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ABSTRACT OF THE DISSERTATION

Modeling of I;; — Vs characteristics of short-channel double-gate (DG) MOSFETs

by

Chuyang Hong

Doctor of Philosophy in Electrical Engineering (Applied Physics)
University of California San Diego, 2022

Professor Yuan Taur, Chair

In this dissertation, an above-threshold I — VV model framework is constructed for short-
channel double-gate (DG) MOSFETs. This is a non-GCA model that takes the effect of the
lateral field gradient into account. By applying the model to the low drain and high drain bias
cases, useful physical insights are obtained. At low-drain bias voltages, the effect of

encroachment of the source-drain bands into the channel (i.e., the source-drain encroachment

XVi



effect) appears as a reduction of the channel resistance, which is gate-voltage dependent. This
effect is stronger in subthreshold region and weaker in above threshold region. At high-drain
bias voltages, a point of “virtual cathode” (or minimum potential) at a small distance from the
source is caused by the intersection of source band encroachment with the gate-controlled
channel potential. This is in contrast to the drain region non-GCA model which is only
applicable to device with a channel length of L > 20nm. The current model is also extended to
incorporate the effect of band bending caused by the depletion of carriers in the source and
drain regions and the source-drain series resistance effect. By implementing the velocity
saturation in the current continuity equation, the I;s — Vgs and Igs — Vg characteristics
generated by the model are verified by TCAD simulations.

Moreover, the model is applied to the bulk and the ground plane MOSFETs. It shows
that as an additional parameter affecting short-channel effect of bulk MOSFETs, the junction
depth of the source and drain is not taken into account in the short-channel non-GCA model for
DG MOSFETs. The charge sheet model is not accurate enough to fit parameters like C;;,,,, V;
for long channel MOSFETs and a modified charge sheet mode is developed. Moreover, the
short-channel non-GCA model tends to underestimate the short-channel effect for practical

source/drain junction depths like x; = 25nm.
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CHAPTER 1 INTRODUCTION

In the past decades, plenty of studies have been carried out to model the I —V
characteristics of double-gate (DG) [1]-[16]and bulk ground plane MOSFETs [17]-[30]. By
approximately solving the potential or charge density profile from the Poisson’s equation, those
models achieve good accuracy [1], [16], [31]-[35]. For example, the scale length model[32], [36]—
[38] employs the superposition technology to solve the two-dimensional Poisson’s equation where
the mobile charge term is neglected. It is only valid in the subthreshold region since the
superposition is disallowed for the nonlinear Poisson’s equation with mobile charge term in the
above threshold region. The analytic potential model[1], [2] derives an analytical solution to the
one-dimensional Poisson’s equation based on the gradual channel approximation, which only
works for the long channel device. In this chapter, we will briefly review three popular models

focusing on DG MOSFETs and discuss their approximations and weaknesses.

1.1 Scale Length Model

In the scale length model (SLM)[32], [37], [38], the whole potential profile is divided into
three parts: ™ for the top oxide regions, ¥ for the Si channel region and ¥~ for the bottom oxide

region. They are governed by the different Poisson’s equation in different regions[32]:

=0 (1.1)



0%y 0%y ¢
wi‘a—yz—g—ﬂ]\[a (12)

where N, is the p-type doping level of the channel. Those three parts are connected by the
condition of the usual continuity of potential and normal displacement. Note that Equation (1.2) is
a linear partial differential equation, which can be solved by using the superposition technology

[38]:

_ qNatsiti qNa <tsi)2 2

o sinh[k,,(L —y)] sinh(k,y)
+Zn 1sn sinh(k, L) cos(k,x) +Zn % Sinh(k, L) —————cos(k,x) (1.3)

where s,,, d, and k, are parameters that can be estimated by the orthogonality relation and

potential and normal displacement continuity conditions. The total charge density per area is given

as:
tsi
A IUCH I 46D)
Q) =q |, me Kk dx (1.4)
2
For given V5, ¥(x,y) is x — and y — dependent, indicating Q.(y) is Vys — and y —
dependent.
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Figure 1.1: The I35 — Vs characteristics generated by the scale length model[38] are compared with
TCAD simulation.

Figure 1.1 shows the I;5 — V¢ characteristics generated by the scale length model are
compared with TCAD simulation. It is obvious that SLM is accurate in subthreshold region but
large discrepancy is observed on the above threshold region. This is because the mobile charge

term neglected in Equation (1.2) plays an important role in above threshold region[39].

1.2 Analytic Potential Model

For a undoped/lightly doped double gate (DG)/bulk MOSFET, the 2-dimensional

Poisson’s equation is given as:



6(8 E ) a(e E ) 62¢ 321/;
5; =+ aSly Y. = Esig 2 + Ssia_yz =qn(x,y) (1.5)

where 1 is the potential and n is the carrier density. Equation (1.5) shows the total charge density
qn(x,y) consists of two parts: one is the charge part induced by the vertical field from the gate
terminal (i.e., the first term of LHS) and the other is the charge part caused by the lateral field from
the source and drain terminals (i.e., the second term of LHS)[40]-[43]. The gradual channel
approximation (GCA) assumes that the vertical field (perpendicular to the channel) induced charge

density is much greater than the lateral field (along the channel) induced charge density (i.e.,

Esi 5y lf > & If) so that the second term of Equation (1.5) is negligible[43]-[45]. According to

GCA, the Poisson’s equation can be simplified as:

dzt,b q
— T — 1 o, oq@-V)/KT
o z n;e (1.6)

Unlike the scale length model, the analytic potential model is able to work in the above
threshold region since the mobile charge term is kept[1], [2]. Equation (1.6) is a one-dimensional

equation, of which the analytic solution can be gotten as[1][33]:

ZkT n; os <2ﬁx)

Yx)=V—-——— 2 kT 1.7)

si

The charge density per area is given as[2]:



kT Esi
Q; = 8——ptanf (1.8)
q tsi

where [ is estimated by:

Esi

2kT ti
Vs = Ve =V = K [lnﬁ —In(cosp) + 2 ptanf (1.9)
st

gt

We can see that @, here is V5 — dependent but not explicitly y — dependent. The drain

current [ is estimated by carrying out Pao-Sah’s integral[46]:

W 4ey; 2kT B?  egt;
las = pers 7 t: (T)Z Btanf —7"‘%,32“1"23 |5, (1.10)

L*Sl

where pt, ¢ is the effective mobility.
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Figure 1.2: The I35 — Vs characteristics generated by the analytic potential model (i.e., Black lines,

denoted as “Analytical solution”) for long channel device, compared with TCAD simulation (i.e., Black
circles, denoted as “2-D numerical simulation’)[2].

Figure 1.2 shows the I;; — V,;, characteristics generated by the analytic potential model is
in consistent with the TCAD simulation for a long channel device (e.g., L = 1um). As we
discussed above, the gradual channel approximation (GCA) neglects the effect of lateral field
gradient on carrier density in Poisson’s equation[47]. It is unable to describe the two-dimensional
nature of the field in the channel, which plays an important role in saturation region and for a short
channel device [48], [49].

Figure 1.3 shows that the I;; — V,;, characteristics and the conduction gy, = dl;s/dVys
generated by the analytic potential model. Here the n = 1 velocity saturation model is considered,

1.e.:



Vas
. HerfW [3* Qi (V)aAV
@ L+ (:ueff/vsat)vds

(1.11)

where Q; (V) as a function of V is calculated from Equations (1.8) and (1.9). In Figure 1.3, negative
slope is also observed in the saturation region of each I ;5 — V¢ characteristic. This confirms that
the drain current / ;5 is underestimated by the GCA in the saturation region.

Hence, the analytic potential model works well only for long channel device with constant
mobility assumption, but it may be not accurate in velocity saturation region and for short channel

device.
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Figure 1.3: The (a) 145 — Vs characteristics and (b) the output conductance g4, = dlgs/dVys, generated
by analytic potential model (n = 1 velocity saturation). Here L = 10nm and V; = 0.247V.



1.3 Drain Region Non-GCA Model

. . a2 : . .
To fix this problem of neglecting the effect of % term in the Poisson’s equation due to

the gradual-channel approximation, an drain region non-GCA model[47], [50] is developed

recently. In this model, the mobile charge density per area is given as[47]:

2

Q: =0, +AQ; = zcinv(Vgs -V - V) + &t (1.12)

sid_yz

where C;,,,, will be given by Equation (2.2) in Section 2. It contains two parts: one is the gate-
induced charge density Q; = 2C;y,,, (I{qs -V — V)[43], [50]; the other part is the additional charge

density term that accounts for the effect of the lateral field gradient on carrier density AQ; =
2
Eitsi Z—y‘; The Q; is more accurate since it is V5 — and y — dependent, compared with the GCA

model discussed before. The current continuity equation for n = 1 velocity saturation is given

as[50]:

d?v\dv
UersW <Qi + &ty d_yz) dy

Ids_ 1+(%)%

(1.13)

For given I;,, Equation (1.13) can be solved to get V(y) as a function of y so V5 = V(L).



Figure 1.4 shows that the I;; — V¢ characteristics generated by the drain region non-GCA
model is verified by the TCAD simulation for intermediate channel device. In Figure 1.5, the
output conduction generated by the saturation region non-GCA model is compared with TCAD
simulation for various channel length L. It shows that the drain region non-GCA model is accurate
for intermediate channel length L > 24, (e.g. L = 20nm), where 1 = t; + 2t; is the scale
length[38]. For a shorter channel, it no longer works since the short channel effect become

prominent.

60 - Lines: TCAD
" Points: Model
50F n=1

l4s (Alcm)

0 0.2 0.4 0.6 0.8 1 1.2
Vds (V)

Figure 1.4: The I35 — Vs characteristics generated by the drain region non-GCA model (n = 1 velocity
saturation) are compared with TCAD simulation[50]. L = 50nm.
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Figure 1.5: The output conductance g4, = dl;s/dV,s as a function of channel length L generated by the
drain region non-GCA model and compared with TCAD simulation[50].
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Figure 1.6: The potential profile generated by the drain region non-GCA model (D. R. non-GCA) [47],
[50] along the channel. The source-drain doping level is Ng_p, = 1021cm™3,

Figure 1.6 shows the depth averaged potential profile, ¢ = (kT /q)In[2C;pn, (Vys

Vy)/(qn;ts;)], generated by the drain region non-GCA model along the channel. Note that the
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potential Y = (kT /q)In (Ns_p/n;) is independent of V¢ in the source and drain regions, while ¥
generated by the drain region non-GCA model for the channel region is a function of V5. The band

(i.e., ¥) and mobile charge density take the channel values at y = 0 and L right away, it is
unphysical because of the discontinuity with those in the source-drain region. Since the drain
region non-GCA model doesn’t take the source-drain encroachment into account, it works only

for the intermediate channel device above threshold region, but not for short channel device.

