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Abstract: A temperature-dependent model for threshold voltage and potential distribution of fully depleted silicon-on-

insulator metal-oxide-semiconductor field-effect transistors is developed. The two-dimensional potential distribution func-

tion in the silicon thin film based on an approximate parabolic function has been applied to solve the two-dimensional

Poisson’s equation with suitable boundary conditions. The minimum of the surface potential is used to deduce the threshold

voltage model. The model reveals the variations of potential distribution and threshold voltage with temperature, taking in-

to account short-channel effects. Furthermore,the model is verified by the SILVACO ATLAS simulation. The calculations

and the simulation agree well.
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1 Introduction

Fully depleted (FD) silicon-on-insulator (SOI)
metal-oxide-semiconductor  field-effect
(MOSFETs) have become very attractive due to their

transistors

superior immunity to short-channel effects (SCEs)"",
ideal subthreshold characteristics'®/, and kink effect
immunity'® . There have been many related reports on
the modeling of this device. Hou et al.'" reported a
model for the two-dimensional (2D) potential distri-
bution function of SOI-MOSFETs by using the Green
function technique. Chiang et al.'® solved the 2D
Poisson’ s equation through the superposition tech-
nique. Despite the accuracy of these models, they in-
volve infinite series, which increase the mathematical
complexity. Young’s model has proposed the
parabolic function distribution of potential in the sili-
con thin film. Subsequently, many improved models
for FDSOI MOSFTs have been developed based on
Young’s assumption'® . However, none of these mod-
els includes temperature influence. SOI devices are i-
deal high-temperature electronic devices, which have
extensive applications in the military, for automo-
biles,and in nuclear industries, where operating in a
high temperature environment is common"*" . In this
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paper.a model of potential distribution and threshold
voltage for FDSOI MOSFETs over a wide tempera-
ture range from 300 to 600K is proposed. The parabol-
ic function distribution of potential in the silicon thin
film is adopted. The potential distribution at the front
oxide/silicon thin film layer interface has been ob-
tained by solving 2D Poisson’s equation with suitable
boundary conditions. Moreover, the threshold voltage
model can be derived according to the minimum of
the front surface potential distribution,taking into ac-
count of short-channel effects. The results of this ana-
lytical model are found to be in good agreement with
the simulation results obtained by SILVACO ATLAS
simulation software.

2 Analytical model and simulation

2.1 Potential distribution analysis

The schematic structure of an FDSOI nMOSFET
is shown in Fig. 1. The silicon thin film under the
front gate oxide is completely depleted. The two-di-
mensional potential distribution ¢ (x, y, T) in this
fully depleted silicon film can be obtained by solving
the 2D Poisson’s equation. Assuming that the impuri-
ty doping density is uniform in the channel region,the
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Fig.1 Cross-sectional schematic of an SOI device

two-dimensional Poisson’ s equation, including the
temperature factor,can be expressed as

PP(x,y, T PYlx,y,T N.

¢(axzy ) n gb(ayzy ) _ %

0 x<Tg,.0y<L (D

where T is the absolute temperature, N, is the doping

concentration in silicon thin film, g is the electron

charge,eg; is the permittivity of silicon thin film, T is

the thickness of the silicon thin film, and L is the

channel length. The potential distribution in the sili-

b

con thin film can be approximated by a parabolic
function.
J(xsy.T) = a,(y,T)+a,(y, T)x + a,(y,T)x*
(2)
where a, (y, T),a, (y, T),and a, (y, T) are the
functions of y and T,which may be determined by u-
sing the following boundary conditions:
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where ¢¢(y,T) and ¢,(y,T) are the potential distri-
bution function at the front interface between the
gate oxide and the silicon thin film and the potential
distribution function at the back interface between
the silicon thin film and buried oxide layer, respec-
tively. eox is the permittivity of the gate oxide, and
Tix and Ty, are the thickness of the front gate
and back gate , respectively. Vi (T) and Vg (T)

(Cfox/CSi + Cfox/cbox> ngeff(T) + ngeff(T) B (1 + Cfox/CSi + Cfox/cbox)(,bf(y’ T)

are the effective bias voltage of the front gate and
back gate,respectively,which is given by
Viert (T) = Vg = Vi (T) D)
Vet (T) = Vsup = Vi (1) (8
where V, is the front gate bias voltage,and Vg is the
bias voltage of substrate silicon. Vg (T) and Vg, (T)
are the flat-band voltages for the front gate oxide and
the buried oxide,respectively,which can be given by

: . E,(T)

Vi (T) = 4 = (5 + T FHCD) )+ (O
_ kT, (Nsus

Viw(T) = * In( N ) (10)

where ¢y is the modified metal work function. y is
the modified electron affinity, k is the Boltzmann
constant, Ngyg is the doping concentration of the sili-
con substrate,and 7 is a fitting parameter. £, (T) is
the band gap energy dependent on the temperature,
which is given by™

3000 T
300 + 636 T + 636)

(1D
$:(T) is the Fermi potential of the silicon thin film,
which is given by

E,(T)=1.08 +4.73 x 10" X (

kT

$(T) = —1n( (12)
q

N, )
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where n;(T) is the intrinsic concentration depending

on temperature, which is given by*

n,(T) =«/NC(T)NV(T)cxp[— E;,i?] (13)

where Nc(T) and Ny (T) are the effective density of
states for electrons and holes, which are given by

1.5

Ne(T) = (3TT0) NC300 (14)
1.5

Ny(T) = (%) NV300 (15)

where NC300 and NV300 are 2.8 X 10" and 1. 04 X
10" cm™*,respectively.

