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ABSTRACT

We present an analytical calculation for surfacepotential in UTBSOI MOSFETs. The developed surfacepotential calculation advances the previous work in terms
of computational efficiency and accuracy. The surfacepotential can be calculated with independent back-gate
control which is an important requirement for UTBSOI
devices. The accuracy of our surface-potential calculation
is of the order of nano-volts for full range of bias voltage
without use of any empirical or fitting parameter.

the back-gate electric field and then uses perturbation
technique to refine the solution. Although, the solution in
[7] is analytical, the charge at the back-gate is neglected in
[7], which reduces the accuracy. We propose an improved
solution for the surface potential in these devices which has
higher accuracy and increases the computational efficiency
of the model.
The paper is arranged as follows. In section 2, we present
the details of the surface-potential calculations. The
developed calculations are verified by comparing with
numerical solution in section 3. In section 4, we conclude
the paper.
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MODEL DESCRIPTION

1 INTRODUCTION
Recent literature [1,2] makes it very clear that ultra-thin
body silicon on insulator (UTBSOI) devices are being used
at production level by leading semiconductor manufactures
for advanced technology nodes. These devices are attractive
candidates for advanced IC technologies because of their
superior control of short channel effects [3, 4]. They also
offer the interesting possibility of dynamic threshold voltage
control by use of the back-gate bias [5]. In low power and
high performance designs, multiple threshold voltage
devices are needed in the same circuit and typically, this is
achieved by using different channel doping concentrations.
But in case of UTBSOI devices, the same can be achieved
by use of the back-gate bias instead of the channel doping.
This reduces the problem of variability due to random
dopant fluctuations [6]. To explore and exploit the benefits
of UTBSOI transistors, accurate and fast simulation of
circuits based on these devices is required. The accuracy and
speed of such simulations depend heavily on the compact
model used to describe the behavior of the device. This
explains the importance of an efficient and precise compact
model for these devices.
The primary requirements for a compact model of
UTBSOI MOSFETs are analytical nature, accuracy and
preservation of source-drain symmetry. Surface potential
based models are preferred as they are more physical, but
the calculation of surface potential almost always involves
implicit functions, making the analytical solution difficult.
In our earlier work [7], we presented an analytical solution
for surface potential in these devices. The model in [7]
finds the initial solution by a simplifying approximation for
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The calculation of the surface-potential in UTBSOI
devices is based on the 2-dimensional cross-section of the
device shown in Fig. 1. A silicon channel with thickness TSi
is sandwiched between the front- and the back-gate stacks.
The two gate stacks are allowed to have different gate work
functions (Φg1, Φg2), dielectric thicknesses (Tox1, Tox2) and
dielectric constants (ε1 and ε2). The energy-band diagram of
this system at flat-band condition is shown in Fig. 2.
The silicon body is assumed to be fully-depleted and
lightly doped. The threshold voltage in these devices is
controlled by back-gate bias or work-function adjustment,
and low doping in silicon body is used to minimize the
random dopant fluctuation.
The quasi Fermi-level at the source is taken as the
reference for surface-potential since there is no neutral
body in these devices. We define the potential ψ as,

 

Ec  E f ( source )

(1)

q

where Ec is the conduction-band energy and Ef(source) is the
quasi Fermi level at the source. The surface-potentials
and  s 2  
are the potentials at the
 s1  
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front- and back silicon/oxide interfaces respectively.
Poisson’s equation in the silicon body assuming ideal
long channel case is,
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where Cox1(2)   ox1(2) / Tox1(2) are the front- and back-gate
oxide capacitances, Vfg(bg) are the front- and back-gate
voltages and △Φ1(2) are the work function differences of the
front-gate (back-gate) and the n+ source. Using (4) in (3) a
relation between ψs1, ψs2, Vfg and Vbg can be obtained as,
2
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The function in (5) is an implicit relation in ψs1 and ψs2. A
relation between ψs1 and ψs2 can be obtained by assuming
the back-gate to be in weak-inversion and equating the
displacement vector at the back interface [8],