1.3 Summary

In this chapter, we briefly reviewed three popular models for DG MOSFET. The Scale
length model neglects the mobile charge term in Poisson’s equation, so it is accurate in the
subthreshold region, but not for the above threshold region; the analytic potential model employs
the gradual-channel approximation, so it works only for the long channel device with constant
mobility assumption; the drain region non-GCA model fixed the weakness of GCA model by
incorporating the effect of the lateral field gradient on the carrier density, but it doesn’t take the
source-drain encroachment into account and it works only for the intermediate channel device. In

sum, no existing model works for short-channel device above threshold.
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CHAPTER 2 AN ABOVE THRESHOLD MODEL FOR
DOUBLE GATE (DG) MOSFETS

In this chapter, an above threshold current-voltage model for short channel DG MOSFETs
is presented. In order to account for the contribution to the carrier density from the encroachment
of the source-drain bands into the channel, a non-GCA term is incorporated in the model. We can
gain interesting physical insights from the model: (1) At low-drain bias case, the reduction of the
channel resistance is gate-voltage dependent, indicating the short-channel effects are weaker at
low gate overdrives and stronger at high gate overdrives. (2) At high-drain bias case, a point of
virtual cathode is observed at a short distance from the source side. This is caused by the
intersection of the source band encroachment with the channel potential controlled by the gate
terminal. (3) In short-channel devices at the scale of L = 10nm, a strong effect from the depletion
in the source and drain sides to the channel potential is found. By taking the source/drain
encroachment effect (short channel effect) into account, our model is constructed to generate the

lgs — Vgs and Iy — Vs characteristics, which are verified by TCAD simulations.

2.1 Short-Channel Non-GCA Model for Low Drain Bias
Case

The schematic cross-section diagram of a undoped/lightly doped DG MOSFET is shown

in Figure 2.1.

13



N
17
—o

Gate

&; ti

X y Vds
Source Drain
+ e tsi + —°
N (n*)
= L L 1,

& t;

Gate

Ve |

o

Figure 2.1: Schematic cross-section diagram of a undoped/lightly doped DG MOSFET. Assume tg; =
4nm, t; = 2nm, &5; = &; = 11.8¢j. The channel length L ranges from 15nm to 7nm. The gate work
function is set to be 0.28eV below that of the intrinsic silicon so that V; = 0.247V.

The 2-D Poisson’s equation for undoped/lightly doped DG MOSFET is given as:

0%y 0% q aw-v)
_ _— — N k
Ix2 + oz n;e kT (2.1)

where ¢ is the potential and V is the quasi-Fermi potential. Under the gradual channel
approximation (GCA), Equation (2.1) can be simplified to Equation (1.6), an ordinary differential
equation in the x — direction. Equation (1.6) is widely used in long channel DG MOSFETs
modeling although the curvature of potential in the y — direction is neglected [44], [51]-[54]. As

discussed in Chapter 1, a simple form of the gate induced inversion charge density per unit area is

14



given as Q; = 2Ciny (Vys — Vi — V) where Cyy,, takes into account the effect of inversion layer

capacitor, which is less than the oxide capacity C,, = % Ciny 1s slightly dependent on V¢ [50]:

Cinv — Zrﬁstanﬁs
Cor InBs —1In(cosPs) + 2rBstanpPy

(2.2)

where r = g;t;/€;ts; and B is the value of § at V = 0 from Equation (1.9). We can estimate the

gate-induced charge effect by averaging Q; into a volume charge density %

dzlp — ZCinv(Vgs - Vt - V)
dx? Egitsi

(2.3)

Note that the x —dependence on the RHS of Equation (2.3) is removed under this smoothing
approximation. A non-GCA model in the y —direction can be developed by inserting Equation

(2.3) back into (2.1):

2 X —_ —
AV _ 49, awvyr _ 2w los = Ve = V) (2.4)

2
dy Esi gsitsi

Here we use the solution to the one-dimensional ordinary differential equation in the gate direction
to form a one-dimensional ordinary differential equation in the channel direction. Equation (2.4)

describes the y —dependence of Y, which is applicable to the short-channel DG MOSFETs.
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To solve Equation (2.4), we have to couple it with the current continuity equation for V (y)
in general. Let’s first consider a low drain bias case (e.g., Vs < kT /q), where V is negligible so

that Equation (2.4) can be simplified:

2
d l/) _ inieqw/kT _ ZCinv(Vgs - Vt) (25)
dyz Esi gsitsi

Without V (y), Equation (2.5) is de-coupled to the current continuity equation. Note that Equation
(2.5) is a second-order ordinary differential equation that is easier to be solved, given the boundary

conditions:

P(0) = (L) = (%T) in(22) (2.6)

i

where Ns_p, is the source and drain doping concentration.

Figure 2.2 shows the potential profile generated by Equation (2.5) at various Vy,. A large
flat portion of potential 1) over the middle region of the channel is observed, which is controlled
by the gate voltage. It turns out that this depth averaged i is about (1 — 2)kT /q lower than the

surface potential (i.e., the maximum 1) at the surface), with a value corresponding to an inversion

charge density f—‘ We can see 1 goes up rapidly near the source and drain ends of the channel,
St

which is caused by the encroachment of the source and drain bands (a.k.a. carrier spillover) into

the channel. This is the essence of the short channel effect. This source-drain encroachment effect

appears as a gate-voltage dependent reduction of channel resistance, with stronger effect at low

gate overdrives.
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Figure 2.2: Potential ¥ in y —direction at a low drain bias voltage, by this short-channel non-GCA model
(low drain biases). Here L = 10nm.
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Figure 2.3: Quasi-Fermi Potential V (y) generated by this short-channel non-GCA model (low drain
biases) for various Vs given the same I = 1.5E — 54 /um.
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After Y (y) is solved, the quasi-Fermi potential profile can be also determined:

Y Ids
f sy Y
o WqpesptsineV

V(y) = (2.7)

Figure 2.3 shows the quasi-Fermi potential generated by this short-channel non-GCA
model for different V. It is obvious that the slope of V(i) is not a constant. Figure 2.4 compares
the quasi-Fermi potential V (y) generated by our short-channel non-GCA model and the long
channel model (i.e., no source-drain encroachment effect). In long channel case (no source-drain

encroachment), only the gate induced inversion charge is considered:

Idsy
2Vl/:“eff Cinv (Vgs - Vt)

V(y) = (2.8)

This shows a linear relation between the quasi-Fermi potential V and y. For long channel, the
device is a simple resistor with conductance g;. < 1/L due to the uniform resistivity[43]. For
short channel, however, the source-drain encroachment effect results in a linear region channel
conductance, which increases faster than 1/L in short channel devices. Unlike the long channel
V(y) with a constant dV /dy over the channel, the quasi-Fermi potential of short channel case
shows lower slope near the source and drain sides, indicating the effect of the source-drain
encroachment. The reduction of integrated resistance of short channel case due to the short channel
effect can be quantified by AL, defined as the effective shortening of L in Figure 2.4, as far as the
linear region channel resistance is concerned. The AL is due to the non-uniform resistivity with

higher carrier density at the source and drain ends due to the encroachment. This means that the

18



source-drain encroachment acts like a fixed reduction of L such that the linear-region channel

resistance % o« (L — AL).
ds

4.5 T T T T T T T T T

=== With source-drain encroachment
= Without source-drain encroachment

35 i

25F 4

V(V)

15F i
AL

0 1 1 1 1 1 1 1 EI 1
0 1 2 3 4 5 6 7 8 9 10

y(nm)

Figure 2.4: Comparison of the quasi-Fermi Potential V (y) between the long- and short- channel cases.
For long-channel case, no source-drain encroachment is considered. For short-channel case, with source-
drain encroachment, the effective length is shortened by AL. V3 = 0.5V,
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(b)
Figure 2.5: 1/l 4 as a function of L for various gate voltage V. Dash line are generated from the linear

extrapolation of the model data, which is plotted as the solid line and symbol. Note the intercept of the
line on the x —axis AL describes the effect of source-drain encroachment. V; = 0.247V.
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Figure 2.5: 1/l as a function of L for various gate voltage V;,, continued.
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Figure 2.5: 1/l as a function of L for various gate voltage V;,, continued.

AL can also be extracted by plotting the low drain bias channel resistance or 1/1; versus
L , and then linearly extrapolating the intercept with x —axis. Figure 2.5 shows 1/1;, versus L for
various V. The solid line and symbol denote the data generated by the low drain non-GCA short
channel model. The dash line is generated by the extrapolation of the model data. We can see for
a higher gate voltage drive, a lower AL is obtained, showing the gate voltage dependence of the

short channel effect.
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Figure 2.6: 1/1;, versus L generated from the drain region non-GCA model[47] and the low drain short
channel non-GCA model, compared with TCAD simulation[55]. V; = 0.327V.

Figure 2.6 shows 1/I;s as a function of L given Vs = 0.6V generated from the drain
region non-GCA model[47] and this low drain short-channel non-GCA model and compared with
TCAD simulation. The extrapolated intercept with x — axis of the drain region non-GCA model
data ALp g noncea 18 0, indicating that the source-drain encroachment effect is not taken into
account. The result generated by the short-channel non-GCA model is consistent with TCAD

simulation.
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Figure 2.7: Comparison of AL versus V¢ extracted from Scale length model[32], [38], the low drain short
channel non-GCA model and TCAD simulations.

Figure 2.7 shows AL versus V; extracted from scale length model[32][38], the low drain
short channel non-GCA model and TCAD simulations. The scale length model achieves a good
accuracy in subthreshold, but when Vs goes up further, it no longer works. In the above threshold
region, the short-channel non-GCA model is in good agreement with TCAD simulation. It is
obvious the short channel effect (i.e., AL) is stronger in subthreshold and weaker above threshold.

