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Abstract

This thesis investigates-the feasibility of threshold voltage (Vi) modulation
through substrate bias for tri-gate. MOSFETs. Through 3-D atomistic simulation, the
random dopant fluctuations in the Punch=Through-Stopper (PTS) region of Bulk
tri-gate devices are examined. Our study indicates that to achieve an efficient
threshold-voltage modulation through substrate bias, the high-doping PTS region may
introduce excess variation in Bulk tri-gate devices. This effect has to be considered
when one-to-one comparisons between Bulk tri-gate and SOI tri-gate regarding device
variability are made.

Because of the PTS-induced variability in Bulk tri-gate, SOI tri-gate with
substrate bias seems to be a better device structure to achieve multiple V. In order to
facilitate multi-Vy, device design in tri-gate SOl MOSFETs, we have derived an
analytical subthreshold model with an accurate BOX-thickness scalability. Using this
model, we can efficiently investigate multi-Vy, device design in tri-gate SOI
MOSFETs with wide range of design space. Under constant subthreshold swing
criterion, our study indicates that tri-gate SOI device with low aspect ratio (AR) and

thin BOX is a promising structure to enable efficient Vi, modulation by substrate bias.
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Chapter 1
Introduction

Because multiple gates can provide superior electrostatic control, tri-gate
MOSFETSs [1]-[4] have better immunity to short-channel effects (SCE), and can be
used to extend the Moore’s Law in transistor scaling. In addition, random variation
such as random dopant fluctuation [5]-[9], line edge roughness [10]-[11] has become
a curial problem for nanoscale CMOS. Undoped or lightly-doped tri-gate MOSFETS
can mitigate the channel random-dopant-fluctuation (RDF) problem for planer bulk
MOSFETSs [12].

In addition to random variability, subthreshold leakage current is another crucial
problem for transistor scaling.-To ‘effectively control subthreshold leakage current,
multi-threshold voltage technique [13]-[14] has been proposed to reduce power
dissipation and maintain high performance. This low-power design technique uses
high-Vy, devices to suppress leakage currents and low-Vy, devices to achieve high
performance. In other words, multi-Vy, is also important for tri-gate devices.
Depending on the substrate, either SOI tri-gate or Bulk tri-gate can be used. To enable
more efficient Vi modulation through substrate bias, SOI tri-gate can use ultra-thin
buried oxide (BOX) [15]-[16] while Bulk tri-gate has to employ a

punch-through-stopper (PTS) with high enough impurity concentration [17]-[20] right



beneath the lightly-doped channel. In this work, we use 3-D atomistic simulation to

investigate the body-effect induced variability in Bulk tri-gate MOSFETS [21].

Due to the PTS-induced variability in Bulk tri-gate, SOI tri-gate with thin BOX

seems to be a better device structure to enable threshold-voltage modulation. In order

to physically assess the electrostatic integrity and facilitate device design for SOI

tri-gate, we have derived a subthreshold model for SOI tri-gate considering the

fringing field induced by the drain and source electrodes through the BOX. Although

reference [22] has provided a subthreshold model for multi-gate SOl MOSFETSs, the

BOX-thickness scalability of the model is not accurate. In this work, we provide a

more accurate subthreshold model for SOI tri-gate by-improving the BOX-thickness

scalability of the model in [22].

To enable power/performance optimization, the tri-gate SOl MOSFETs with thin

BOX [15]-[16] has been recognized a promising device structure to achieve multiple

threshold voltage (V). Whether different tri-gate device designs will impact the

efficiency in Vy modulation is an important question. In this work, we investigate the

multi-Vy, device design of tri-gate SOl MOSFETs by using the derived analytical

model. Based on the contour of equal subthreshold swing (SS), the impacts of device

design on the threshold voltage modulation through substrate bias and channel doping

are investigated.



This thesis is organized as follows. In chapter 2, we investigate the PTS-induced

variability in Bulk tri-gate MOSFETSs. In chapter 3, an analytical subthreshold model

for SOI tri-gate devices with thin BOX is derived and verified with TCAD numerical

simulation. In chapter 4, the impact of device design on multi-Vy modulation for SOI

tri-gate is investigated by using the model derived in chapter 3. The conclusions are

drawn in chapter 5.



Chapter 2
Body Effect Induced Variability In
Bulk Tri-gate MOSFETSs

2.1 Introduction

Undoped/lightly-doped tri-gate MOSFET has been recognized as an important
device structure to mitigate the channel random-dopant-fluctuation (RDF) problem
for planer bulk MOSFET. Depending on the substrate, either SOI tri-gate or Bulk
tri-gate can be used. Comparing.with the SOI tri-gate, bulk tri-gate possesses lower
wafer cost and higher process compatibility. References [17]-[18] have reported a
successful 20 nm-FinFET fabrication on bulk" silicon wafer. Both [17] and [18]
employed the deep well implant to isolate the body from the substrate. This extra
implantation process intended to suppress the leakage current beneath the channel
region and was called as punch-through-stopper (PTS) layer. Several simulation
works [18]-[20] have been made to investigate the device design optimization
considering the PTS doping profile. However, these works have not considered the
device variation introduced by the PTS. In addition, whether there is any difference
regarding random variability between Bulk tri-gate and SOI tri-gate has rarely been

known and merits investigation.



