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A subthreshold current of fully-depleted (FD) silicon-on-insulator (SOI) metal–oxide–semiconductor field effect transistors (MOSFETs) with

vertical Gaussian profile is presented in the paper. The model is based on analytical approximated solution of two-dimensional Poissons’ equation

and Boltzmann transport equation. The front and the back channel currents are effectively derived using a novel inversion layer model and the

boundary conditions which take the nonuniform doping into account. The results are matched well with the numerical simulation results obtained

by Sentaurus Technology Computer-Aided Design (TCAD). The model is believed to provide a deep physical insight and understanding of FD-SOI

MOSFETs with a non-uniform doping profile operating in the subthreshold regime. # 2012 The Japan Society of Applied Physics

1. Introduction

With the size scaling down, metal–oxide–semiconductor
field effect transistors (MOSFETs) operated in subthreshold
region have played an ever increasingly important role in
low power consumption and high energy efficiency appli-
cations.1,2) Fully-depleted (FD) silicon-on-insulator (SOI)
MOSFETs have attracted considerable attention due to
their superior short-channel immunity and ideal subthreshold
characteristics. In order to perform a robust design and
get insight to the device physics, compact models which
include the relation between subthreshold current and device
parameters are required. A number of theoretical subthre-
hold current models for SOI MOSFETs3–6) have been
developed based on the classical physics-based formula-
tions. Both the diffusion and the drift components of
subthreshold current, as well as the charge sharing effect
and the drain-induced barrier lowering effect, should be
considered especially for deep submicron SOI MOSFETs.
Analytical two-dimensional (2D) approximation of
Poisson’s equation solution, which describes the potential
distribution in the SOI film, can effectively reflect the charge
coupling between the front- and back-gates in the FD SOI
MOSFETs.7)

One of the fundamental assumptions in most references is
that the SOI film doping concentration is uniform. However,
in practice, it is not easy to keep the channel uniformly
doped throughout the region as the precise control over
doping is impossible. It may well be that the transistor
channel doping profile becomes closer to Gaussian profile in
nature due to many ion implantation stages required during
the fabrication process.7–11) Furthermore, after some of the
fabrication stages like retrograde channel doping in the
vertical channel engineering,12–14) the original implant gets
altered after thermal annealing and the annealed profile
can be nearly assumed uniform in the lateral direction and
nonuniform in the vertical direction. The Gaussian distribu-
tion is the most general doping profile from which a number
of different doping profiles can be derived by varying the
projected range, Rp, and the projected deviation, �p of the
Gaussian function.

In this paper, an analytical subthreshold current is
developed for FD SOI MOSFETs with vertical Gaussian

profile based on the analytical solving of the 2D Poisson’s
equations. During the calculation of inversion layer thick-
ness in the subthreshold regime, the total number of electron
corresponding to the non-uniform doping profile is con-
sidered. The model results are compared with the simulation
results obtained by the Sentaurus Technology Computer-
Aided Design (TCAD) device simulator.

2. Model Derivations

The device structure under consideration is shown in Fig. 1.
tsi is the silicon film thickness, NBðxÞ is the variable doping
concentration in p-type SOI film, toxf is the forward oxide
thickness and toxb is the buried-oxide thickness, tsub is sub-
strate thickness. The doping profile in the vertical direction
of the channel, NBðxÞ, is assumed to be a Gaussian function

NBðxÞ ¼ Np exp � 1

2

x� Rp

�p

� �2
" #

ð1Þ

where Np is the peak concentration of the vertical Gaussian
doping profile.

The device characteristics were simulated using the
2D numerical device simulator Sentaurus TCAD. As the
subthreshold current is too small, the logarithmic IDS–VGS

curve (at some small VDS) is required.
As we derived in ref. 7, the back surface potential �b and

the front surface potential �s have been obtained through
solving the 2D Poisson’s equations:

Fig. 1. Cross section of simulated structure.
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�bðyÞ ¼ V 0
GS þ V1 þ �S sinh½ðLG � yÞ=�b� þ �D sinhðy=�bÞ

sinhðLG=�bÞ ; ð2Þ

�sðyÞ ¼ V 0
GS þ V2 þ �S sinh½ðLG � yÞ=� f� þ �D sinhðy=� fÞ

sinhðLG=� fÞ ; ð3Þ

V1 ¼ � ð�toxf þ tsiÞðV 0
GS � V 0

subÞ
ð�toxf þ �toxb þ tsiÞ � ��2

ptoxbð�toxf �DÞ½expð�A2Þ � expð�B2Þ�
ðDþ RpÞð�toxf þ �toxb þ tsiÞ

qNp

"si
; ð4Þ

V2 ¼ � �toxfðV 0
GS � V 0

subÞ
�toxf þ �toxb þ tsi

� ��2
ptoxfð�toxb þ tsi þDÞ½expð�A2Þ � expð�B2Þ�

ðDþ RpÞð�toxf þ �toxb þ tsiÞ
qNp

"si
; ð5Þ

where

� ¼ "si
"ox

;