We can come out with an analytical expression to describe the trend of changing AL with

respect to Vys. In Figure 2.2, we see the potential profile is symmetry over the channel, indicating

% = ( at the midpoint of the channel. For device that is not too short(e.g., L > ~10 X of L, of

Equation (2.12) below), the potential at midpoint Y (y = é) = 1), can be estimated as:

24



inie% _ ZCinv(Vgs - Vt)
Esi gsitsi

We can insert Equation (2.9) to Equation (2.5) and get:

2 .eqWo/kT -
d=y _qnee 0 [eq(wthl)o) B 1]
dyz Esi

Applying a first-order approximation on the RHS of Equation (2.10) obtains:

2y P—p,
dyz LD2

where

L. = EsikT _ gsithsi
b qzniequ/kT B quinv(Vgs - Vt)

(2.9)

(2.10)

(2.11)

(2.12)

is the Debye length corresponding to the mid-channel carrier concentration. Figure 2.8 plots the

Debye length Lj as a function of gate overdrive. It predicts the changing trend that for a lower

gate overdrive, it takes longer for the band to rise up to the source-drain potential, which is

consistent with our previous analysis.
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Figure 2.8 L as a function of gate overdrive Vg — V;.

Table 2.1: Comparison between the Debye length Ly and AL value in Figure 2.7.

Vgs (V) Lp(nm) AL(nm)
L =10nm L=15nm | L = 20nm
0.3 1.53 4.66 4.74 4.76
0.5 0.75 2.13 2.14 2.16
0.7 0.54 1.43 1.43 1.45

In Table 2.1, we compare the Debye length L, with AL for various channel lengths L. The

Lp values are 0.54nm for V;; = 0.7V, 0.75nm for Vs = 0.5V and 1.53nm for V3 = 0.3V. The

corresponding AL /2 values for various L are between 1.3 X and 1.6 X of Lj.
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2.2 Short-Channel Non-GCA Model for High Drain Bias
Case

For high drain bias case, to solve the potential and quasi-Fermi potential, we have to couple

Equation (2.4) with the current continuity equation[2][43]:

q@-v) dV
las = tepsWatsmie kT == (2.13)
y
We have four boundary conditions:
V() =0 (2.14a)
V(L) = Vy (2.14b)
v = (5 (%) (2140)
= \|— n . c
q n;
KT\ /Ns_p
W(L) = (—) 1n< ) + Ve (2.14d)
q n;

For given Vg, Y(y) and V (y) are generated from Equations (2.4) and (2.13) with an initial
guess of I ;5. Then compare the value of V(L) and V. If they are not the same, we adjust I ;5 and
repeat the process until Vg = V(L) is satisfied.

This iteration process is time consuming. To avoid the cumbersome process, we can apply
a variable transformation technology by introducing a new valuable u(y) = ¥ (y) — V(y). The

Equation (2.13) can be transformed as:
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Meanwhile, we can change Equation (2.4) as:

d*u _ q Igs du q  au 2Cu, (Vs — Vi —V)

o T Tyt e

.uefqutSlnleﬁ dy SSL' SSitSi

In this way, to solve the equations, three boundary conditions are needed:

u(0) = Umax = (KT/q@)In (Ns_p/n;)
u(L) = Umax = (KT/q@)In (Ns_p/n;)

V(0) =0

(2.15)

(2.16)

(2.17a)
(2.17b)

(2.17¢)

Here V4, is not included in those boundary conditions. A finite difference method implemented in

a standard mathematics tool can be employed[56]-[61]. For a given I, we can solve the coupled

Equations (2.15) and (2.16) to get Y (y) and V(y). Vy, is given by V(L) so that I;; — V4 relation

can be constructed. During this process, no iteration is needed.
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Figure 2.9: The potential profile generated by the short-channel non-GCA model for low drain bias (e.g.,
V4s = 0.001V) and high drain bias (e.g., V5 = 0.7V)(constant mobility).

Figure 2.9 compares the potential profiles generated from this short-channel non-GCA
model for low and high drain bias cases. The intersection of the source band encroachment with
the gate-controlled channel potential results in a point of minimum, or “virtual cathode”’[62], a
small distance from the source. The current is diffusion in nature before this point and drift in
nature after this point. The Drain Induced Barrier Lowering (DIBL)[43] at the maximum barrier

(virtual cathode) can be obviously observed.
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Figure 2.10: Comparison of potential profile )(y) for various Vy,. The low gate bias curve (i.e., V5 =
0V) is generated by the scale length model while the high gate bias curves (i.e., V;s = 0.3V and 0.7V) are
generated by this short-channel non-GCA model.

Figure 2.10 compares the potential profile 1 (y) for various V. The curve for V5 below

subthreshold (i.e., Vs = 0V is generated by the scale length model[32], [38] while the curves (i.e.,

Vzs = 0.3V and 0.7V) are generated by the short-channel non-GCA model. It is clear the position

of the minimum potential is V;; —dependent.
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Figure 2.11: The quasi-Fermi potential profile V() along y, generated by the high drain short-channel

non-GCA model.

Figure 2.11 shows the quasi-Fermi potential V as a function of y for various I, generated

by the high drain short-channel non-GCA model. For each I, we can select the value of V at y =

L =10nm as V;; For example, Vs = 0.3,0.5 and 0.7V are gotten for I;; = 1.8767F —

2,2.5608E — 2 and 3.0600E — 2A/um, respectively.

2.3 Velocity Saturation (n=1)

For high drain biases, with n = 1 the velocity saturation model, the current continuity

equation is rewritten as:
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errdV /dy
Herr
1+ (—v )dV/dy

sat

I;s = Wtgiqn;edW=V/kT (2.18)

where v, is the saturation velocity[50], [63]-[65]. We can solve dV /dy from Equation (2.18):

d_V _ Ids/.ueff
dy Wtsiqnieq(w_v)/kT - Ids/vsat

(2.19)

To solve Y¥(y) and V(y), Equation (2.19) is coupled with (2.4) with four boundary condition given
by (2.14a)-(2.14d). Given a Vg, I45 is an unknown parameter in Equation (2.19), which is needed
to be solved. Similarly, we can change ¥ (y) to a new variable u(y) = ¥ (y) — V(y) to avoid

tedious iterative procedure. In this way, Equations (2.4) and (2.19) becomes:

q Ids
d?u (ﬁ)< ) qu du qu  2Cin, (Vs =V, =V
= i > Wtgiqn;ekT — + inieﬁ — mv( g5 : ) (2.20)
dyz qu ds dy Esi gsitsi
(WtsiqniekT - Usat)
av _ Ids/.ueff

—_—= 2.21
dy Wtsiqniequ/kT - Ids/vsat ( )

For a given Iy, to solve u(y) and V(y), three boundary conditions needed are given by
Equations (2.17a)-(2.17c). Figure 2.12 shows the potential /(y) solved by this model for various
V.

gs+ AAs Vys increases, the minimum potential, the virtual cathode, shifts toward the source. For each

Vys, due to the Drain Induced Barrier Lowering (DIBL) effect, the minimum potential at mid-
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channel in Figure 2.2 for low drain biases is always lower than the minimum potential at the virtual

cathode.

15 T T T T T T

H(V)

y(nm)

Figure 2.12: The 1 (y) curves generated by the high drain short-channel non-GCA model for various Vy.
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Figure 2.13: The potential profile Y (y) along y generated by the high drain short-channel non-GCA
model for several values of L.
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Figure 2.13 shows the model solved potential profile from the source to drain for L =
10, 15, 20nm. A virtual cathode point can be observed in each curve with channel length of L. The
virtual cathode point is almost the same distant from the source given the same bias condition,

regardless of the different lengths.
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=== Short-channel non-GCA model
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05 1 1 1 1 1 1 1 1 1
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Figure 2.14: Comparison of the potential profiles 1(y) along y generated by this short-channel non-GCA
model and drain region non-GCA model[50].

Figure 2.14 shows the comparison of the potential profile }/(y) generated by this short-
channel non-GCA model and drain region non-GCA model[47], [50]. It is clear that there isn’t a
virtual cathode on the drain region non-GCA curve. Figure 2.15 compares the quasi-Fermi
potential profiles generated by those two models. It is shown that this short-channel non-GCA
model has a dV /dy|, -, =~ 0 while the drain region non-GCA model has high value of dV /dy]|, -,

because the source-drain encroachment effect is not incorporated.

34



0.8 T T T T T T T T T

0.7

0.6

05 == Short-channel non-GCA model T

=== Drain region non-GCA model

04

V(V)

03}

02

0.1

0 1 1
0 1 2 3 4 5 6 7 8 9 10

y(nm)

Figure 2.15: Comparison of the quasi-Fermi potential profiles V (y) along y generated by different

models.
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Figure 2.16: 155 — V4, characteristics generated by solving the coupled Equations (2.20) and (2.21) with

fixed boundary conditions (2.17) are compared to TCAD. The source-drain doping level is 1021cm 3.
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Figure 2.17: g4s = dlgs/dVys generated by solving the coupled Equations (2.20) and (2.21) with fixed
boundary conditions (2.17) are compared to TCAD. The source-drain doping level is 1021cm™3.

Figure 2.16 shows the I;; — V¢ characteristics generated by this short-channel non-GCA
model are compared to the TCAD simulation with source-drain doping concentration of

102 cm™3. Figure 2.17 shows the output conductance, gy = dl;s/dV,, between the short-

channel non-GCA model and TCAD. High accuracy is achieved over the entire range of V.

2.4 Matching Model with Source-Drain Depletion

In Section 2.3, we employed fixed boundary conditions, given by Equations (2.17a)-
(2.17¢), to solve the coupled equations sets. It turns out these boundary conditions worked well
only for device with very high source-drain doping concentration (e.g., Ng_p = 10%1cm™3)

because the band bending and depletion widths in the source and drain regions are not taken into
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account. It may overestimate I;; for more moderate source-drain doping levels (e.g., Ng_p =
102%°c¢m™3) since there are significant drops of the quasi-Fermi potential in the source and drain
regions[66]-[72]. To model I, accurately, we have to reconstruct better boundary conditions so
that they may match the potential and quasi-Fermi potential of the source and drain regions at y =
0 and L, respectively.