Although tri-gate MOSFETS have an improved immunity to short-channel effects
(SCE), body effect in such device structure is usually weaker than planer MOSFETSs
[15]. To enable more efficient threshold-voltage (Vi) modulation and
power/performance optimization through substrate bias, SOl tri-gate can use
ultra-thin BOX [15]-[16] while Bulk tri-gate may employ the PTS with high enough
doping concentration [20] right beneath the lightly-doped channel (Fig. 2.1). In this
chapter, using 3-D atomistic simulation [23], we investigate the body-effect induced

variability in Bulk tri-gate MOSFETSs [21].

2.2 Device Design and Simulation Methodology

Bulk tri-gate and SOI tri-gate structures investigated in this chapter are based on
the device design used in [24]-[25].-Schematics of Bulk tri-gate and SOI tri-gate
structures are shown in Fig. 2.1 and Fig. 2.2, respectively. Channel length (Ly=25nm),
channel doping (Nen=1x10"cm™), gate oxide thickness (tox=1.3nm) and fin thickness
(Hfin=Wsin=10nm) are designed identically for Bulk tri-gate and SOI tri-gate to ensure
similar front gate controllability. As indicated in the Fig. 2.5, in order to achieve
comparable body effect with SOI tri-gate, the PTS of Bulk tri-gate is designed with
1x10™ em™ in doping, 30 nm in depth (Ters), 10 nm in width, and 25 nm in length,
while the BOX of SOI tri-gate is designed with 10 nm in depth (Tpox), 20 nm in width

and 65 nm in length (2*Lsp+Lg). As indicated in the Fig. 2.1(b), the PTS doping
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profile does not extend to the substrate below source/drain because the abrupt p-n
junction between source/drain and PTS will induce significant band-to-band
tunneling current. Other pertinent device parameters are listed in Table 2.1.

Discrete impurity atoms are randomly distributed in the PTS of Bulk tri-gate and
the substrate of SOI tri-gate, respectively, in our 3-D atomistic simulation [23]. It is
noted that the total number of impurity atoms in the PTS/substrate region follows the
Poisson Random Distribution (Fig. 2.3) and the impurity atoms space distribution is
shown in the Fig. 2.4. The detailed simulation procedure follows the methodology
described in [38]. Since the continuous channel~and source/drain doping profiles are
identical for both the Bulk tri-gate and SOI tri-gate devices, the random variability
assessed in this study stems from the PTS/substrate region. The value of gate work

function used in our simulation is 4.5eV for both SOI tri-gate and bulk tri-gate.

2.3 Results and Discussion

2.3.1 Threshold Voltage Variability

Fig. 2.6 shows the dispersion of subthreshold characteristics for Bulk tri-gate and
SOl tri-gate devices with 150 random samples. It is noted that the dispersion among
the SOI tri-gate samples is negligible because the substrate doping variation is

shielded by the thin BOX. Fig. 2.7 compares the spread of the threshold voltage for

6



Bulk tri-gate and SOI tri-gate devices. The nominal Vy, of bulk tri-gate is larger than
the SOI tri-gate because bulk tri-gate can deplete excess PTS ion charges in addition
to the lightly doped channel. It can be seen that the Vy, variation of Bulk tri-gate is
significantly larger than that of SOI tri-gate. This is because the doping profile of
PTS dramatically affects the total depletion charge (Qqep) enclosed by front gates and
PTS. For example, near the interface of PTS and channel, one Bulk tri-gate sample
with small number of discrete dopant atoms has larger Qqep than that of the other
Bulk tri-gate sample with large number of discrete dopant atoms. For the SOI tri-gate,
on the contrary, the heavily doped substrate beneath the BOX has negligible impact
on Vy, variation even an ultrathin (10 nm) BOX'is used-[39].

Fig. 2.8 shows the threshold voltage and-its standard deviation (cVy,) at different
substrate biases (Vps). The similarity of substrate sensitivity in two devices shows that
the comparable body-effect has been design through tuning SOI thickness and PTS
doping. It is also noted that the 6V, dependence on Vs is only about 1ImV/V due to
the heavily doped PTS. Fig. 2.9 (@) and (b) compare the spread of body-effect
coefficient y for Bulk tri-gate and SOI tri-gate devices under high and low drain bias,
respectively. Bulk tri-gate shows slightly larger y than that of SOI tri-gate because of
the high enough PTS doping. The body-effect coefficient can be determined by [15]

and [26]:



1 C.+2C
Y _ si L 2.1
sol L+(csi +2C,)/Coo }X 3C 2.1)

[0)

C,+2C
Yok = TL (2.2)

0X

However, to model the depletion layer formed in the substrate (W,, ), the

buried oxide capacitance (C, ) in (2.1) should be replaced by

box

_ 8ox/tbox X 8si /Wdep_sub
Cbox - (23)
gox /tbox + gsi /Wdep_sub

In addition, the channel depletion capacitance (C') in (2.2) should consider the
depletion region in PTS (W,,, ) as