V 0
GS ¼ VGS � VFB;

V 0
sub ¼ Vsub � VFBsub;

A ¼ tsi � Rpffiffiffi
2

p
�p

;

B ¼ � Rpffiffiffi
2

p
�
;

D ¼
ffiffiffi
2

p
�p½expð�A2Þ � expð�B2Þ�ffiffiffi

�
p ½erfðAÞ � erfðBÞ� � Rp:

"si and "ox are respectively the dielectric permittivity
of silicon and SiO2. VFB is the surface flat-band voltage,
and VFBsub is the flat-band voltage between the back channel
and the substrate. �b and � f are the characteristic lengths
associated with �b and �s and can be written as

�2
b ¼

�toxbð�toxf �DÞ
2ðDþ RpÞð�toxf þ �toxb þ tsiÞ � f2�

2
p½1� expðA2 � B2Þ� þ ðDþ RpÞtoxbg; ð6Þ

�2
f ¼

�ftoxf�2
pð�toxf þ �toxb þ tsiÞ½2��2

btoxb þ ðtsi þDÞð2�2
b � t2oxbÞ�½expðB2 � A2Þ � 1� þ �2

bt
3
oxbð�toxf �DÞðDþ RpÞg

ðDþ RpÞð�toxf þ �toxb þ tsiÞ½2��2
btoxb þ ðtsi þDÞð2�2

b � t2oxbÞ�
: ð7Þ

The position where potential is minimum in the surface
can be derived as d�=dy ¼ 0. According to eqs. (2) and (3),
we can obtain

ymð�bÞ ¼
�b

2
ln

�S expðLG=�bÞ � �D
�D � �S expð�LG=�bÞ
� �

; ð8Þ

ymð�sÞ ¼
� f

2
ln

�S expðLG=� fÞ � �D
�D � �S expð�LG=� fÞ
� �

: ð9Þ

Substituting eqs. (8) and (9) into eqs. (2) and (3),
respectively, the minimum potential associated with back
surface �bðymÞ and front surface �sðymÞ can be obtained.
According to drift-diffusion approximation,4) the subthres-
hold current density model using the Boltzmann transport
equation can be expressed as

Jn ¼ �nq	n

d�n

dy
¼ �niq	n exp

�� �n

�t

� �
� d�n

dy
; ð10Þ

where 	n is the electron mobility, �n is the electron quasi-
Fermi level, � is the electrostatic potential and �t ¼ kT=q.
Considering the boundary condition, the quasi-Fermi level
of back surface must satisfy

�nbð0Þ ¼ �Bbeff ¼ �t ln

�
NBbeff

ni

�
; ð11Þ

�nbðLGÞ ¼ �Bb þ VDS ¼ �t ln

�
NBb

ni

�
þ VDS; ð12Þ

where NBb is the back surface doping concentration. As
the component of subthreshold current in the back surface
is not dominant, the above approximate boundary condi-
tion is acceptable. But in the front surface, it must be too
coarse and a more accurate boundary condition should be
considered.

�nsð0Þ ¼ �Bseff ¼ �t ln

�
NBseff

ni

�
; ð13Þ

�nsðLGÞ ¼ �Bseff þ VDS ¼ �t ln

�
NBseff

ni

�
þ VDS; ð14Þ

where

NBseff ¼
Z xmin

0

NBðxÞdx

¼
ffiffiffi
2

p
�pNp erf

xmin � Rpffiffiffi
2

p
�p

 !
� erfðBÞ

" #
;

and xmin is defined as the position of the minimum
potential along the x-axis. According to ref. 7, we can
obtain

erf
xmin � Rpffiffiffi

2
p

�p

 !

¼ � ðV 0
GS � �sÞ erfðAÞ � toxfEb erfðBÞ

V 0
GS � �s � toxfEb

¼ H: ð15Þ

Eb is the electric field at the back channel in buried-oxide
layer side. Using the properties of the error function, the
value of xmin can be derived from eq. (15) through five-stage
Taylor’s series approximation:

xmin ¼
ffiffiffi
2

p
�p

�
H þ �

H3

480
þ 7�2 H5

480

þ 127�3 H7

40320
þ 4369�4 H9

5806080

�
þ Rp: ð16Þ

Substituting eqs. (13) and (14) into eq. (10) and integrat-
ing the resulting equation from source to drain and assuming
the front surface lateral current density Jns is constant, we
can obtain