Using Eqs. (3) ~ (6) as boundary conditions in
Eq.(2), a,(y.T) ,a,(y,T),and a,(y,T) can be
determined by

ag(ny) =

where Ci,» Cs-and C,,, represent the capacitances of
the front gate oxide,the silicon thin film,and the bur-

€ox &si  €ox

T tox ’ T ’ Toox
Substituting Eqgs. (16) and (17) into Eq. (2),the

2D potential distribution function ¢(x,y, T) can be

expressed in terms of the front surface potential dis-

ied oxide are given,respectively, by

a,Cy.T) = ¢ (y.T) (16

a,(y,T) = X x G (ysT) = Ve (T) an
Esi Tfox

(18)

T5(1 + 2Cs/Cuoo)

tribution function ¢;(y, T). The front surface poten-
tial function may be derived by solving the 2D Pois-
son’s equation:

¢ Cy, T)
dy*
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— i (v, T) = B(T) (19

(20)
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where 7y is given by

2 Cix + 2Cy
|:Tbox<¥
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(22)
Differential equation (19) can be solved by using the
following boundary conditions:

gbt(Og T) = ¢b,<T) (23)
¢f(L9T) = Vds + ‘]Sb,(T) (24)

where 6, (T) is the built-in potential across the body-
source junction,which is given by

¢ (T) = ﬂl (,,]:{Zd(];]"d;>

where Ny is the doping concentration of the drain

25
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by T) = BT $a(T) + Vo + B(TD)/as = [ (T) + B (T)/as Jexp(= Var L) expl— Var(L — y)] +
ar 2sh(y/ar L)
206, (T) + B (T) /e Jsh(Jar L) — $5(T) — Vo = B (T) /s + (3 (T) + B (T) /ap)exp(— /a; L) (26)
2sh(Var L)

Figure 2 illustrates the front surface potential
distribution along the channel length at different tem-
peratures at a small drain voltage bias (0.1V). The
front surface potentials increase with temperature at
the same position in the channel region because, when
the temperature increases, the intrinsic concentration
increases and the Fermi potential decreases™’ .

Figure 3 shows the front surface potential distri-
bution along the channel length with different gate
lengths. The difference in potential minimum is clear.
The devices with short channel length have higher po-
tential minimums compared to devices with long
channel length. We ascribe this difference to the
short-channel effects in small devices''’. As the drain
bias voltage increases,the front surface potential min-
imum also increases owing to drain-induced barrier
lowering (DIBL).
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2.2 Threshold voltage model

Threshold voltage is an important parameter in
devices. Several models for threshold voltage have
been proposed’' ). Veeraraghavan et al." formu-
lated a charge sharing model predicting an L'
threshold voltage dependence. However, this model
[12] de-
veloped the threshold voltage model by solving the
two-dimensional (2D) Poisson’s equation with com-
plicated mathematical operations. In this work,a sim-
ple analytical model for threshold voltage is derived
based on the approach suggested by Young’s model,
which takes the temperature factor into account.

Threshold voltage is defined as the gate voltage
where the minimum surface potential is 2¢;. The mini-
mum surface potential can be obtained by solving the
dge Cy, T)

dy

assumes a constant surface potential. Guo et al.

equation = 0. The minimum surface poten-

tial can be obtained by

G (T) == B {[%(T) L BT
arf Qs
(B (T) + Vo + 3* )x6xp<—¢;u]
[Sbbi(T) + Vi +M — ($(T) +M) y
afg ar
exp(—ﬁu} T _exp(= Va L/
1= exp(= 2 Va: L)

Therefore, the threshold voltage of devices with
long channel length can be obtained,in which the sec-
ond term of Eq. (27) is omitted:
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On the other hand, for the devices with short
channel length,the second term of Eq. (27) cannot be
omitted, so the following approximation is used:

exp( — v/a; L)<<1. The threshold voltage can be solved
by using a Newton iteration. Figures 4 and 5 display
the threshold voltage versus channel length at differ-
ent temperatures, with T = 40nm and T = 100nm,
respectively. The threshold voltage decreases as the
temperature increases because the minimum surface
potential increases as the temperature increases,as il-
lustrated in Fig. 2.

Figure 6 shows the threshold voltage difference
AV between the long channel (2pm ) and the short
channel (0.1pm) at different temperatures. The
short-channel effects are suppressed when the tem-
perature increases if the silicon film is thick (T =
100nm) . Otherwise, when the silicon film is com-
pletely depleted (T = 40nm and T = 20nm), the
short-channel effects become severe as the tempera-
ture increases. This is because the ratio of the charge
controlled by the gate increases as the temperature
increases for thick silicon film devices, while it is re-
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Fig.5 Threshold voltage versus gate length at different tem-
peratures with T's; = 100nm
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duced for thin silicon film devices.

Figure 7 displays the simulated threshold voltage
versus temperature for different thickness of the sili-
con film. The threshold voltage decreases as the tem-
perature increases. The sensitivity of the threshold
voltage to temperature decreases for thinner silicon
film ,due to the better coupling between the front gate
and the back gate.

3 Conclusions

Analytical models for the front surface potential
distribution and the threshold voltage for SOI MOS-
FETs have been presented in this paper. These models
include the temperature influence. The analytical
models are verified by the simulation software SIL-
VACO TCAD. Good agreement is obtained between
the model and the simulation. To the best of our
knowledge ,other related models proposed in the liter-
ature have not considered the temperature factor and
involve too many fitting parameters. This model is
predictive for the design of SOI devices at different
temperatures.
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Fig.7 Simulated variations of threshold voltage with tempera-
ture, for different thicknesses of silicon film
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