. E.
Cy=— 2.4
TH W (24)

fin dep_ch

Other capacitances are defined as

Cy=&4/Hm (2.5)
C,, =&, /t,, (2.6)
C, =(C, I z)xIn(W,, /) 2.7)
C' =(C,/x)xIn(W,, /) (2.8)

It can be seen from (2.2) that the RDF in PTS will result in significant variation

in the numerator of Yy, because Q,, ., as well as W, shows strong

ep_ch
dependence on the PTS profile. For SOI tri-gate, on the contrary, the impact of the

variation in W

tep_sn 1S SUppressed by the smaller and dominant buried oxide

capacitance (Cp i = Eoc/toox )-



Fig. 2.10 (a) and (b) show the impact of the PTS doping level on the y of Bulk
tri-gate devices under high and low drain bias, respectively. It is noted that the
nominal y shows a discrepancy between continuous and atomistic simulations. It has
been reported in [27] that PTS profile locating slightly away from the channel can
enhance y effectively because the carrier conduction path moves downward and the
capacitance between the current path and substrate increases. This mechanism is also
observed in our simulation result as indicated in the Fig. 2.11. Note that the
horizontal axis dprs is defined as the position of the PTS. It is plausible that this
mechanism manifests itself through the position-fluctuation of discrete dopant atoms

near the interface of PTS and-channel.

2.3.2 Subthreshold Swing Variability

Fig. 2.12 shows the substrate-bias dependence of subthreshold swing (SS) and its
standard derivation (cSS) for Bulk tri-gate and SOI tri-gate devices. The similarity in
subthreshold swing and its back-gate bias dependence in the two devices show that
the device electrostatic integrity is similar by employing proper PTS doping/BOX
thickness design. It is noted that the subthreshold swing variation is negligible
because the channel is well controlled by the gate. Despite of the minor variation in
SS, its correlation with Vy, variation is also important for the circuit design

considering mismatch [40]. Fig. 2.13 shows the correlation of threshold voltage and

9



subthreshold swing for Bulk tri-gate devices with a varying PTS doping. It can be
seen from the inset that the correlation coefficient decreases with decreasing channel
length. That means the subthreshold current mismatch characteristics may be different
between the long and short channel devices. When the fin width and fin height are
much smaller than the channel length, threshold voltage and subthreshold swing
increase with the PTS doping concentration due to the enhancement of body effect.
However, for the short channel devices, serious drain to source electric field coupling
makes threshold voltage decrease and subthreshold swing increase. In other words,
SCEs counterbalance the impact of PTS doping Concentration on threshold voltage

and subthreshold swing.

2.4 Summary

In this chapter, we investigate and report the body-effect induced variability in
Bulk tri-gate MOSFETs. Through 3-D atomistic simulation, the random dopant
fluctuations in the Punch-Through-Stopper (PTS) region of Bulk tri-gate devices are
examined. Our study indicates that to achieve an efficient threshold-voltage
modulation through substrate bias, the high-doping PTS region may introduce excess
variation in Bulk tri-gate devices. This effect has to be considered when one-to-one
comparisons between Bulk tri-gate and SOI tri-gate regarding device variability are

made.
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Fig. 2.1 Schematics of (a) 3-D Bulk tri-gate structure and the corresponding
cross-sectional view along (b) the channel and (c) the fin-width direction. It is noted
that the PTS doping profile does not extend to the substrate below source/drain.
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Fig. 2.2 Schematics of (a) 3-D SOI tri-gate structure and the corresponding
cross-sectional view along (b) the channel and (c) the fin-width direction.
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Table 2.1 Device parameters of the simulated Bulk and SOI devices.

Bulk tri-gate SOl tri-gate
L 25nm 25nm
Lsp 20nm 20nm
Win 10nm 10nm
Hfin 10nm 10nm
tox 1.3nm 1.3nm
Tprs=30NmM Thox=10nm
TFOX=lonm Tsubzzonm
Channel 1x10Ycm® 1x10Ycm®
Doping
Substrate 1x10Ycm® 1x10%cm®
doping
Source/Drain | 2x10%°%cm 2x10%%cm3
doping
Variation PTS doping Substrate doping
source Nprs=1x10¥cm™ Nep=1x10%cm™

13
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Fig. 2.6 Subthreshold characteristics of-150 samples of Bulk tri-gate and SOI tri-gate
devices.
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Fig. 2.7 Comparison of the Vy, spread for Bulk tri-gate and SOI tri-gate devices. Vy, is
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Chapter 3
Analytical Subthreshold Model
For Tri-Gate SOl MOSFETs
With Thin Buried Oxide

3.1 Introduction

Due to superior electrostatic control, tri-gate MOSFETs provide improved
immunity to short-channel effects (SCE) and become a promising candidate to extend
the CMOS scaling. In order to physically assess the electrostatic integrity and
facilitate device design for tri-gate SOl MOSFETS, an-analytical subthreshold model
is important. Although [22] has provided a subthreshold model for multi-gate SOI
MOSFETs, the BOX-thickness scalability of this model is not accurate. In this work,
we provide an analytical subthreshold model for tri-gate SOl MOSFETS by improving
the BOX-thickness scalability of the model in [22].