G. Zhang et al.Jpn. J. Appl. Phys. 51 (2012) 024301

024301-2 # 2012 The Japan Society of Applied Physics



Jns ¼ �q	n�tni exp � �Bs

�t

� �

� 1� exp � VDS

�t

� �� � � Z LG

0

exp � �

�t

� �
dy: ð17Þ

In the long-channel case, the surface potential is constant
and the integral in the denominator of eq. (17) becomes
L expð��s=�tÞ, but for short-channel devices, it will result in
higher drain current. To accomplish the integral in eq. (17),
we give an approximate result asZ LG

0

exp � �s

�t

� �
dy ¼ exp � �sðymÞ � 0:5�t

�t

� �
Leff ; ð18Þ

where Leff is the effective front channel length. The electron
concentration depends exponentially on the electrostatic
potential, the current flow can be considered to have a depth
at which the potential decreases by �t.

15) So we use the
middle potential of the inversion layer to replace the surface
potential here.

Leff is the effective channel length which can be expressed
as6)

Leff ¼ LG � LS � LD: ð19Þ
LS and LD are the positions where the charge is controlled
by the source or the drain, which can be written as

LS ¼ ½Vbis � �sðymÞ�
Eeff1

;

LD ¼ ½Vbis þ VDS � �sðymÞ�
Eeff2

: ð20Þ

Eeff1 and Eeff2 are the effective lateral electric fields at the
front interface between channel and the source, or the drain,
which can be defined as

Eeff1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qNBseff½Vbis � �sðymÞ�

2"si

r

þ f

�

V 0
GS � �sðymÞ

toxf
þ f�

�

Vbis � V 0
GS

toxf
; ð21Þ

Eeff2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qNBseff½Vbis þ VDS � �sðymÞ�

2"si

r

þ f

�

V 0
GS þ VDS � �sðymÞ

toxf
þ f�

�

Vbis � V 0
GS

toxf
; ð22Þ

where

Vbis ¼ �t ln
NBsNSD

n2i
;

NSD is the doping concentration of source and drain. In
calculating these electric fields, the first term is due to the
depletion charge of the abrupt p–n junction, whereas the
second and the third terms are due to the fringing fields with
fitting parameters f
 and f� estimated as in ref. 6. The
channel depth for current flow can be given as16)

ys ¼ Nis

ns
; ð23Þ

where Nis is the total number of electron in the inversion
layer and ns is the electron concentration in the front surface:

ns ¼ ni exp
�sðymÞ � �Bs

�t

� �
: ð24Þ

When neglecting the band bending because of ionized
acceptors, the Poisson’s equation for inversion layer is
expressed as

d2�

dx2
¼ q

"si
n; ð25Þ

where n is the electron concentration. Multiplying the left-
and right-hand sides of eq. (23) by d�=dx and integrating
from some reference position xref to x gives

1

2

d�

dx

� �2

� 1

2

d�

dx

� �2

ref

¼ kT

"si
ðn� nrefÞ: ð26Þ

Using electromagnetic field theory, we obtain

dE

dx
¼ q

"si
n: ð27Þ

Integrating eq. (25) from x to the position xmin where the
potential is minimum, we can get

Exmin
� EðxÞ ¼ q

"si

Z xmin

x

nd dxþ
Z xmin

x

n dx

� �
; ð28Þ

where nd is the concentration of ionized acceptors. As for
electric potential, the xmin is a stationary point. Thus Exmin

is
zero, and eq. (26) can be rewritten as

d�

dx
¼ �EðxÞ ¼ q

"si

Z xmin

x

nd dxþ
Z xmin

x

n dx

� �
: ð29Þ

Substituting eq. (29) to eq. (26), and assuming that xref is
so large that

R xmin

xref n dx ¼ 0 holds and noting that Nd ¼R xmin

x nd dx ¼
R xmin

x NBðxÞdx for FD SOI. So we can approxi-
mately obtain

Nis ¼
Z xmin

0

n dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2

deff þ
2"si�tns

q

s
� Ndeff ; ð30Þ

where Ndeff can be given by

Ndeff ¼
Z xmin

0

NBðxÞdx

¼
ffiffiffi
2

p
�pNp erf

xmin � Rpffiffiffi
2

p
�p

 !
� erfðBÞ

" #
: ð31Þ

Thus the subthreshold current in the front surface can be
expressed as

Ins ¼ ysWq	n�tni expð��Bs=�tÞ½1� expð�VDS=�tÞ�
expf�½�sðymÞ � �t=2�=�tgLeff

; ð32Þ

where W is the channel width. In the same way, the back
surface lateral current density can be expressed as

Jnb ¼ �q	n�tni exp � �Bb

�t

� �

� 1� exp � VDS

�t

� �� � � Z LG

0

exp � �b

�t

� �
dy; ð33ÞZ LG

0

exp � �b

�t

� �
dy ¼ exp � �bðymÞ � 0:5�t

�t

� �
Leffb; ð34Þ

where Leffb is the effective length associated with front
channel.