In the source and drain regions, Poisson’s equation with the quasi-Fermi potential V (y) is

given as:

d2 a@-v)
‘/’ 4 [ne kT~ — Ng_p (2.22)

The current continuity equation in the source and drain regions are the same as that of the
channel, given by Equation (2.19). By changing ¥ (y) to u(y) = y(y) — V(y), we can transform

Equations (2.19) to (2.21), and (2.22) to:

d? (ki) < - ) d
dv2 = qu " Wtsiqn; e W/kT — d + ;[niekT - NS—D] (2.23)
y [Wtsiqn;ekT — Ids/vsat]z y St

The contact-to-contact boundary conditions for the source and drain regions are:

w(=1) = 1., = (%T) In (N:l‘”) (2.240)
UL 4+ 1) = Upgy = (%T) In (N;‘D) (2.24b)
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V(-1) =0 (2.24¢)

Here, [, is the source and drain region length. To avoid the cumbersome boundary conditions at
y = 0 and L for solving the channel region, we introduce a new variable u = u,,4, — Au in the

source-drain regions. Equation (2.23) turns to:

e @)GE) ¢
u - Herr audAu  q"Ns-p
dy? z Wesiqnekt dy & kT

Au =0 (2.25)

v d
[Wtsiqnl-ekT ——as
Vsat

Here only the 1st-order of Au is considered. On the source side, the second term on LHS

can be neglected since the carrier velocity < vg,,. There is an analytic solution for Equation

(2.25):

Au = [Upyg, — u(0)]elno (2.26)

where

(2.27)

is the Debye length in the source side. Since Lp, < [, a boundray condition at y = 0 can be

obtained:
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du Umax — u(O) (2 28)

On the drain region, however, the second term in Equation (2.25) is not negligible because
the carrier velocities may be comparable with vg,,. By approximating the u(y) factor in that term

constant as u(L), we can also get a solution on the drain region:

Umax —U = [umax - u(L)]e_K(y_L) (2'29)
where
)G z

T qu(L) No_

K = Hers sWtsqnie kT +q 5D
2 [Wtsiqnie kT ——S]
VUsat

(%)(HA> qu(L)
i

s Wtgiqnie kt (2.30)

qui) .
2|Wtsiqnije” kT ——95
Vsat

Here K is a function of u(L). In one limit, we have:
K~— (2.31)

In the other limit, we have:
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2

quld) ],
[Wtsiqnie kT — a _qu(lL)
K = i Ng_pe kT (2.32)
,uedfsf Witsin;&s;
Then we can get a boundary condition at y = L:
du
d_y |y=L = Ktmqx — u(Ll)] (2.33)

We still need another additional boundary condition to solve the channel coupled

equations. We can take the average of the values of Z—Z aty = 0 and y = —[, to estimate V (0):
Ids Ids
l.1dVv av l 7 U
V() =5 [g =0+ g b=t = ORI = (2.34)
= _ la , —
Wtsiqnie kT — Us:t WtSLqNS—D Veat

Now we can replace the fixed boundary conditions given by Equations (2.17a)-(2.17¢) with
the new ones by Equations (2.28), (2.33) and (2.34) for solving the coupled Equations (2.20) and
(2.21) in channel region. To take the drop of quasi-Fermi potential in the drain region into account,
we have to solve the equation (2.23) with two boundary conditions: one is given by Equation
(2.24b) and the other one is u(L) solved from the channel region. Then we can integrate Equation
(2.21) from y = L to L + [, to get the quasi-Fermi potential profile in the drain region. Note that

V45 1s not V(L) any more, like we did in the Section 2.3. Instead, we should add the drop of quasi-
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Fermi potential in the drain region to V(L) we solved from the channel region so Vy, = V(L + L.).
This process generates a point on the I;; — V;, characteristics.

Figure 2.18 shows the potential Y (y) generated by matching the potential in the source and
the drain regions with depletion effects in the channel region. Unlike the slight drops of potential
in the source, substantial drops is observed in the drain due to the high field and carrier velocity
which approaches vg;.

Figure 2.19 plots the quasi-Fermi potential V (y) from the source contact to the drain
contact, generated by our short-channel non-GCA model with matching boundary conditions, for
various V5. When V¢ moves deeper into the saturation region, a more significant fraction of Vy,

is dropped in the drain region.

1-5 T t T T T T |: T

14 : 1
13}
12}

11

: —V, 03V
" Source —Vgs=0.5V

H(V)

08

0.7 |

0.6 k

05 1 E 1 1 1 1 i 1

y(nm)

Figure 2.18: Potential profile () from the source contact to the drain contact generated by this
matching model (i.e., with boundary conditions Equations (2.28), (2.31) and (2.32)). The source-drain
doping concentration is Ng_p = 102°cm™3. The source and drain lengths are assumed to be [, = 3nm.
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y(nm)

Figure 2.19: Quasi-Fermi Potential profile V() from the source contact to the drain contact generated by
the matching model with source-drain depletion.

Figure 2.20 compares the potential Y (y) from our short-channel non-GCA model with
matching boundary conditions and fixed boundary conditions. The source-drain doping levels are
Ns_p = 1021c¢m™3. Only very slight drops are observed in the source and drain regions from the
matching model. Figure 2.21 compares the quasi-Fermi potential profiles V (y) from those two
models with the same high level of the source-drain doping. The potentials 1 (y) and quasi-Fermi
potentials V (y) generated by the model with fixed boundary conditions are in close agreement
with that of matching boundary conditions. This means the fixed boundary conditions are good

approximations for a high source-drain doping concentration.
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Figure 2.20: Comparison of Potential profile generated from the model with fixed boundary conditions
and with matching boundary conditions. The source-drain doping levels are Ng_p = 10%1cm™3.
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Figure 2.21: Comparison of quasi-Fermi Potential profile generated from the model with fixed boundary
conditions and with matching boundary conditions. The source-drain doping levels are Ng_p =
10%1em™3.
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Figure 2.22 compares the potential Y (y) from our short-channel non-GCA model with
matching boundary conditions and fixed boundary conditions, with the source-drain doping
concentration of Ng_p, = 102°¢cm™3. Obviously, the fixed boundary conditions are unable to
account for the large fraction of drops of potential in the drain side and overestimate the potential
near the drain side. Figure 2.23 shows the quasi-Fermi potential V' (y) generated by the model with
the two different boundary conditions. A large discrepancy on the value of V(L) (e.g., ~0.2V) is
observed from those two types of boundary conditions. This shows the fixed boundary conditions

don’t work for moderate source-drain doping levels (e.g., Ng_p = 10%%cm™3).

15 T T T T T T T T
14} V_=V_ =07V :
ds :

13} ]
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0.6

05 1 i 1 1 1 1 H 1
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Figure 2.22: Comparison of Potential profile generated from the model with fixed boundary conditions
and with matching boundary conditions. The source-drain doping levels are Ng_p = 10%%cm ™3,
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Figure 2.23: Comparison of quasi-Fermi Potential profile generated from the model with fixed boundary
conditions and with matching boundary conditions. The source-drain doping levels are Ng_p =
10%%¢m™3.

Figures 2.24 and 2.25 compare I;; — V;s generated from our short-channel non-GCA
model with different boundary conditions, with the source-drain doping concentration of Ng_p =
102% and 10%1cm=3, respectively. For a high level of the source-drain doping concentrations,
I;s — V4 characteristics from those two types of boundary conditions are in close agreement to
each other due to the consistent potential 1(y) and the quasi-Fermi potential V (y), as discussed
above. However, for the moderate level of the source-drain doping concentrations, the current of
the fixed boundary conditions is significantly off (e.g., up to 9%) from that of the matching

boundary conditions.
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Figure 2.24: Comparison of I35 — V5 generated from the model with fixed boundary conditions and with
matching boundary conditions. The source-drain doping levels are Ns_p, = 10**cm™3 and Vs = 0.7V.
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Figure 2.25: Comparison of I35 — V5 generated from the model with fixed boundary conditions and with
matching boundary conditions. The source-drain doping levels are Ns_p = 10*°cm™3and Vs = 0.7V.
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Figure 2.26: ;5 — V45 characteristics generated by this matching model with the source-drain depletion,

compared with TCAD.
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Figure 2.27: g4 = dl;5/dV,s generated by this matching model with the source-drain depletion,
compared with TCAD.
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Figure 2.26 shows the I;; — V¢ characteristics generated by this model (matching model
with the source-drain depletion). They are in good agreement with TCAD simulation results.
Further verification of the output conductance g4, = dl;s/dV,s, by TCAD simulations are shown

in Figure 2.27.

4 X10 T T T T T T
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Figure 2.28: I35 — Vy, characteristics generated by this matching model for various channel lengths,
compared with TCAD. V;; = 0.7V.

Figure 2.28 shows the I35 — V5 characteristics generated by this model for various channel
lengths L at a fixed V;; = 0.7V, which are consistent with TCAD simulations. The result of the

device with length of L = 7nm is slight off compared with TCAD simulations at high V¢ bias

because the short-channel effect becomes rather severe.

2.5 n = 2 Velocity Saturation Model
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In the n = 1 velocity saturation model, the current continuity Equation (2.18) is only

applicable for the range of Z—Z > 0. When Z—; < 0, the velocity-field relation becomes:

v = #efde/dy
1- (:ueff/vsat)dv/dy

(2.35)

In other words, the current continuity equation for n = 1 velocity saturation model for the full

range is given as:

.Uefde/d}’
m av
1+ ()] &

Vsat

I;s = Wtgiqn;edW=V)/kT (2.36)
It turns out that there is a discontinuity at Z—; = 0 of Equation (2.36)[25]. To fix this problem, a

n = 2 velocity saturation model can be employed where the current continuity equation (2.18) is

replaced as[43], [62], [64], [65]:

av
q(p-V) Herr @y
Igs = Wtgiqnie kT (2.37)
Uerf\2 (d_V)Z
1+ (vsat) dy

Similarly, with the variable transformation technology, the coupled equation for solving

u(y) and V(y) are constructed as:
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) 5 Ids
d“u qu du
— = (WtsiCIni Hers ekT) q au Herr

dy? i kT d
y ds Y\[(thsmie%)z ~ (%)2_

au  2Ciy (Vs — Ve —V
¢ L et - 2ol “V 2 V) o)

Esi gsitsi

Ids

w_ Hers (2.39)

d
T ety (s

To avoid overestimating I;; by the fixed boundary conditions discussed above, we also
have to construct boundary conditions by matching the potential in the channel and that in the

source and drain. The Poisson’s equation in the source-drain regions is given as:

3
, , tas
d*u Herr au\* q du Herr
—=|Wt.; . kT _
dy? < sidhiy —¢ ) KT dy - -
(W t ~nve%) — (Id—s)
i q SL'* Usat |
qu
+-- (niekT — Ng_p) (240
st
By expressing u = U4, — Au and keeping only the first-order of Au, Equation (2.40)
changes to:
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d?Au
dy?