Due to the homogeneous dielectric approximation in the BOX region, the
original model in [22] is only suitable for the SOI tri-gate with BOX thickness from
10 to 30nm. When the BOX is thinner than 10nm, the discontinuity of the vertical
electric field at BOX/channel interface becomes significant. We have considered this

effect in our new model by making our potential solutions satisfy the boundary
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condition (3.5). On the other hand, as the BOX thickness is larger than 30nm, the
fringing field induced by the drain and source through the BOX leads to an increase in
the channel potential. Since our potential solutions satisfy the boundary conditions
(3.4b)-(3.4e) and (3.6) in the BOX region, the channel potential shift induced by the

fringing field is well predicted by our model.

3.2 Subthreshold Model for Tri-gate SOl MOSFETS
with Thin BOX

3.2.1 Poisson’s Equation and Boundary Conditions

The schematic device structure of tri-gate SOl MOSFETs is shown in Fig. 2.1.
The potential distribution in the subthreshold regime can be calculated by solving the

3D Poisson equation (3.1) within the silicon.channel

2 2 2
a QE‘R@HZN’ Z) + a ch (XZ’ y1 Z) + a ch (Xz’ y’ Z) —_ ch (31)
OX oye 0z h

Where ¢, and N_, are the dielectric constant and doping concentration of the
silicon fin, respectively.
In addition, the electrostatic potential in the buried oxide region can be described

by 3D Laplace’s equation (3.2).

2 2 2
0 (P%xa(); Y, Z) + 0 boxas:’ Y Z) + 0 (pboxa()::’ Ys Z) -0 (32)
X z

The required boundary conditions for o (X,y,z) and ¢, (X, Yy,2) can be
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described as

€4 00, (X,Y,2)
o, (%, y,0) =V, Vg — 4, T2 (3.33)
h g~ Vb b €7, 2 i
ep 0 (X Y,2
(PEh(X’ y’Wfin) :ng _Vfb Tif iM (3-3b)
ng 6 =Wy,
ep 0 . (XY,2
Pen (H fins Y Z) :Vgt _Vfb - tit ﬁ% (3-30)
0X x=H g,
0oR(x,0,2)=—  +V, (3.3d)
op(X,L,2)=— +V, (3.3¢)
Prox (_tox.u’ Ys Z) :Vgu _Vfb (343.)
(_(Pms +Vs)_(v _Vfb)
(Pgox (X’ 0’ Z) = Vgu _Vfb + X S!.U ( \" ox.u) (34b)
L +Vy )= (V u -V )
(Pgox (X’ L’ Z)) = Vgu _Vfb + ( dt) X ?' E ( + ox.u) (34C)
(ng Vi ) i\ u _Vfb)
(pl;ox (X, 6/' - ib) :) Vgu _Vfb x—t ( + ox.u) (34d)
(ng _Vfb ) - (Vgu _Vfb)
(pyo\l(x’ y1 fin(+ if) = )/gu _Vfb + t *x—t ( + ox.u) (348)
8§h X a(PSR (X1 y’ Z) — . 8 box (X1 yl Z) (35)
OX o OX o
099 (%Y,2)|  _ 0 4 (%3,2) 36)

ay |x:0 6y

x=0

Here ¢, and ¢, are the permittivity of channel material and oxide, respectively.

W. ,H. and L are defined as fin width, fin height, and channel length,

fin fin

respectively.t, ,t; t, and t_, are thickness of back gate dielectric, front gate

u
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dielectric, top gate dielectric , and buried oxide, respectively.V,,, Vi, V,, V,, V,,
and V, are the voltage biases of back gate, front gate, top gate, buried gate, source,

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.

3.2.2 Power Series Solution to Boundary Value Problems

To solve the potential solution in (3.1) using the above boundary conditions, we
divide the 3D boundary value problems into three sub-problems, including 1-D
Poisson equation, 2-D, and 3-D Laplace equation [22]. Using the superposition
principle, the 3D Poisson equation can be solved: sequentially by 1-D Poisson
equation, 2-D and 3-D Laplace’s equation. So the complete channel potential solution
is o@(X,Y,2) =0@:(X)+ 2% Y)H s (X.Y,2) o where @, (X) , @q,(xy) and
®.5(X,y,z) are the solutions of 1-D, 2-D, and 3-D sub-problems in the channel,

respectively. The 1-D solution can be expressed as

N
o, OB 2 (37)
ch
(Vgt Vfb) (Vgu Vfb)+ (Hfm +2Hfln
A= ox (3.8)
Hg, + —ﬁ‘+t
Efx ox
B :thA.tox.u +(Vgu _Vfb) (39)
€

0oX

In solving the 2-D and 3-D sub-problems, the boundary conditions [(3.3a)-(3.3¢)]

of gate oxide/channel interface are simplified by converting the gate oxide dielectric
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thickness to (eg, / ) times and replacing the gate oxide region with an equivalent
channel-material region. The electric field discontinuity across the gate oxide and
channel interface can thus be eliminated. In other words, the channel region and the
gate oxide region are treated as homogeneous cuboids with an effective width
W, and an effective H,; defined by (3.10) and (3.11), respectively.

