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The two-dimensional models for symmetrical double-material double-gate (DM-DG) strained Si (s-Si) metal–oxide
semiconductor field effect transistors (MOSFETs) are presented. The surface potential and the surface electric field ex-
pressions have been obtained by solving Poisson’s equation. The models of threshold voltage and subthreshold current
are obtained based on the surface potential expression. The surface potential and the surface electric field are compared
with those of single-material double-gate (SM-DG) MOSFETs. The effects of different device parameters on the threshold
voltage and the subthreshold current are demonstrated. The analytical models give deep insight into the device parameters
design. The analytical results obtained from the proposed models show good matching with the simulation results using
DESSIS.
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1. Introduction
As metal oxide semiconductor devices have been scaled

down continuously, the channel length has been shortened, and
how to suppress the short channel effects (SCEs), the drain in-
duced barrier lowering (DIBL) effect and increasing the car-
rier transport efficiency becomes an attractive problem.[1–3] It
becomes obligatory to find out the solution of this problem to
improve the device performance. Many reports show that the
mobility of the charge carriers can be enhanced through the
strain technology.[4,5] A strain can result in an enhanced mo-
bility, a modified lattice constant of the material, and an energy
band structure to trap carriers. Thus, strained Si (s-Si) metal–
oxide semiconductor field effect transistors (MOSFETs) have
received a great deal of attention.[6] However, the higher de-
gree of impact ionization leads to the higher density of inter-
face traps which in turn degrades both DIBL and SCEs.[7]

Double-gate (DG) and multi-material gate MOSFET
structures can suppress the SCEs and DIBL in an excel-
lent way. Many theoretical and experimental studies have
reported that the DG device has excellent short-channel
effect immunity, an ideal subthreshold factor, and high
transconductance.[8–10] Multi-material gate MOSFET struc-
tures, like double-material gate (DMG) MOSFETs, are pro-
posed to suppress SCEs. These structures have two or three

metals in the gate with different work functions.[11] Long et al.
first proposed the DMG MOSFET structure,[12] and demon-
strated that the novel structure can increase the carrier trans-
portation efficiency and suppress SCEs. The DMG structure
can improve the device performance.

In light of these facts, for the first time, we present the
two-dimensional models of threshold voltage and subthresh-
old current for symmetrical DM-DG s-Si MOSFET by incor-
porating the double-material double-gate concept into the bi-
axially strained channel device. By solving Poisson’s equa-
tion, the surface potential can be obtained. The proposed mod-
els are derived based on the surface potential. In the channel
region, Poisson’s equation is solved by the parabolic approxi-
mation method with suitable boundary conditions.[13] The ef-
fects of various device parameters on the threshold voltage and
the subthreshold current are demonstrated. Different length ra-
tios are optimized to minimize the SCEs and the leakage cur-
rent of the device. The derived analytical models give results
that agree well with those of the 2D device simulator DESSIS.

2. Model formulation
The device structure is shown in Fig. 1. The gate is as-

sumed to consist of two different metals, which have different
work functions W1 and W2, known as the control gate and the
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screen gate whose corresponding lengths are L1 and L2. For
nMOSFETs, the work function W2 of M2 is smaller. Here,
W1 = 4.70 eV, W2 = 4.35 eV, ts−Si is the thickness of the s-
Si film, tox is the thickness of the gate oxide, and gate length
L = L1+L2. The channel is divided into two different regions,
region I and region II.

 

S D 

x 

y 

(0,0) 

region I region II 

 

M1 M2 

M1 M2 

SiO2

SiO2

L1 L2

ts-Si

tox

tox

Fig. 1. Schematic diagram of symmetrical DM-DG s-Si MOSFET.

