressed and become smaller than the Ge counterpart.
This 2-D quantum-confinement effect is also crucial to the scalability of multi-gate device. By
exploring a wide design space with various AR, our study indicates that for a given
subthreshold swing, Tri-gate (AR=1) with significant 2-D confinement effect exhibits better
Vi roll-off than FInFET (AR>1).

For planar bulk structure, we have provided closed-form models of quantum “dark
space” [8], [9] and ground-state eigen-energy for Ge and Si MOSFETs with high-k gate
dielectric. These models show accurate dependences on barrier height, surface electric field,

and quantization effective mass of channel and gate dielectric. Our models predict that as the
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dark space decreases with reverse substrate bias and increasing channel doping, the
quantum-confinement induced Vy, shift shows the opposite dependences with substrate bias
and channel doping. Our model can also be used for devices with the steep retrograde doping
profile. This physically accurate dark space model will be crucial to the prediction of the
subthreshold swing and quantum-confinement induced Vy, shift of advanced Ge devices.
Using the closed-form dark space model, we have provided a closed-form model for the
quantum-confinement induced amplification factor (AFqc) in Vg, due to random dopant
fluctuation. Therefore, a scalable quantum-mechanical cVy, model can be obtained through
the classical model multiplied by AFgc. Using our model, various factors such as EOT and
temperature that may modulate/reduce the impact of RDF on Ge MOSFETs can be accurately
assessed.

The impact of RDF and LER on the switching time variations of bulk MOSFETs and
FinFET have been assessed using the effective drive current approach that decouples the
switching time variation into transition charge (AQ) and effective drive current (I.¢) variations
[10], [I1]. Our results indicate that for bulk MOSFETs, although the RDF has been
recognized as the main variation source to Vy, variation, the relative importance of LER
increases as the switching time variation is considered. This is because s and AQ variations
due to RDF are mutually canceled and the switching time variation caused by RDF is reduced,
while I and AQ variations due to LER increase the switching time variation caused by LER.
As for lightly-doped FinFET, although the impact of fin-LER is more crucial to Vy, variation,

the relative importance of gate-LER increases as the switching time variation is considered.
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Appendix 1
Effective Masses for Si, Ge and InGaAs

We have employed the effective mass approximation [1], [2] to deal with the Schodinger
equation in this dissertation. The effective mass approximation assumes parabolic energy
dispersion, which is valid for the bottom of the energy bands. Although the effective mass
approximation may exhibit deviations from the actual band structure, it has been shown that
for Si and Ge devices with t;, down to 2nm, the ground-state eigen-energies calculated by the
effective mass approximation are fairly consistent with those calculated by the full-band
quantization approach [3].

The constant-energy ellipses of Si and Ge materials possess anisotropic effective masses
such as the transverse effective mass (m;) and the longitudinal effective mass (m;). Thus, both
the quantization effective mass (m,) and the density-of-state effective mass (m;) show
surface-orientation dependences. Stern [1]-had derived the effective masses of Si and Ge with
various surface orientations, as listed in Table Al-1. The m, is the effective mass
perpendicular to the surface. For the 1-D quantum-confinement (such as bulk MOSFETs,
FinFETs, and UTB devices), the my is (m;-m2)"* [1] where m and m; are the effective masses
of the two directions parallel to the surface. By substituting the parameters m, and m; for Si
and Ge into Table Al-1, we can derive the m, and m, values shown in Table 3-1. For the
material with isotropic effective mass (such as InGaAs), the m, and m, are the same. The m,;,
in Chapter 5 denotes the quantization effective mass in the channel, and hence is identical to
the m, in Table 3-1.

In Section 4.3, both m, (quantization effective mass along the Wy, direction) and m.
(quantization effective mass along the Hg, direction) are needed to determine the

eigen-energies of 2-D quantum-confinement in multi-gate devices. For Ings3Gap47As with
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1sotropic effective mass, m, = m, = 0.04my [5], [6] 1s used in our calculation.
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Table A1-1 Effective masses for Si and Ge with various surface orientations [1]. For Si and Ge,

the principle effective masses in the ellipsoids are two identical mt and one ml. For Si, m, =

0.191my and m; = 0.916my. For Ge, m, = 0.082my, m; = 1.59m, for L-valley, m, =
for I' valley, and m, = 0.20mo, m; = 0.90m, for X-valley [4]. For Ings3Gag47As, m, = m;

0.04mq [5], [6].

m; = 0.04my

Surface Si
orientation my my my degeneracy
my my m; 2
(100)
m; my ny 4
2mmy)/(m; + m;) m; (m; + my)/2 4
(110)
my my my 2
(111) (Bmmy)/(m; + 2my) my (m;+ 2my)/3 6
Surface Ge
orientation m, m m; degeneracy
(100) (Bmmy)/(m, + 2my) m; (m; +2my)/3 4
(Bmm;)/(m; + 2my) m; (m;+ 2my)/3 2
(110)
ny my mj 2
my my my 1
(111)
(9mm;)/(m; + 8my) m, (m; + 8m;)/9 3
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Appendix 2
['-Valley and X-Valley in Ge Devices

For the Ge devices, only L-valley is considered in this dissertation because other
conduction band bottoms such as '-valley and X-valley have energy offsets of 0.135¢V and
0.173eV, respectively, higher than the L-valley [1]. The relative importance of I'- and
X-valley may increase when the Ey of I'- and X-valley plus the energy offset get close to the
Ey of L-valley (energy offset = 0). Figure A2-1 compares the Ey’s plus the energy offsets for
L-valley, I'-valley and X-valley in heavily-doped Ge bulk MOSFETs. As the Fj increases,
although the X-valley of the Ge (100)-surface possesses larger m, (0.27my) than that of the
L-valley (m, = 0.12my) [1], their difference in E| is not significant. This is because under the
“electrical confinement,” the E, is weakly dependent on m, [see Equation (5-12)]. Using
Equation (5-12), Figure A2-1 shows that the difference in the minimum energy between L-
and X-valley is still larger than 54T under the Fg near the onset of threshold. Therefore, the
impact of X-valley is negligible in the subthreshold region for heavily-doped Ge bulk
MOSFETs. As to the I'-valley, its impact is even smaller than the X-valley because of the
small m, (0.062my [1]).

Figure A2-2(a) compares the Ey’s plus the energy offsets for L-valley, I'-valley and
X-valley in lightly-doped FinFET. It can be seen that as the t;, down-scales, the E, of I'-valley
is considerably smaller than that of L-valley. Thus, the difference in the minimum energy
between L- and X-valley is not as significant as that in the heavily-doped bulk devices. This is
because under the “structural confinement,” the Ej is (to the first order) inversely proportional
to m,. Figure A2-2(a) shows that the difference in the minimum energy between L- and
X-valley is 2.5kT when t., = 4nm. Figure A2-2(b) demonstrates the ratio of the sheet electron

density (Q;) in I'-valley and X-valley with respect to that in L-valley. It can be seen that the
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relative importance of I'-valley decreases with t., because of the smaller m, and hence larger
Ey. On the contrary, the relative importance of X-valley increases with decreasing t., because
of the larger m, and hence smaller Ey. When t., = 4nm, the electrons in the X-valley achieve

10% of those in the L-valley.
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