i+ (b + 1) (3.10)

[0):¢

W =W,

H,, =H, +t (3.11)

0X

The 2-D solution ¢, ,(x,y) can be calculated using the method of separation of

variables
Punz (X ¥) =§{nh [nnrgj’énh (4_—3( —s)rﬂ [ﬁ j} (3.12a)
where

1 | GNg(Hy ) {2-[(—1)” —1}_(1)”}+2AHeﬁ (-1)’ 2 sy _p LEY
n

(mt)3 n "

(3.12b)

1 | GNg(Hg )2[2-[(—1)“—1]_(1)“J+2AHeﬁ(—1)” o ey g CY
n

En :$) . nnL SWT[ (nn)3 n ms S
sinh

eff

(3.12¢)

For the channel/buried oxide interface, both the potential distribution in the

channel ¢ ,(x,y,z) and that in the buried oxide ¢,,,(X,y,z) have to be
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considered to satisfy the boundary conditions (3.5) and (3.6). Similarly, the 3-D

solution ¢, ,(x,y,z) can be obtained and expressed as

2 2
Bn,m sinh ( i J +(Mj -z 'Sinh[ nz XJ-Sin(M yj
1 Heff L Heff L
2 2
s . nz mz . 1¥/4 . (mx
+ E__sinh + . —2) | |-sinh X |-sin| —
2t \/(H] (L j W =0 (Heﬁ ( ] yj

2 2
& . iz mz . iT . [ mx
+ H. sinh — | +|— | (H. —X) |-SIN| ——2Z |-SIN| —
L2 J[U H‘ = [Weﬁ ] ] yj

(3.13a)

NgE

Pens (X’ Ys Z) = Z

n=1

3
Il

The coefficients B, ,E, , andH, in (3.13a) can be expressed as

2(\/gf _Vfb - B)l_ (_1)n + ZAHEﬁ (_1) +
2 1_(_1)m)>< 2 nz nm
m”( ANy, - (Ha ) (2:[D" 1] (3.13)
e, (nn)3 n

“L Caynsinh| ML L ginn| 7L
mz /L H. . mz /L H
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i (<" 2AH. (-1)" |
2~V - B2 ED A (D),
2 (1 (1)m)x nx nm
L (1—(— X i
mz chh'(Heff) 2[(_1) —1]_(_1)n (313C)
£, (nn)3 n
1 Caymsinn| ML L ginn| 7L
2 mzx/L H.q o mrx/L H .«
T _ ~E, = u
1+ n ><L 1+ n ><L
Hye m Hge m
sinh(4 . -t,,) RHS

= @ ’)x "M (3,13d)

" sinh(4, Hy ) LHS,
where

. 2 2

A= \/['i} {Mj (3.13¢)

' W, L

€ Sinh(/llm'toxu)
LHS, =4 ,cosh(4 .t ,)+—— ' —~ A . cosh(4, . H.) (3.13f)
Y Y ' Y 8ox Smh(ﬂ’hm'Heff) ' '
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-1 m o nrL 1 . nzL
Y sinh| TR R 2(1-(-1)')
o mrz mz -(-
RHS,, =20 3| g 2. ") g 2. S V] L2 ol il
' Eox n=l L n L L n L Heff V4
1+ X — 1+ X —
Hg m Hge m
R 1 (_l)iSinh(}/nm'Weﬁ) Sinh(ynm'weff)
+ihi g .2 1/ We | Lg 2 im W | nz
€ox n=l " Weff V4 ’ " Weff Y 2 Heﬁ
1+ 20 1+ —
iz /W, 7z [ W
“L Cpymsinn| 7L L inn| M7t |
= 2 mx/L e o mz/L tore nz-(-0") 2(1-(-D)')
—z Knt 2 +Pnr' 2 X " X |
n=. ox,u s
' 1+ LXL 1+ n ><L '
tOX m tox,u m
-1 P 1 .
- (-1 mnh(an~M4ﬁ) - mnh(an~MQ )
_i ' 2 .I7Z'/Weff ' P, 2 'Iﬂ/Weﬁ ' y nz-(-1)"
n=1 " Weff 1 Fnym ’ " Weff 1 an ’ tox,u
i [ W iz W,
(3.130)

r,, = \/{:—”J +[¥j (3.13h)

The coefficientsK,, B, K  andP,  in (3.13g) stem from the 2-D and 3-D

potential solution in the buried oxide region, and they can be expressed as

_1\n+1
Kn = 2 (_(Pms +Vs B)( 1) (3131)
. nnLJ nn
sinh| —
tox,u
n+1
2 D™ (313K
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i(l— (_1)m)x|:(vgf _Vfb _ B)ﬂ}
nz

mrz

K - ! L (-1y"sinn| M7t L sinn| "7t
o 2 2 2 mr/L toru 2 mr/L to.
. nrz 11V/4 -K —- =2 ’
sinh \/( J +[J ‘W, "L noL 2 "L noL 2
Lo L 1+[ x] 1+( x]
tOX,U m tOX,U m
(3.13m)
2 n (_1)n+1
m_ﬁ(l_(_l) )X{(ng Vi ) Nz }
P = 1 (1) sinh| —— nzl L sinh nrl
n 2 2 2 mx/ T 2 mr/L tor
. nrz mz -K, —- P —. '
sinh \/( j +[] W, "L noL 2 "L noL 2
ox,u L 1+{><J l+(x]
tox,u m oxu m
(3.13n)