2.1. Surface potential model

The whole potential distribution is divided into the two
regions in the s-Si layer. The potentials ϕ1 and ϕ2 belong to re-
gion I and region II, respectively. The x axis and the y axis are
parallel and perpendicular to the channel, respectively. Pois-
son’s equation in the two regions can be written as[13]

∂ 2ϕ1(x,y)
∂x2 +

∂ 2ϕ1(x,y)
∂y2 =

qND

εSi
,

0≤ x≤ L1,0≤ y≤ ts−Si, (1)
∂ 2ϕ2(x,y)

∂x2 +
∂ 2ϕ2(x,y)

∂y2 =
qND

εSi
,

L1 ≤ x≤ L,0≤ y≤ ts−Si, (2)

where q is the electronic charge, ND is the doping concentra-
tion in the channel, and εSi is the dielectric constant of the s-Si
film.

The potential of the s-Si layer in the vertical direction can
be approximated as[13]

ϕ j(x,y) = ϕS j(x)+C j1(x)y+C j2(x)y2, j = 1,2. (3)

The coefficients C j1(x) and C j2(x), j = 1,2 are functions of
x only. Due to the symmetry, we use the following boundary
conditions to solve Poisson’s equation.

(i) The electric flux at the interface of SiO2/s-Si in the
front gate is continuous

∂ϕ j(x,y)
∂y

∣∣∣∣y=0 =
εox

εSi
·

ϕS j(x)−VGS +(VFB j)s−Si

tox
, j = 1,2,

(4)

where εox and tox are the dielectric constant and the thickness
of the gate oxide, respectively, (VFB1)s−Si and (VFB2)s−Si are

the flat-band voltages for the control gate and the screen gate
in the s-Si layer, respectively, and

(VFB j)s−Si = (VFB j)Si +∆VFB,f, j = 1,2,

(VFB j)Si = ϕM j−
(

χSi

q
+

Eg,Si

2q
+VT ln

(
ND

ni,Si

))
, j = 1,2,

∆VFB,f =
−(∆EC)s−Si

q
+

(∆Eg)s−Si

q
−VT ln

(
NV,Si

NV,s−Si

)
,

(∆EC)s−Si = 0.57Z,

(∆Eg)s−Si = 0.4Z,

VT ln
(

NV,Si

NV,s−Si

)
=VT ln

(
m∗h,Si

m∗h,s−Si

)3/2

≈ 0.075Z.

In the above equations, (∆EC)s−Si is the increase value of elec-
tron affinity of silicon due to the strain, (∆Eg)s−Si is the de-
crease value of bandgap of silicon due to the strain, and Z is the
strain of Ge mole fraction in the relaxed SiGe butter layer.[14]

(ii) The potential and the electric field at the interface of
both regions are continuous

ϕ1(L1,0) = ϕ2(L1,0), (5)
dϕ1(x,y)

dx
|x=L1 =

dϕ2(x,y)
dx

|x=L1 . (6)

(iii) The potentials at the source and the drain ends are

ϕ1(0,0) = ϕS1(0) =Vbi,s−Si, (7)

ϕ2(L1 +L2,0) = ϕS2(L1 +L2) =Vbi,s−Si +Vds, (8)

where Vbi,s−Si is the built-in voltage across the source–channel
or drain–channel junctions in the s-Si layer.

By applying Eq. (4) and

dϕ j(x,y)
dy

∣∣
y=ts−Si/2 = 0,

under the symmetry condition of the structure, the expression
for the channel potential can be obtained. Substituting the
channel potential into Eqs. (1) and (2), and setting y = 0, one
obtains the equation of the surface potential in the two doping
regions

d2ϕS j(x)
dx2 − 1

λ 2 ϕS j(x) = D j, j = 1,2, (9)

with

λ
2 =

εSitoxts−Si

2εox
,

D j =
qND

εSi
− 1

λ 2 VGS +
1

λ 2 (VFB j)s−Si, j = 1,2.