Herr
_<Wtsiqni Ie

ds

ekT

qu

;

Ids

dAu

2

q Hesr q°Ns_p
< - Au=0 (2.41
KT ~| dy T Tegkr (241)

I

qu

thsinieﬁ)z — (

Ids
Vsat

)

In the source side, we can derive a boundary condition in a same form with Equation (2.28) at y =

0. In the drain side, we a solution for Equation (2.41) can also be constructed as:

Umax — U = [Umax — u(L)]e_Kz(y_L) (2.42)
where
3
2 Ids
1 qu(L)
K, = =5 |Weaqn 5L et | L il
2 ;s kT )
qi}i{(L) Iy \*
[(Watane's) - (i)
( B2
2 Ids )
1 qu(L) Ng_
+ <—[Wt51qniueffe kT ] 4 Hery L T5D 543y
2 Iy kT N2 5 & kT
<thsinie kT ) - (Id—s)
\ \ | Vsat 1)
So that the boundary condition at y = L is given as:
du
I |y=L =K, [umax —u(L)] (2.44)

dy
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Another boundary condition of V' (0) can be written as:

I, rdv dv

7 (0)

=5 d_y ly=0 + E ly=—1,

Ids Ids

Uerr " Uerf

qu®1® 1, \2 L \2

V| _ (las . 2 _ (2ds_
waane W = () ovaan - ()

s (2.45)

J

By following the same approach of the matching model described in Section 2.4, we can construct

the I;5 — V45 characteristics for n = 2 velocity saturation case.
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Figure 2.29: Comparison of Potential profile /() generated from the n = 1 and n = 2 velocity
saturation models. Ng_p = 10206m'3.l{gs =Vys = 0.7V.
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Figure 2.30: Comparison of quasi-Fermi Potential profile V (y) generated fromthe n = 1 and n = 2
velocity saturation models. Ng_p = 102°cm™3. V5 = V45 = 0.7V.

Figures 2.29 and 2.30 show the potential ¥(y) and quasi-Fermi potential V(y),
respectively, generated from the n = 1 and n = 2 velocity saturation models. It shows that both
n = 1 and n = 2 models are able to describe the significant drops of potential and quasi-Fermi
potential in the drain region. Figure 2.31 shows the I;; — V5 characteristics generated by the n =

2 velocity saturation model, which is in consistent with TCAD simulations.
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Figure 2.31: ;5 — V4, characteristics generated by the n = 2 model (matching model with S-D depletion)
are compared with TCAD simulations.

2.6 Summary

In this chapter, an above-threshold I;; — V;5 model for short-channel double-gate (DG)
MOSFETs is developed by taking into account the contribution from the source-drain
encroachment effect to the carrier density. At low-drain biases, the source-drain encroachment
effect (short-channel effect) appears as a gate-voltage dependent reduction of channel resistance.
It is strong in subthreshold and weak in above threshold. At high-drain bias voltages, the
encroachment of the source-drain bands intersects with the gate-controlled channel potential,
resulting in a point of “virtual cathode”, or minimum potential, at a small distance from the source.

This non-GCA model is also extended to incorporate the effect of band bending caused by the
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depletion of carriers in the source and drain region. By applying the n = 1 and n = 2 velocity
saturation model, the I;; — V45 and I35 — Vg characteristics are generated and verified by TCAD
simulations.

Chapter 2, in full, is a reprint of the material as it appears in “An Above Threshold Model
for Short-Channel DG MOSFETs,” by David Chuyang Hong and Yuan Taur, IEEE Trans.
Electron Devices, Jul. 2021. The dissertation author was the primary investigator and author of

this paper.
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CHAPTER 3 SERIES RESISTANT MODEL FOR DG
MOSFETS

On Chapter 2, we developed an above threshold I;; — V;; model for short-channel DG
MOSFET. High accuracies are achieved for both n = 1 and n = 2 velocity saturation models. It
is worthwhile to note that what we discussed before are about the intrinsic DG MOSFETs[43],
where the internal terminals are applied by the bias voltages Vs and Vg directly. Here perfectly
conducting source and drain terminals are assumed so that there is no voltage drop showing in
those regions. This is not valid in practice since there are finite metal contact resistance and silicon
resistivity needed to be considered[43], [73]-[75]. The effect of the source-drain series resistant
may significantly degrade the current when it is comparable with the channel resistance, which
usually happens in the short-channel devices. In this chapter, we will first extend our short-channel
non-GCA model to incorporate the source-drain series resistant effect. Then we will verify our

model by the experimental data from Intel FinFET at 14nm[76].

3.1 Series Resistant Model

A real DG MOSFET can be modeled as an intrinsic part in series with the two parasitic
resistances[43]. The schematic of the equivalent circuit of a real DG MOSFET is shown in Figure

4.1. Ry and Ry are the source and drain resistant, respectively. Vs and Vy, are the external
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applied bias voltages. V" and V' are the internal voltage applied to the terminals of an intrinsic

DG MOSFET. Two relations between them can be easily found:

Vgs = Vgs’ + Rslgs 3.1)
Vas = Vds’ + Rgqlys = Vds’ + (Rs + Rd)Ids (3'2)
Where de = RS + Rd'
Vds
?
174 !
Vgs ds

gs

Figure 3.1: Schematic diagram showing the equivalent circuit of DG MOSFET with the source-drain
series resistant[43].
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In TCAD[55] and other conventional models[8], [77], [78], I;s — V4 characteristics are
generated by finding Iy, for given Vs and V. This indicates the unknown V; s and V' has to be
solved iteratively because they are needed parameters in Equations (3.1) and (3.2) and the model
equations for intrinsic DGMOSFET. This iteration process is cumbersome and computationally
expensive. In contrast, in our short-channel non-GCA model described in Chapter 2, [;5 — Vg,

characteristics are constructed by solving Vy for given I and Vg so no iteration is needed.
Given Iy and V5, we can get V" from Equation (3.1). With I45 and V', the short-

channel non-GCA model can be applied to calculate V' , hence V4, can be obtained from
Equation (3.2). Finally, I;5 — V4, characteristic can be constructed. We can incorporate this
process into our short-channel non-GCA model.

For n = 1 velocity saturation case, Equation (2.20) should be replaced as:

d? (&r) ( s ) d

u T qu du qu

L Heff s Wtgiqn;ekT — + inieﬁ

dy au ] dy &
(Wtsiqnl-ekT —

Vsat

. ZCinv,(Vgs —IgsRs = Vi — V)

gsitsi

(3.3)

where

c ¢ 2rBs'tanp’ (3.4)
T B — In(cosBs") + 2rBs tanBy’ '

and B’ is determined by:
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2kT
I{gs —IgsRs = Vi = T [lnﬁs’ - ln(cos Bs,) + ZT'ﬁS' tan ﬁs’] (3'5)

After solving quasi-Fermi potential V' (y) from the coupled equation Equations (3.3) and (2.21),

we get:

V' =V(L+1,) (3.6)

Hence,
Vds = V(L + lC) + (RS + Rd)IdS' (37)

Similarly, for n = 2 velocity saturation model, Equation (2.38) needs to be replaced by:

Ids
d*u ( Herr Z_”)Z q d_u Herr

= (Wt qn, =L ek —
dy? sidMi= “¢%) kT dy
N2 ]
_ (thsiniekT) —(@) |
qu ZCinv,(Vgs —IgsRs = Vi — V)

+—n;ekT — (3.8)

Esi gsitsi

The coupled equations to solve the potential 1(y) and quasi-Fermi potential V (y) are given by
Equation (2.39) and (3.8). Then we can get one point on the I;; — V,;, characteristics by estimating

V45 from Equation (3.7).
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Figure 3.2: I3 — V5 characteristics generated by the short-channel non-GCA model with considering

various Rgg.

Table 3.1: Comparison of /5 from models with and without R,y for various Vs and V5. Here Rg = Ry =

50Q — um.
I without Ry, I with Ry Decresed by
(A/um) (A/um)
Vgs = 0.3V Vi = 0.01V 1.0 x 107* 5.26 x 1075 47.4%
V4 = 0.7V 4.2205 x 107* 3.2648 x 107* 22.644%
Vgs = 0.7V Vi = 0.01V 48x107* 8.42 x 1075 82.458%
V4 = 0.7V 2.7223 x 1073 2.0045 x 1073 26.367%
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Figure 3.2 shows plots the I;; — V;, characteristics generated by the model with various
Rgg. It shows that the source-drain resistant causes the degradation of current I, for various V.
When current 15 flows into the device, it leads to some voltage drops in the source and drain due
to the source-drain resistant. The resulted lower V; and V applied in the intrinsic DG MOSFET
(ie., V5" and Vys') causes the lowering of ;5 [43]. The slope of the curve in the linear region
become lower for a higher R;;. When the source-drain resistant is large (e.g., 1kQ — um for this
example), the device basically acts like a resistant. Table 3.1 compares the degree of I,
degradation for various Vs and Vgs. Vgs = 0.01 and 0.7V corresponds to the linear and the
saturation regions, respectively. We can get two observations easily: (1) For the same Vg, Iy
degradation is more severe in the linear region, compared with the saturation region. For example,
for Vs = 0.7V, 82.458% and 26.367% of I, degradations are observed for linear and saturation,
respectively. (2) For the same V;,, a more severe degradation occurs for higher gate-voltage
overdrive. For example, V;; = 0.01V, 47.4% and 82.458% of I;; degradations are observed for
Vzs = 0.3 and 0.7V. This is because the channel resistance is lower in the linear region and for a

higher V,, and the effect of the source-drain resistant becomes more prominent. Those

observations are in consistent with our physical insights[43].
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Table 3.2: Comparison of ;5 from models with and without Ry, for various L.

I without Ry, I with Ry Decresed by
(A/um) (A/um)
L =7nm 6.019 x 10~* 8.73 x 107° 85.496%
L =10nm 48x107* 8.42 x 1075 82.458%
L =15nm 3.6 x107* 7.95 x 1075 77.916%
L =20nm 2.88x107* 7.53 x 1075 73.854%

Table 3.2 compares the I;; degradation for various channel length L. It is clear that for a
shorter channel, the effect of the source-drain resistant is more prominent, since the channel

resistance is lower[43].