Finally, analytical expressions for the potential in the channel and BOX region
are shown as equation (3.14) and (3.15), respectively.

op(X Y, 2)= (Pfﬂ,l(x) + ch,z(Xv y)+ ch,3(X’ Y, 2)

[t g e

3 3By Sith (7, 2)  Eyp i (7, - ey =2

n=1 m=1

qN—”‘x2+Ax+B}+§

2¢k]

nmn

i)

eff eff eff

Sinh(l:: x] sm( j+2§H Sinh (4, (Heg —x))-sin(%z]-sin(%yj
(3.14)
(PB%%((PQ y! Z) = box,l(X) + box,2 (X’ y) + box,3(X1 yv Z)
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{ ch A(x+t0xu)+(\/ -Vy) +Z{{K smh( nTEnTE Tlep sinh( (L_y)J}.Sin[nn(x+t0xyu)]}
h(

+i m[ 2sinh(T, - z)+P, sinh(T, - (W, —z))}

n=1 m=1

sin h[m(XH"” ] sm(—yj+iiH Wsmh( (x+t0xu))-sin[vz;:f z}-sin(?yj

i 1

(3.15)

Based on the potential solution, the subthreshold current can be calculated by

[22]
2 H fin Win
s = qﬂ:l;k_T[l_e—(qVDs/kT)],%, j' J' @ en (X Ymin 2/KT 7y (3.16)
ch 0 0

where ¢, (X, Y., 2) is the minimum potential along the channel direction.

3.3 Model Verification

We verify our potential solution.with-the TCAD Silvaco ATLAS [28]. The
schematic device structure is indicated in Fig. 3.1. In order to demonstrate the
improvement of our model, we also compare our model with the model in [22]
(dashed lines) which adopted a simpler boundary condition at the channel/BOX
interface. Fig. 3.2 (a), (b), and (c) show the potential distribution in an undoped
tri-gate SOl MOSFET. The discrepancy between the dashed lines and TCAD is
significant because the homogeneous dielectric approximation in the BOX region
does not consider the fringing field induced by the drain and source through the BOX.

This longitudinal coupling causes an increase in channel potential near the substrate.
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In other words, the channel potential shift induced by drain bias is similar to a positive

substrate bias. It results in threshold voltage lowering and subthreshold swing

degradation. As indicated in Fig. 3.3, as channel length scaled down below 20nm,

the model without considering drain to source coupling fails to match the TCAD

result even for a low drain bias condition.

Fig. 3.4 shows the potential distribution along the fin height direction for tri-gate

devices with various BOX thicknesses. It is noted that our model shows good

agreement with the TCAD simulation while the model in [22] (dashed line) fails to

predict the potential profiles for the thin-BOX cases. Fig. 3.5 (a) shows the potential

distribution along the fin height direction for long channel devices with various fin

thicknesses. It is noted that the discrepancy of the model in [22] with TCAD increases

with decreasing fin thickness. The potential barrier rise at the BOX/channel interface

leads to a negligible impact on subthreshold current for devices with larger fin width.

However, the same potential barrier perturbation introduces significant errors in the

small dimension device. As indicated in Fig. 3.5 (b), it is difficult for the dashed lines

to agree with TCAD results even for the devices with good electrostatic integrity.

Fig. 3.6 (a) and (b) show the potential distribution along the fin height direction

and the subthreshold current characteristics, respectively. It can be seen that the model

in [22] fails to capture the impact of substrate bias on subthreshold characteristics,
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while our new model shows satisfactory accuracy. The error of the model in [22]
increases with the thickness of the BOX. Fig. 3.7 (a) and (b) show the potential and
subthreshold characteristics for SOI tri-gate with a 30-nm thick BOX. Apparently, the
potential distribution along the fin height direction for the model in [22] cannot
faithfully respond to the substrate bias, and the subthreshold current shows wrong

substrate-bias sensitivity.

3.4 Summary

We have derived a subthreshold .model for tri-gate SOl MOSFETs considering
the fringing field induced by the drain-and the source through the BOX. Our model is
better than the model in [22] because the potential solution in the BOX region is
exactly solved. Based on the BOX potential,-the boundary conditions of the channel
region are improved. With this improvement, our model has successfully predicted the
SCEs and the substrate sensitivity for tri-gate SOI devices with various BOX
thicknesses. This model enhancement is especially important for the multi-Vy, scheme.
Based on our new model, the device design of multiple-threshold voltage in tri-gate

SOl devices will be investigated in the next chapter.
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Chapter 4
Theoretical Investigation of
Multi-Threshold Device Design for
Tri-Gate SOl MOSFETs with Thin BOX

4.1 Introduction

To enable power/performance optimization in the tri-gate SOl MOSFETS, thin
BOX structure has been proposed [24] to achieve multiple threshold voltage (Vin).
Whether different tri-gate device.designs will impact the efficiency in Vy, modulation
Is an important question. In this chapter, we investigate the multi-Vy, device design of
tri-gate SOl MOSFETSs by using the derived analytical model in chapter 3. Based on
the contour of equal subthreshold swing (SS), the impacts of device design on the
threshold voltage modulation through substrate bias and channel doping are
investigated in section 4.2 and section 4.3, respectively.