Note that the electron number in the inversion layer of
back surface is much smaller than that in the front surface.
Using eq. (23) to solve the inversion layer thickness of the
back channel will be inaccuracy. In this case, the inversion
depth of the back surface is modeled by
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yb ¼ �sðymÞ
�bðymÞ

ys: ð35Þ

Thus, the back channel substhreshold current is calculated
as

Inb ¼ ybWq	n�tni expð��Bb=�tÞ½1� expð�VDS=�tÞ�
expf�½�bðymÞ � �t=2�=�tgLeffb

: ð36Þ

Obviously, the total substhreshold current is

I ¼ Inb þ Ins: ð37Þ

3. Results and Discussion

In this section, the analytical results of the subthreshold
current calculated from our model will be compared with the
numerical results obtained by the device simulation software
Sentaurus TCAD.

The subthreshold current variation as a function of gate
voltage is shown in Figs. 2–4 for different doping concen-
trations. The current decreases with the increase of the total
doping concentrations, because of the fact that higher doping
concentration which increases the overall doping level of the
channel makes the source-channel barrier rise and thereby
the diffusion current which is dominant in subthreshold
current is dropped. Further, higher doping concentration also
makes inversion layer harder to form at the same gate
voltage and hence the drift current in subthreshold current
decreases as well. As doping concentration increases, the
current density will drop according to eq. (17). The source–
drain current values for different Np (as shown in Fig. 2)
at VGS ¼ 0:05V are as follows: when Np ¼ 7� 1018 cm�3,
IDS is about 1:1� 10�11 A; when Np ¼ 5� 1018 cm�3, IDS
is about 7:0� 10�10 A; when Np ¼ 3� 1018 cm�3, IDS
is about 5:3� 10�8 A. Note that when Np increases from
3� 1018 to 7� 1018 cm�3, the rising in subthreshold current
is more than three orders in magnitude. Figure 3 shows
the subthreshold current variation as a function of gate
voltage for different standard deviation p of the Gaussian
profile. The subthreshold current decreases with increasing
the standard deviation. According to Fig. 3, IDS values at
VGS ¼ 0:05V for �p ¼ 5 and 8 nm are about 5:4� 10�8 and
2:9� 10�8 A, respectively. In subthreshold regime, com-
pared with p ¼ 8 nm, the value of source–drain current
at �p ¼ 5 nm is about 2 times larger. In Fig. 4 a plot of
the substhreshold current versus the front gate voltage is
made for devices with different projected range values Rp.
The front subthreshold current increases when the projected
range deviates from the value of xmin=2. At the bias
of VGS ¼ 0:05V, the value of subthreshold current for
Rp ¼ 6 nm is about 5:3� 10�8 A, which is less than the
approximate current value 2:2� 10�7 A at Rp ¼ 2 nm by
more than four times. Thus, doping concentration fluctua-
tions can have an important impact on the current. It is
obviously that considering the non-uniform doping concen-
tration profile in short channel device will improve the
accuracy of circuit design.

The dependence of subthreshold current on gate-oxide
thickness toxf has been considered in Fig. 5. Note that
the subthreshold current decreases with increased toxf . The
increase of the gate-oxide thickness can give rise to the
decreasing of the surface electric fields which reduce the

controllability of the gate voltage. In other words, for the
same gate voltage the device with thinker gate-oxide has
less inversion charges in the surface.

Figure 6 shows the subthreshold current variations as a
function of gate voltage for different substrate voltage. We

Fig. 4. Subthreshold current versus gate voltage for different Rp.

Fig. 3. Subthreshold current versus gate voltage for different �p.

Fig. 2. Subthreshold current versus gate voltage for different Np.
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can see that as the substrate voltage enhances, the total
subthreshold current also increases because the back surface
current increased. The results of our model agree with those
of the numerical simulation, which shows the validity of the
proposed analytical model. So with some moditication, the
model can be used for double gate MOSFET.

4. Conclusion

Based on the surface potential function derived for an
FD SOI MOSFET with vertical Gaussian doping profile,

an analytical subthreshold current model is presented here.
Both the diffusion current and the drift current are con-
sidered according to the Boltzmann transport equation. The
front and the back channel currents are effectively derived
through an inversion layer model which is accounted for the
non-uniform doping profile. The model has been verified
by the Sentaurus TCAD numerical simulation results
with different parameters and agrees well with simulated
results. According to the model calculations and the TCAD
numerical simulation results, the derivations of the doping
concentrations affect the subthreshold current significantly.
The model can provide a deep physical insight and under-
standing of FD-SOI MOSFETs with a non-uniform doping
profile operating in the subthreshold regime.
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