3.2 Intel Data Validation

To further validate our short-channel non-GCA model, we can fit it to the experimental
data from Intel 14nm FinFET[76]. The parameters used in our model are given by Table 3.3. Note
the effective channel length is estimated as L = 20nm. Ry = R; = 98Q — um is used. Figure 3.2
compares the I;; — Vs characteristics from the data and the result from our model. Close

agreement is achieved.
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Table 3.3: Parameters used for fitting Intel 14nm data[76].

Parameters Values
Ei 11.8 X ¢
& 6 X &
tg 8nm
t; Inm
Vsat 1077

Heff 200
L 20nm
Ns_p 1072%¢m™3
L, 3nm
V; 0.3185V
R 98Q — um
Ry 98Q — um
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Figure 3.3: I;5 — Vy characteristics generated by the short-channel non-GCA model are verified by Intel
14nm FinFET data[76].

3.3 Summary

In this chapter, we incorporated the source-drain resistant effect into the short-channel non-
GCA model. The effect of the source-drain resistant on the /;; degradation is discussed. It shows
the current degradation due to this effect becomes more severe in the linear region and for a higher

V.

us- We also validate our model by fitting to the experimental data from the Intel 14nm FinFET.

Close agreement is yielded.
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CHAPTER 4 AN ABOVE THRESHOLD MODEL FOR BULK
AND GROUND PLANE MOSFETS

In Chapter 2, we developed a short channel non-GCA model for DG MOSFET. It achieves
great performance in predicting the above threshold I;; — V¢ characteristics. To apply the model
to bulk and ground plane MOSFETs, we may encounter two problems: (1) The device structures
of DG, bulk and ground plane MOSFETs are different, there are two gates for DG MOSFET while
only one for bulk and ground plane MOSFETs. Some parameters like ¢ ; is only applicable for DG
MOSFET. (2) Unlike the DG MOSFET we discussed in Chapters 2 and 3 where the channel is
undoped/lightly doped, the substrate of the bulk MOSFET is heavily/moderately doped in
general[39], [43]. This means the fixed charge term in Poisson’s equation for bulk MOSFET is not
negligible. For ground plane MOSFET, the doping profile is even more complex[79], [80]. By
keeping those in mind, we have to start from Poisson’s equation again and develop a new short-

channel non-GCA model framework for bulk and ground plane MOSFETs.

4.1 Short-Channel Non-GCA Model for Bulk MOSFET

65



NS
%]
—o

1 Gate Vas
- i ti 1 T
y
Source x Drain
(n") Esi (n*)
L, L L,

p-type substrate

lVbs

Figure 4.1: Schematic of bulk MOSFET cross section. V,; = 0.
Figure 4.1 shows schematic of a bulk MOSFET cross section. Poisson’s equation with the

fixed charge term is given as:

q a@-v)
— [Na +n;e kT (4.1)
Esi

0%y N 0%
0x2 = 9y

where N, is the acceptor concentration of the p-type substrate[43]. The inversion charge density

per area induced by the gate is written as:

Q; = Cinv”(Vgs -V - mV) (4.2)

where
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Y gsina/41/)B (4.3)

m=1+
COX

is the body effect coefficient and Y5 = (kT/q)In (N, /n;) [43]. Cin,'' and V" are adjustable
parameters that can be chosen for best fitting of the Qi(Vgs) or Q;(V) curve for bulk MOSFETs.

For given V, Q; is a function of Vi, given by the charge-sheet model[44], [81], [82]:

Q; = Cox(Vgs - Vfb - l/Js) A 2&5,qNg s (44)

where Vg, is the flatband voltage and s is the surface potential which can be determined by([83]:

1/2
\J2&5; kTN, [qig N n;? eq(tl;(sT—V)

Vs = Ve + s +
gs fb S Cox kT Naz

(4.5)

Figure 4.2 shows that the charge sheet model tends to underestimate the total charge density

Q; in the above threshold region for device with long channel length. The key assumption of the
charge sheet model is that the depletion charge is given by Q; = +/2&5;q N, for the entire bias
range. While it is accurate below threshold, it overestimates Q; above threshold because even

though 1), increases slightly above threshold, Q4 stays constant once beyond the strong inversion

region. We can derive a modified charge sheet model by replacing s in Q4 with 2y + V:

Qi = ox(Vgs - Vfb - l/)s) - \/ZSSina(Zl/)B + V) (4"6)

67



It would be not valid below threshold, as shown in Figure 4.2 where the Q; < 0 in the subthreshold
region, but we are concerned with the above threshold only. It is obvious that Q;(V,,) generated
by the modified charge sheet model is more accurate in the above threshold region.

Figure 4.3 compares the I;; — V¢ characteristic generated by the charge sheet model and
modified charge sheet model and TCAD simulation. Due to the underestimation of Q;, the charge
sheet model predicted /5 is off on the above threshold region. The modified charge sheet model
is able to accurately predict the I, in the linear region. When the device enters into the saturation
region, the modified charge sheet model also underestimates the ;. It is not a problem since we
only utilize the result of the modified charge sheet model in the linear region to estimate C;,,,,"" and

V", which will be discussed later.

16 T T T T T

14

10

== TCAD
== = Charge sheet model
== = Modified charge sheet model

=]
T

Q,(Clem?)

0 0.2 0.4 0.6 08 1 1.2

Figure 4.2: Comparison of Q;(V;s) generated by the charge sheet model[44], [83], modified charge sheet
model and TCAD simulations for device with a long channel length L = 500nm. V5 = 0.001V.
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Figure 4.3: Comparison of I4; — V5 generated by the charge sheet model[44], [83], modified charge sheet

model and TCAD simulations for device with a long channel length L = 1um. V3 = 1.2V.

After generating a Q;(V) curve for a given Vs from the modified charge sheet model (i.e.,

Equations (4.5) and (4.6)), we can extract two parameters:

a = Qily=o
do;
b = _d_Vl|V=o

to fit a linear relation to the curve. From Equation (4.2), we have:

a= Cinv”(‘(gs

_ 17
b= mCim,
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(4.7)

(4.8)

(4.9)

(4.10)



Then we can extract:

-24y,,
17 dav 'v=
Cinpy = — (4.11)
VII _ V _ Qi|V=0 4 12
—av1v=o0

from each V¢ curve. Figure 4.4 shows that the fitting linear relation of @; from Equation (4.2) with
C/,,, and V' extracted from Equations (4.11) and (4.12) are accurate when Vy is not very large
(e.g., Vgs < 0.3V), because C;,,, and V{" are chosen to fit the value and slope of Q;(V) curve at

V = 0V. When V;¢ becomes larger, it may underestimate the Q; and hence the saturation current:

lys sat = Uerr (%) * f0+°° Q;(V)dv (4.13)

A better improvement is to change to define a new variable b’ such that the maximum area

under the linear approximation Q; ;;,(V) = a — b'V curve, i.e., a®/(2b"), equals f0+°o Q;(V)dv

2
from the charge sheet model. In other words, b is chosen such that yi. (¢ (%) * % equals Iy sqr

of charge sheet model given from Equation (4.13). Considering that the Q;(V) from modified

charge sheet model becomes negative in the saturation region, we define b’ as:

a2
b=—7r—— 4.14
2 [ Q:(V)av (1
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4 II .
vy and V;" are extracted as:

here V' is the value of Q; at VV where Q; (V) = 0. Hence, C

y (Qily=0)? (4.15)

inv — m fOV’ Qi(V)dV

2} qi)av 4.16)

VII — _
t gs Qilv=o0

As shown in Figure 4.4, Equation (4.2) with Equations (4.15) and (4.16) is a good

approximation of Q; on the above threshold region. Figure 4.5 further verify the approximation by

comparing it to the TCAD simulation.

-6
1510 ; ; ; ; ;
1 4
~ 05 4
(o]
=
2
<
=2 I .
0.5 |=—=Modified charge sheet model 1
Eq.4.2),C, ", V," from Egs. (4.11) and (4.12)
Eq.(4.2), Ci"v", Vt” from Egs. (4.15) and (4.16)
_1 1 1 1 1 1
0 0.2 04 0.6 0.8 1 1.2
V(v)

Figure 4.4: Comparison of Q; (V') generated by the modified charge sheet model, Equation (4.2) with
Ciny' and V;"" extracted from Equations (4.11)-(4.12) and from Equations (4.15)-(4.16). V5 = 1.2V.
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V¥

Figure 4.5: Comparison of Q;(V;s) generated by the modified charge sheet model, Equation (4.2) with
Ciny'' and V"' extracted from Equations (4.15)-(4.16) at ;s = 1.2V.

and V" are Vs — dependent. We have to

4

Equations (4.15) and (4.16) indicates the C;,,,,

estimate Cjp,, and V{’ for a given V. Table 4.1 lists the C/y,, and V;" extracted from the modified

charge sheet model for several V.

Table 4.1: C;,,,"" and V"' extracted from the Q; (V) curves which are generated by the modified charge-
sheet model.

Ciny" (X 107°C/(cm® - V) )

Vs = 1.2V 1.5734 0.3143
Vs = 0.9V 1.5290 0.3082
Vs = 0.6V 1.3923 0.2890
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Note that Q; given by Equation (4.2) corresponds to the x-curvature term in the Equation

(4.1). We can write down a 1-Dimensional equation in the x-direction:

d*y q Cinv”(Vgs -V =mV)
—N, +
dxz Esi Ssidsi

(4.17)

where d; is the effective thickness, which is similar to ty; for DG MOSFET. In default, we set the
value of dg; as x; and x; is the junction depth of the source-drain region. The junction depth x; is
an additional parameter that effects the short-channel effect of bulk MOSFETs, which is not taken
into account in the short-channel non-GCA model for DG MOSFETs. Figure 4.6 compares the
lgs — Vg5 characteristics generated by TCAD simulation with different junction depth x;. As the
channel length scales down, the junction depth plays a more important role in I;5 — Vg

characteristics. A shorter junction depth leads to a lower output conductance g4, = dl;s/dVys

[84], [85].
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Figure 4.6: 1;5 — V¢ characteristics for MOSFETs generated by TCAD simulation with different junction
depth x; for various channel length L. V;; = 1.2V.