Equation (9) is second-order non-homogenous differen-
tial, and the solutions can be written as

ϕS1(x) = Aex/λ +Be−x/λ −λ
2D1, 0≤ x≤ L1, (10)

ϕS2(x) =C ex/λ +De−x/λ −λ
2D2, L1 ≤ x≤ L. (11)
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Using the boundary conditions of Eqs. (5)–(8), the coefficients
A, B, C, and D can be solved as

A =
P2 eL/λ −P1

e2L/λ −1
, (12)

B =
P1 e2L/λ −P2 eL/λ

e2L/λ −1
, (13)

C = A− σ1−σ2

2
e−L1/λ , (14)

D = B− σ1−σ2

2
eL1/λ , (15)

where

P1 = λ
2D1 +Vbi,s−Si,

P2 = (λ 2D2 +Vbi,s−Si +VDS)+(σ1−σ2)cosh(L2/λ ),

σ1 =
λ 2qND

εSi
+(VFB1)s−Si,

σ2 =
λ 2qND

εSi
+(VFB2)s−Si.

The control gate region which has the higher work func-
tion mainly monitors the threshold voltage of the device. So
the threshold voltage is determined by ϕS1min.

By solving dϕS1(x)/dx = 0 defined in Eq. (10), the posi-
tion of the minimum surface potential can be calculated as

x1min =
λ

2
ln
(

B
A

)
. (16)

The minimum surface potential can be estimated as

ϕS1min = 2
√

AB−λ
2D1. (17)

The electric field pattern along the channel determines the
electron transport velocity. The surface electric fields in region
I and region II are given respectively by

E1(x) = (A/λ )ex/λ − (B/λ )e−x/λ , (18)

E2(x) = (C/λ )ex/λ − (D/λ )e−x/λ . (19)

2.2. Threshold voltage model

The conventional definition of threshold voltage of MOS-
FETs is the gate source voltage at which ϕSmin = 2ϕF,Si, where
ϕF,Si is the difference between the extrinsic Fermi level in the
bulk region and the intrinsic Fermi level.[14] By considering
the effect of strain, the threshold condition of the front gate for
the present symmetrical DM-DG s-Si MOSFET is modified
as[14,15]

ϕS1min = ϕth, (20)

where

ϕth = 2ϕF,Si +∆ϕs−Si,

∆ϕs−Si =
−(∆Eg)s−Si

q
+VT ln

(
NV,Si

NV,s−Si

)
.

Substituting Eq. (20) into Eq. (17), we obtain the threshold
voltage

Vth =
−b+

√
b2−4ac

2a
, (21)

where

ξ = eL/λ ,

a = 4ξ (ξ −1)2− (ξ 2−1)2,

b = 2(ξ 2−1)2(σ1 +ϕth)−4(ξ −1)(V1 +ξV2),

c = 4V1V2− (ξ 2−1)2(σ1 +ϕth)
2,

V1 = (Vbi,S−Si +σ1)ξ
2− (Vbi,S−Si +Vds +σ2)ξ

+ (σ2−σ1)ξ cosh
(

L2

λ

)
,

V2 = −(Vbi,S−Si +σ1)+(Vbi,S−Si +Vds +σ2)ξ

− (σ2−σ1)ξ cosh
(

L2

λ

)
.

2.3. Subthreshold current model

The diffusion phenomenon mainly determines the sub-
threshold current which is proportional to the carrier concen-
tration at the position of the minimum channel potential. By
applying the methodology used in Ref. [16], the subthreshold
current can be expressed as

IDS = K
∫ ts−Si

0
eϕ1min(y)/VT dy, (22)

where K = (qµnWVTn2
i /LND)(1− e−Vds/VT), µn is the mobil-

ity of electron,[15,17] VT is the thermal voltage, and W is the
width of the MOSFET. For the symmetric structure, the in-
tegral in Eq. (22) is divided into two parts along the channel
thickness by the point ym = (1/2)ts−Si as[16]

IDS = K
∫ ts−Si/2

0
eϕ1min(y)/VT dy

+ K
∫ ts−Si

ts−Si/2
eϕ1min(y)/VT dy. (23)

It is considered that ϕ1min(y) varies linearly in both sections
(0 ≤ y < ym and ym < y ≤ ts−Si). After some simplifications,
the subthreshold current can be written as

IDS = 2
KVT

Ef
(eϕm/VT − eϕ f

m/VT), (24)

where Ef = 2(ϕm − ϕ f
m)/ts−Si represents the constant elec-

tric field, ϕ f
m = ϕ(x1min,0) represents the minimum poten-

tial at the interface between s-Si film and SiO2 layer, and
ϕm = ϕ(x1min, ts−Si/2) is the minimum potential.
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2.4. Results and discussion

In this paper, the analytical results obtained from the de-
rived models are compared with the numerical simulation re-
sults using DESSIS. The doping concentration of the source–
drain contact regions is NDS = 1× 1020 cm−3. The device
is simulated by using the drift-diffusion model for the carrier
transport and the field-dependent mobility model because of
the high electric fields in the device.