In this work, the Vg is determined by the constant current method:
lo=(Wiota/L)*100NA with Wioa=2*Hsin+Wrsin. The body factor y is used to assess the
substrate sensitivity or body effect in the tri-gate devices. It is defined as the ratio of
the Vi, shift to the change in substrate bias. The fin aspect ratio (AR) is defined as the

ratio of fin height (Hi,) to fin width (Wrsip).
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4.2 Multi-Vy, by Substrate Bias

After the potential profiles are calculated by our analytical model in chapter 3,
the subthreshlold swing (SS) can be derived and the equi-SS contour map on the
Wisin-Hsin plane can be efficiently constructed. To make a fair comparison among
different fin geometries, the constant SS criterion is used. Fig. 4.1 (a) and (b) show an
equi-SS contour map for undoped and doped (3x10'®cm™) devices under low/high
drain bias. It is noted that the doped device shows a wider SS design space than that
of the undoped one. Due to the suppressed SCE in the doped device, the relaxed SS
design space can be expected for.the doped device:

Devices A, B, C and D in‘Fig. 4.1 have equi-SS and identical fin aspect ratio (AR)
of 0.5. Fig. 4.2 shows the body. factor dependence on AR under various channel
doping. It can be seen that the undoped device has larger body factor than that of the
doped device. Since the channel doping degrades the body factor for a given SS, the
doped device needs a smaller AR to achieve the required body factor ().

Fig. 4.3 shows the electron distribution for device A, B, C and D. Under the low
drain bias condition, in device A, the subthreshold carrier forms in the middle of the
undoped channel. On the contrary, the surface inversion occurs in the doped device B.
However, when the high drain bias is applied, the subthreshold carrier distributes

closer to the substrate in either the undoped device C or the doped device D.
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Fig. 4.4 shows the equi-SS contour map for tri-gate devices with L=20nm and
L=40nm under the high drain bias condition. Fig. 4.5 shows the body factor versus
AR for tri-gate devices with L=20nm (left figure) and L=40nm (right figure). In the
left side of Fig. 4.5, the dashed line indicates the body factor of the tri-gate devices
with a 5nm thick BOX. Since the substrate sensitivity degrades with the downscaling
of channel length, the shorter channel device needs a smaller AR to maintain a given
body factor. As indicated by the dashed line in Fig. 4.5, the shorter device (L=20nm)
with 5nm thick BOX has comparable body factor with the longer channel device
(L=40nm). Fig. 4.6 shows the contour map of SS=80mV/dec and its corresponding
body factor versus aspect ratio for EOT=0.8nm and 1.5nm. The body factor decreases
as EOT scales down because smaller EOT enhances the capacitive coupling between

the gate and the channel.

4.3 Multi-Vy, by Channel Doping

Recently, several works [29]-[30] have reported that the threshold voltage can be
modulated by the fin doping of the tri-gate devices. In [29] and [30], the tri-gate
devices were fabricated on thick SOI substrate (more than 40nm) without the
capability of substrate-bias modulated V. On the other hand, reference [24] has
proposed the multiple V4, control by thin BOX (20nm) in 10nm-diameter tri-gate

devices. Although these two multiple Vi, approaches seem to be applicable for the
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tri-gate devices, whether there is any trade-offs between these two approaches has still
not been clear and merits investigation.

Since channel doping modulates both SS and Vi, we use the constant SS
criterion to ensure the same SCE control among devices with different channel doping.
Fig. 4.7 shows the contour map of SS=70mV/dec for devices with Tpox=10nm and
various channel doping. It can be seen that the heavily doped device has more relaxed
design space. Fig. 4.8 shows the Vy, dependence on AR with various fin doping under
the SS=70mV/dec criterion. As indicated in the Fig. 4.9, the tri-gate device with lower
AR has smaller Vy, shift as the channel doping varies from 1x10™cm™ to 5x10*%cm,
In other words, the efficiency-of Vi modulation by doping increases with AR. This is
because as the tri-gate device-has'low AR-and thin BOX, the channel potential is
strongly controlled by the capacitive coupling between the substrate and the channel.