Inserting Equation (4.17) into (4.1) yields:

2 " _ no__
v _ o Ciny" (Vgs = Ve = mV)

2
dy Esi esidsi

(4.18)

Equation (4.18) is in a similar form as Equation (2.4) for DG MOSFET. The only difference is the
second term in RHS. There is a "2 X " factor for DG MOSFET due to the symmetric structure
along the x —direction. Moreover, for DG MOSFET, there is no body effect hence m = 1.

To construct the I;; — V;, characterics, Equation (4.18) has to be coupled with the current
continuity equation to solve the potential )(y) and the quasi-Fermi potential V' (y). To avoid the
tedious iterative calculation process, we can transform the variable to u = ¢ — V. For the constant

mobility case, the coupled equations are given as:
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d*u q I du q au Cpp" (Vs =V, —mV)

= — qu ot —mnekT —

T.UeffWCIdsinit‘«’ﬁ dy s

(4.19)

Ssidsi

dv I
—= S (4.20)

u
terrWqdsin;ekT

Figure 4.7 compares the I;; — V;, characteristics generated by the modified charge sheet
model, short-channel non-GCA model and TCAD simulation for a device with long channel length
L = 1um. The short-channel non-GCA model is accurate, although the C;,," and V," are
extracted from the modified charge sheet model from which the I;; predicted is off in the

saturation region.

1.1 T T T —L

09

08 I

0.7

Lines: TCAD
Blue dash lines: Short-channel non-GCA modeh
Black dash lines: Modified charge sheet model

0.6

1, (A/pm)

0.4

03

0.2

0.1

0 0.2 04 0.6 0.8 1 12
Vds(V)

Figure 4.7: 1;5 — V¢ characteristics for MOSFETs generated by the modified charge sheet model, short-
channel non-GCA model and TCAD simulation. L = 1um.
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For n = 1 velocity saturation case, the coupled equations are given as:

q Ids
d?u (ﬁ)< ) qu du qu  Cpy (Vo =V, —mV
ok qlieff RS stiqnieﬁd—+ginieﬁ - = (gsg d : ) (4.21)
y (stiqnieﬁ . vﬂ) y si silsi
sat
av _ Ids/.ueff (422)

E - stiqniequ/kT - Ids/vsat

The three boundary conditions are given by Equations (2.17a)-(2.17c). For given I, after the
quasi-Fermi potential V (y) is solved, we choose the value of V(L) as V5 so one point on the I ;5 —
V45 characteristics is gotten.

Figures 4.8(a)-(d) compare the I;; — V¢ characteristics generated by the short-channel
non-GCA model (n = 1) and TCAD simulation. For a long channel device, the model is able to
achieve high accuracy. But as the channel length becomes shorter, the result becomes worse. It
shows that this model tends to underestimate SCE.

There are possible ways to further explore and improve: (1) The parameter dg; is simply
assumed to be x; by default, which is not accurate enough to predict the current behavior of the
devices. Figure 4.9 shows that dg; plays an important role on the I;; — V¢ characteristics. A
smaller dg; leads to a lower conductance g4, = dl;,/dVys. High accuracy of prediction can only
be achieved with a good choice of dg;. (2) Another possible reason for the inaccuracy of the model
for bulk MOSFET is that the depletion charge N, is not partitioned properly. The model considers
all N, to be gate depleted, whereas in reality part of N, may be source-drain depleted. These point

to a new direction of future work.
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Figure 4.8: I;5 — V4 characteristics for MOSFETSs generated by the short-channel non-GCA model (n=1)
and TCAD simulation for (a) L = 1um, (b) L = 200nm, (c) L = 100nm and (d) L = 50nm. dy; = x; =
25nm.
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Figure 4.8: I3 — Vs characteristics for MOSFETs generated by the short-channel non-GCA model (n=1)
and TCAD simulation, continued.
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Figure 4.9: Comparison of I3 — V4, characteristics generated by TCAD simulations and models with
different d;.

4.2 Short-Channel Non-GCA Model for Ground Plane
MOSFET

Figure 4.10 shows the schematic of a ground plane MOSFET. Unlike the bulk MOSFET
where the substrate is uniformly doped, an ideal ground plane MOSFET introduces a retrograde
channel layer and a p* substrate layer above the p~ substrate layer so that the channel doping
profile is of a low-high-low type[86]-[88]. Since the p~ substrate layer under p* substrate layer
is for purpose of the junction capacitance reduction with no effect on SCE or [;; — Vg,
characteristics, we can simplify the device structure with the doping profile of a low-high type, as

shown in Figure 4.10. In the retrograde layer, the doping level is set to be 0. The doping
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concentration of p* substrate layer is sufficiently high so that the depletion depth of the channel
is the same as the retrograde layer depth t,,. This leads to a better performance of the ground plane
MOSFET on the SCE, compared with the bulk MOSFET[37][89]. Figure 4.11 compares the I;; —
V45 characteristics for bulk and ground plane MOSFETs. Different gate work function values are
set for the bulk and the ground plane MOSFETs so that their I;5 — V5 characteristics are the same
for a long channel length. It shows that the ground plane MOSFET has a lower output conductance

Gac = dlgs/dVys hence better performance.

Vs 7
Vds
AI:_ Gate
B & t I T
y Retrograde

Source | layer tu Drain

i +
.. (")

i L lc

p'-type substrate

LVbs

Figure 4.10: Schematic of ground plane MOSFET cross section. V;,; = 0.
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Figure 4.11: Comparison of I;5 — V¢ characteristics generated by TCAD simulations for bulk and ground
plane MOSFETs. Here different work function values are set for them so that they have the same I;5 —
V45 characteristics for a long channel length.

Due to the similar structures between two types of MOSFETs, the model for bulk

MOSFETs is also applicable for ground plane MOSFET, e.g., Equations. (4.21)-(4.22), where m
is given bym =1+ % The parameters a and b (hence, C,,,” and V,"") are adjusted to fit the
long channel (e.g., L =1um ) I;; — V,, characteristics. Figure 4.12 shows the [;5 — Vyq
characteristics generated by the short-channel non-GCA model are compared with TCAD

simulation. Good agreement is observed while the conductance of the model is slightly higher than

that of the TCAD simulation.
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Figure 4.12: 135 — V5 characteristics generated by the short-channel non-GCA model are compared with
TCAD simulations for the ground plane MOSFET.

4.3 Summary

In the chapter, we applied the above threshold non-GCA model to short-channel bulk and
ground plane MOSFETs. The source-drain encroachment effect is taken into account. It shows
that junction depth is an additional parameter that affects SCE of bulk MOSFETs, which is not
taken into account in the short-channel non-GCA model for DG MOSFETs. The charge sheet
model is not accurate enough to fit C;;,,, V; for long channel MOSFETs and a modified charge

sheet model is developed. For practical junction depths like x; = 25nm, the short-channel non-

GCA model tends to underestimate SCE. This points to a direction of future work.
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Chapter 4, in part, is a reprint of the material as it appears in Section 6.2.1.5 “Fundamentals
of Modern VLSI Devices, third edition” by Yuan Taur and Tak H. Ning, 2021. The dissertation

author helped to complete this section.
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CHAPTER 5 NUMERICAL METHODS FOR MODEL
DEVELOPMENT

In previous Chapters, we developed multiple models, constructed by ordinary differential
equation systems with initial conditions or boundary conditions in general. In most cases, we are
unable to derive an analytic solution to the complicated differential equation system, so we have
to solve it numerically. In this chapter, we will introduce two types of useful numerical methods
for solving ordinary differential equations: Euler method and finite difference method. Then we

will provide some practical suggestions and tradeoff discussions for using those methods.

5.1 Euler Method

Euler method is a well-known numerical method to solve ordinary differential equation
system with initial condition[90]-[92]. Consider the general form of a first-order ordinary

equation:

dz
— = f(0),) (5.

with boundary condition:

z(a) = z,’ (5.2)
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Applying the Taylor Expansion of z(x) around x, and using the first order approximation to

express dz ets:
p dxg .

dz z(xg + h) — z(xy)

a |x=x0 ~ h (5'3)
where h is the step size. Substituting Equation (5.1) at x = x; into Equation (5.3) yields:

z(xo + h) = z(xo) + hf (z(xo), %) (5.4)

Equation (5.4) provides an approximate way to estimate the value of z at a point (i.e., Xy + h)
based on its value at its previous point (i.e., xq). This is how the Euler method (or Forward Euler

method) works. For higher order differential equation, the general form is given as:

d"z ) dz d’z  d"'z cc
dx"_f X ax dx? " dan 1 * (5:5)
We can apply variable transformation:
p1 = z(x)
_ dz
pz - d.x
d" 2z

Pn-1 = dxn-2
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d" 1z

Pn = Tt (5.6)

so that Equation (5.5) transform to a first-order system that can be solved by Euler method:

dp,
dx
dp, Pz
dp dx 23
L. : = : (5.7)
dx dPn-1 Pn
dx f (1,02, D3, -, P, X)
dpn
dx
For example, in Ref [1], a second-order differential equation to be solved is given as:
’y _ 4 . caw/kr (5.8)
dx? gy ° '
with the initial condition:
P(x =0) =1, (5.9a)
d
Eb{:xg =0 (5.9a)
The analytical solution is given as:
2kT q*n; e
Y =19y ———In|cos e2kT x (5.10)
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If we use Euler method to solve it numerically, we can construct the first-order system:

P_|[dx |_ 2
E_ % N inieqpﬂkT (511)
dx Esi
where
p1=1Y (5.12a)
dy
P2 = (5.12a)

The iterative equation is given by:

p1(xo + h)) _ <P1(xo)) 1R P2(%o) (5.13)

~ \pa(x0) Sinie‘lpl(xo)/kT

P01 = (o i ,

Figure 5.1 shows the 1 (x) solved from Equation (5.8) using Euler method is in great consistent

with analytical solution.
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Figure 5.1: ¥ (x) solved from Equation (5.8) using Euler method is compared with analytical
solution. 5 = 0.5V.