Figure 2 shows the surface potential along the channel
length for different drain–source voltages. It can be observed
that the minimum surface potential is located in the region un-
der the control gate. A potential step exists near the interface
of the two different gates for DM-DG MOSFET in compari-
son with single-material double-gate (SM-DG) MOSFET. It is
the extra potential step that can increase the carrier transport.
Because of the step potential, the additional drain voltage in-
crease is absorbed under region II. In other words, region I is
screened from the varied drain potential. Consequently, the
drain voltage has little influence on region I. So the proposed
novel structure can suppress the SCEs.
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Fig. 2. (color online) Surface potentials in DM-DG and SM-DG MOS-
FETs with various drain voltages.

Figure 3 shows the surface electric fields in DM-DG s-
Si MOSFET and SM-DG s-Si MOSFET. It can been observed
that a peak electric field exists at the interface of region I and
region II for the DM-DG s-Si MOSFET compared with the
SM-DG s-Si MOSFET, which can increase the carrier mobil-
ity.

Figure 4 displays the threshold voltage for the proposed
novel device with different strain Z. It is seen that the higher
the Ge mole fraction Z, the lower the threshold voltage. The
reason may be that the flatband voltage decreases, the built-in
potential barrier in the source /drain-body decreases, and the
inversion caused by the decrease in ϕth has an earlier onset. It
can also be found that SCEs become apparent, and there is a

sharp decrease when the channel length is below about 60 nm.
This is due to the reason that the gate–source/drain charge
sharing and source/drain–body depletion region becomes cru-
cial for such short channel lengths.
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Fig. 3. (color online) Surface electric fields in DM-DG and SM-DG s-Si
MOSFETs.
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Fig. 4. (color online) Threshold voltages with different strains.

Figure 5 shows the threshold voltage against the channel
length at various control-to-screen gate length ratios (L1 : L2).
It can be observed that the threshold voltage increases with in-
creasing gate length ratio. It is demonstrated that the higher
gate length ratio induces the higher channel barrier height. It
also validates that the device has better suppression of SCEs
with a higher gate length ratio.

Figure 6 investigates the subthreshold current character-
istics for different strains, keeping the other parameters con-
stant. The subthreshold current is higher for the higher strain.
It may be attributed to that the built-in potential barrier be-
tween the channel and the source decreases.[7] Note that the
model is developed for the subthreshold regime only, therefore
there exists a large discrepancy between the present model and
the simulation results for higher gate to source voltage.
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Figure 7 analyses the effect of gate length ratio L1 : L2

on the subthreshold current characteristics. The higher gate
length ratio helps to reduce the leakage current effectively.
This may be attributed to the fact that the source/channel bar-
rier height increases with an increase in the length of the con-
trol gate. Furthermore, the higher gate length ratio can in-
crease the slope of the subthreshold current, indicating the
switching characteristics are being improved.

3. Conclusion
The two-dimensional models of threshold voltage and

subthreshold current for symmetrical double-material double-
gate strained Si MOSFETs have been presented. The surface
potential has been obtained for a different drain voltage. A
detailed analysis of the impact of various device parameters
on the threshold voltage and the subthreshold current has been
given. It is demonstrated that the threshold voltage decreases
and the subthreshold current increases with increasing strain.
The leakage current and SCEs can be controlled desirably by
increasing the gate length ratio. The analytical models give
accurate results as compared to the simulations. The analyti-
cal models give valuable references to the physical parameter
design.
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