Fig. 4.10 shows the SS contour map of the tri-gate devices with 30nm T4 and
various fin doping. The corresponding Vi, dependence on AR is indicated in Fig. 4.11.
It can be seen that the impact of AR on the Vi modulation efficiency by doping
becomes weaker. Fig. 4.12 shows that the Vy, dependence on channel doping for both
the low AR and high AR devices is larger than that of the thin-BOX cases (Fig. 4.9).
This is because the thicker BOX weakens the capacitive coupling between the

substrate and the channel, and enhances the impact of doping on channel potential.
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4.4 Summary

Using the analytical model derived in chapter 3, we investigate multi-Vy, device
design in tri-gate SOl MOSFETSs by exploring wide range of device design space. To
enable the power/performance optimization, multiple Vy, level can be achieved by
substrate bias or channel doping. Based on constant SS criterion, we find that the
tri-gate device with low AR and thin BOX is a promising structure to enable the Vy,
modulation by substrate bias. In addition, channel doping can modulate Vy, for the

tri-gate device with high AR.
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Fig. 4.1 Calculated contour of SS on a Wsin-Hsin plane under (a)low drain bias and

(b)high drain bias. The dashed lines indicate the SS contour map of the doped devices
while the solid lines indicate that of the undoped devices.
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Fig. 4.2 Body factor () dependence on fin aspect ratio (AR) under the (a) low drain
bias and (b) high drain bias. It is noted that y is derived by threshold voltage at

Vps=0V and Vps=-1V.
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Fig. 4.3 Calculated subthreshold carrier distribution on the cross section at the middle
of the channel for (a) device A, (b)device B, (c) device C and (d)device D. The origin
of the axis “Hs," starts from BOX/channel interface. In addition, the origin of axis
“Wrsin* starts from gate oxide/channel interface. It'is-noted that the carrier profiles are
all extracted at Vg=V-0.1V and V=0V,
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Fig. 4.7 Contour map of SS =70mV/dec for devices with various channel doping. The
equi-SS contour for the undoped devices is indicated by the dashed curve. The buried
oxide thickness (Thox) is 10nm.
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Fig. 4.8 Threshold voltage (Vi) versus aspect ratio (AR) for tri-gate devices with
various channel doping. The buried oxide thickness (Tpox) is 10 nm. The undoped case
is indicated by the dashed line:
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Fig. 4.9 Threshold voltage (Vi) versus channel doping (Nc,) for devices with AR=0.5
and AR=3. The buried oxide thickness (Thox) IS 10nm. The threshold voltage
modulation (AV, ) by channel doping (from 1x10™cm™ to 5x10%¥cm™) is around
0.055V and 0.086V in tri-gate devices with AR of 0.5 and 3, respectively
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Fig. 4.11 Threshold voltage (Vi) versus aspect ratio (AR) for devices with various
channel doping. The buried ‘oxide thickness (Tyox) IS 30nm. The undoped case is
indicated by the dashed line.
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Fig. 4.12 Threshold voltage (Vi) versus channel-doping (N¢) for tri-gate devices with
AR=0.5 and AR=3. The buried oxide thickness (Tpox) is 30nm. The threshold voltage
modulation (AV, ) by channel doping (from 1x10™cm™ to 5x10%¥cm™) is around

0.083V and 0.106V in tri-gate devices with AR of 0.5 and 3, respectively.
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Chapter 5
Conclusions and Future Work

In this thesis, we have investigated the body-effect induced variability in Bulk
tri-gate MOSFETs [21]. Through 3-D atomistic simulation, the random dopant
fluctuations (RDF) in the Punch-Through-Stopper (PTS) region of Bulk tri-gate
devices are examined. Our study indicates that to achieve an efficient
threshold-voltage modulation through substrate bias, the high-doping PTS region may
introduce excess variation in Bulk tri-gate devices. It should be noted that the study in
chapter 2 only considers the RDF in-substrate and PTS regions for SOI tri-gate and
Bulk tri-gate, respectively. However, in‘addition to RDF, other variation sources such
as fin line edge roughness (fin LER)-[10]-[11} and work function variation (WFV)
[31]-[37] may also affect the threshold voltage variation for tri-gate devices. In
addition, ultra-thin BOX may also introduce excess variation for SOI tri-gate devices.
Therefore, a more comprehensive investigation considering all these effects can be
conducted in the future.

Because of the PTS-induced variability in bulk tri-gate, SOI tri-gate with
substrate bias seems to be a better device structure to achieve multiple V. In order to
facilitate multi-Vy, device design, we have derived a subthreshold model for tri-gate

SOl MOSFETs considering the fringing field induced by the drain and source
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electrodes through the buried oxide (BOX). Our model is more accurate than [22]

because the potential solution in the BOX region is exactly solved. In addition, the

boundary conditions of the channel region are improved. With this improvement, our

model can accurately predict the short channel effect (SCEs) and the substrate

sensitivity for tri-gate SOI device with various BOX thicknesses.

Using the enhanced subthreshold model, we have investigated multi-Vy, device

design in tri-gate SOl MOSFETSs with wide range device design space. To enable the

power/performance optimization, multi-Vy, can be achieved by substrate bias or

channel doping. Under constant subthreshold swing: criterion, our study indicates that

the tri-gate SOI device with low fin aspect ratio and thin BOX is a promising structure

to enable the Vi, modulation by substrate bias.

In addition, we have found that channel doping can also be used to modulate Vi,

effectively for tri-gate SOI devices with high aspect ratio (AR). However, the scaled

fin width of high-AR devices may result in a significant Vy, variation due to fin line

edge roughness (fin LER). In addition, high channel doping concentration may cause

significant random dopant fluctuations. These random variations should also be

considered in multi-Vy, device design.
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