Although Euler method is explicit and simple, it has two limitations: (1) It is numerical
unstable, when there are some terms in the equation that may cause the solution to change
rapidly[93]-[95]. To avoid this stability problem, some other variants can be considered, like
backward Euler method[91] and midpoint method[96], etc. (2) It is applicable for problem with
initial conditions, rather than boundary condition[92], [95]. In our low drain case in the short-
channel non-GCA model for DG MOSFET, the second-order differential equation (i.e., Equation
(2.5)) is similar with Equation (5.8). However, it is not easy to be solve using Euler method,

because it is with Dirichlet boundary condition[97] (i.e., Equation (2.6)) and the initial value of

P2 = % is difficult to be found. To fix this problem, some other method, like the Shooting

method[98], [99] and Finite differences method[56], [100]-[102], can be tried.
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5.2 Finite-Difference Method

In finite-difference method, the differential equation is solved by approximating the
derivative as the finite difference[100]-[103]. Consider a first order differential equation in the
form of Equation (5.1) in the domain of [a, b] with initial condition (5.2), the finite-difference

method first partitions the domain into a sequence of subdomain. The length of each subdomain is
. . o : : : : d
h. The ith domain’s end point is denoted as x; and its corresponding function value is z;. The d—i

at x; is approximated as:

dz Zi+1 — Zi—1
— ey, = ——— 5.14
dx Ix—xl Zh ( )
Equations (5.1) and (5.2) turn to be:
Fo(2y, 21,22, 23, o) Zn—1, Zny Zns1, X) = Zo — Z|) (5.15a)

Fi(2g,21, 23, 1 Zn, Zne1, X) = Zj—q + 2hf(2;,%;) — 2,41 = 0,i = 1,2,3,4...n,n + 1. (5.15b)

Equation (5.15) forms a system of equations:

Fo (20,21,22,23,...,zn_l,zn,zn+1,x)
Fy (20,21,22,23,...,zn_l,zn,zn+1,x)

F(z,x) = Fz(20»21'22'23'---;Zn—1rzn-2n+1'x) =0 (5.16)

Fn(20,21,22,23,+Zn—1,2nZn+1,X)
Fn+1(20,21,22,23,-+Zn—1,ZnZn+1,X)
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The assignment turns to find a root vector z = (Zg,Zq, 22,23, ) Zn—1,Zns Zns1). fOr
linear/nonlinear system (5.16). This can be solved numerically by Newton’s method that will be

discussed in next subsection. For a second order differential equation,

d?z dz
g =f (200, 3.%) (>17)
with two boundary conditions:
z(a) = z, (5.18a)
z(b) = z, (5.18a)

We can introduce a second-order finite difference approximation:

d?z Zipq — 22 + Zj_4
dx2 =i = n2 (5.19)

Equations (5.17)-(5.18) transformed to:

Fi(20, 21, ) Zny Zny1, X) = i ilzzl LEE N ( i,%,xi) =0,
i=123..n.(520a)
Fo(zo, 21, ey Zpy Zpe1,X) = 29 — 24 = 0 (5.20b)
Fny1(20,21) ) Zny Zng 1, X) = Znyy — 25 = 0 (5.20¢)
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Equation (5.20) constructed an equation system in the form of (5.16) to be solved. We can take the

short-channel non-GCA model in the low drain bias (i.e., Equation (2.5) with boundary condition

(2.6)) as an example. The nonlinear system to be solved is built as:

Fo(Wo, Y1, oor Yo Yia1, X)
Fi(Wo, Y1, s Yo Yia1, X)
F(y, x) = F,(o, Y1, ---;¢nﬂlpn+1; x)
E,(Wo, Y1, ooos Yo Yia1, X)

Frs1 W0, W1 oo Wy Y1, X)

q i
Y, — 21 + g q q—l‘[;} ZCinv(Vgs - Vt)
+
h? Esi e Esilsi
Ys—2¢9,+Y; ¢ eqk—d;z n ZCinv(Vgs - V)
= h? Ei ¢ Eitsi =0 (521)
lpn+1 — len + l/)n—l _ 9 a¥n zcinv(l/:gs — Vt)
h? Esi i€ ot gsitsi
KT\, (Ns_p
Yaen = ()0 (552)

The result is shown in Figure 2.2. For higher-order differential equations, the higher-order
derivative Z—:i has to be approximated by the corresponding finite difference. For example, for

fourth-order derivative,

d*z
dx* =%

Zizy —42;41 + 62, —4z;_ 1 +2z;_,
— i+ 1+ h4l l L (5.22)
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For more complicate cases, like the system of differential equations with Neumann boundary
condition[97] (e.g., the short-channel non-GCA high drain bias case with matching boundary

conditions), similar approach can be applied.

5.3 Newton’s Method

In subsection 5.2, we used finite-difference method to convert the ordinary differential
equation into systems of equations. Those systems of equations are usually nonlinear and not easy
to find the analytic solution. A useful method to find the root of systems of equations numerically

is Newton’s method[104]-[106]. Consider a simple case, given a function z = f(x) and its

derivative f'(x) = %, the tangent line of f(x) at x; is given:

z=f(x)+f' () (x —x;) (5.23)
Newton’s method treats the x-intercept of this line as the next guess point to approach the root:

f(x)
f'(x)

Xi+1 = Xi — (5.24)

Given an initial guess x,, Equation (5.24) can be used to generate a sequence of points iteratively,
which finally converge to the root of function (if the convergence conditions are satisfied). For the

system of equations F(x) = 0, a similar form of iterative equation can be derived:
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Xip1 = X — J(x) 7' F(x;) (5.25)

where J(x) denotes the Jacobian matrix of F(x) [107]. By choosing a good initial guess xq,

Equation (5.25) can be applied iteratively to get the approximate root of the equation system.

5.4 Experience and Improvement

In the previous subsections, we discussed Euler method and the finite difference method
with Newton’s method to solve the ordinary differential equations. The Euler method is easy to
implement, when the differential equation is with initial condition, we can first try the Euler
method. If the differential equation is with boundary condition, like Dirichlet or Neumann
boundary conditions, the Shooting method can be considered.

For some complicate differential equations that contains some terms changing rapidly in
the range, Euler method may fail to converge since it is numerically unstable. In this case, we
should switch to consider the finite-difference method. This method works for various types of
boundary conditions.

One difficulty for finite-difference method is how to set up appropriate initial guess
required by Newton’s method[98], [105]. The strategy is to choose a guess vector that is as close
to the target solution as possible. For example, in our short-channel non-GCA model, when the
drain bias is low, the potential 1 (y) doesn’t change rapidly in large part of the region and its value
range is small (e.g., 0.55~0.65V). The upper bound is ¥ (0) and Y (L) given by Equation (2.6);

the lower bound is:
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L\ kT [2Cin,(Vys —V2)
—)=—"In 5.26
I/J( ) q [ qn;t; ( )

We can set a constant initial guess Yinitia () = C;, where C; is a constant that is between
Y (0) (or (L)) and P G) Since most part of the derivative of potential % and quasi-Fermi
potential V(y) are small in the low drain bias, we can also set a constant initial guess for

(%)' " (y) = €, and V1101 () = C3, where C, and C5 are constants of a small value (e.g., <
mmitia

1073). However, those constant initial guesses are unable to work for high drain bias cases. The
strategy is to use the result of previous bias point as the initial guess of the current I, point. For
example, if we have solved the ¥ (y) and V(y) at I = 5 X 10734 /um, then we can use those
result as initial guess of I = (5 + C,) X 10734 /um, where C, is a small increment of 1.

Another problem is how to select an appropriate increment of I;5. When the increment of
I, 1s too large, Newton’s method will fail to converge to a correct solution based on the initial
guess from the previous bias point, since the 1 (y) and V (y) change a lot with respective to a small
variation of I;;; When the increment of I;; is too small, it is time-consuming and resource
expensive since it has to repeat the solving process for more ;5 points than necessary. The strategy
is to first set a large value of 15 increment, if it doesn’t work, then try a smaller increment until it
works.

The final question is the implementation of finite difference method is cumbersome. Given
a coupled differential equation set, we have to discretize the domain, convert the equations and
boundary conditions into system of equations. In Newton’s method, we are also required to write
down the Jacobian matrix explicitly. It is easy to make mistake in the implementation process. It

is good to know that the finite-difference method and Newton’s method have been packaged as
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built-in functions in some software, like MATLAB. We can use those function (e.g., bvp4c and

bvpSc in MATLAB[57]-[61]) directly to carry out calculations.

5.5 Summary

In this Chapter, we discussed two useful methods for solving differential equations system
in the models. Euler method is simple but numerically unstable. It is applicable to the problem
with initial condition, rather than boundary conditions. Finite-difference method converts the
ordinary differential equation sets into system of equations, which can be solved by Newton’s
method. It is powerful but requires appropriate initial guess. Some tradeoff considerations and

strategy suggestion based on our experience are provided.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this dissertation, a short-channel non-GCA model framework is developed for DG
MOSFETs by taking into account the encroachment of the source and drain bands into the channel.
Interesting physical insights are obtained from the model: At low drain case, the source-drain
encroachment effect results in a gate-dependent reduction of channel resistance, which is stronger
at low gate voltage overdrive and weaker at high gate voltage overdrive; At high drain case, the
intersection between the encroachment of source-drain bands (carrier spillover) and the gate-
controlled channel potential gives rise to a point of “virtual cathode” at a small distance from the
source; The effect of depletion in the source and drain region plays an important role on the channel
potential in the short channel device at the scale of L = 10nm. The effect of the source-drain series
resistance has been discussed. By incorporating the velocity saturation effect, the I;; — V5 and
lgs — Vs characteristics are generated by the model and shown to be in good agreement with
TCAD simulations.

We also apply the short-channel non-GCA model to bulk and the ground plane MOSFET.
It shows that junction depth is an additional parameter that affect SCE of bulk MOSFETs, which
is not taken into account in the short-channel non-GCA model for DG MOSFETs. The charge

sheet model is not accurate enough to fit parameters like Cjy,,,, V; for long channel MOSFETs and
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a modified charge sheet model is developed. For practical junction depths like x; = 25nm, the

model tends to underestimate the short channel effects.

6.2 Future Work

This work provides a useful I —V model framework for modeling the above threshold
behavior for short-channel DG MOSFETs. Some importance effects in the short-channel device,
such as the source-drain encroachment effect, the effect of the depletion in the source and drain
region, and the source-drain series resistant effect, are taken into account and good results are
yielded. However, there are several aspects that can be further improved in the future works:

(1) This model is only applicable for above threshold region, it is worthwhile to extend it
to cover the subthreshold region so that an all-region model can be constructed.

(2) When the physical dimension of the device shrinks into the deep nanometer regime, the
quantum effect become prominent. It is good to incorporate the quantum effect into the model.

(3) When solving the model, we still have to carry out tedious numerical calculation, which
is time consuming and resource expensive. Another improvement is to derive an analytic model

that can be used in the practical EDA tools.
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