Figure 1. Schematic cross-section of double gate UTBSOI
MOSFET. Energy band-diagram for cutline A-A’ is shown
in Fig. 2.

 s2 
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where CSi = εSi/TSi with TSi as the silicon body thickness.
Using (6) in (5) we find an implicit relation in ψs1 which is
given by,
2
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where Vfg* = Vfg - △Φ1, Vbg* = Vbg - △Φ2, αSi = CSi/(CSi +
Cox2) and αox = Cox2/(CSi + Cox2). The implicit function (7)
resembles the implicit relation for surface potential in bulk
MOSFETs [9], but it is more complicated in this case
because of the additional terms due to the back-gate. We
have developed method to calculate ψs1 analytically from
(7). Our method is described in the next sub-section.
2qN cVth

Figure 2. Energy band diagram at flat-band condition
corresponding to the A-A’ cutline in Fig. 1. χ is electron
affinity.
where εSi is the dielectric permittivity of Silicon, Nc is the
conduction band density of states of Silicon, Vch is the
channel potential at any position y in the channel and Vth is
d on both sides of (2)
the thermal-voltage. Multiplying
dx
and integrating from –TSi/2 to TSi/2 we obtain,
   Vch 
2qN cVth    s1  Vch 
  exp  s 2

Es21  Es22 
exp 
 Si   Vth 
 Vth 
(3)
where Es1 and Es2 are the electric fields at the front- and
back-gate interface respectively.
The continuity of displacement field at the front- and
back-interfaces gives the following relation between
surface-potentials and electric fields,

Cox1(2) V fg (bg )  1(2)  s1(2)    Si Es1(2)

(4)

2.1

Surface Potential Calculations

The implicit relation (7) in ψs1 is expressed in a
mathematically more convenient form as,

 x fg  x 

  B  xbg  x 
 G 
2
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(8)

exp  x  xn   exp  Si x   ox xbg  xn 

A description of all the symbols used in (8) is given in
Table 1.
The solution of (8) for x is computed in the following
manner:
1. Compute the solution of (8) x0, by assuming the
electric field Es2 as [7],

Es 2 

V fg*  Vbg*

 Si
T  T   TSi
 ox ox1 ox2
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3
Symbol

The calculation developed for ψs1 is compared against
numerical solution in Fig. 3 for different values of channel
potential. An excellent agreement between numerical
solution and the developed calculations is apparent from
Fig. 3. The surface-potential calculation does not include
any empirical or fitting parameters. The model correctly
predicts the surface-potential from sub-threshold to stronginversion using a single expression.

V fg* / bg

x fg / bg

Vth
Tox1

G

 ox1

2qN c Si
Vth

1

B

TSi 
 s1

x

RESULTS AND DISCUSSIONS

Description

 Si
T
 ox ox 2

 SiVth
2qN c

Vth

xn

Vch / Vth

Table 1. List of symbols used

2.

and neglecting the second exponent term of the
charge at the back-gate. This will change the
second term on the left hand side of (8) from being
function of x to an expression only involving xfg
and xbg with constants. This solution is essentially
the approximation used in the previous work [7].
The approach described in [7] is used to calculate
x0.
Next we compute the quantities ξ1, ξ2, p, q, r and s
defined by,
(10)
1  exp x0  xn 

2  exp  Si x0  ox xbg  xn 

(11)
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(15)

Then we calculate x1 using the method described
in [10] as,

x1  x0 





p
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p 2 3r 2  qs 
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 (16)
q  2q 2
6q 4


We recalculate (10) – (16) once more using x1 as the input
in place of x0 and finally obtain the output xsp1 from (16).
This is done to improve accuracy of the solution. Then ψs1
is simply given by,  s1  xsp1Vth . The calculated ψs1 can
be used to obtain ψs2 using (6) and Es1 and Es2 using (4). A
comparison between the developed analytical solution and
numerical solution is shown in next section.
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Figure 3. Front-gate surface potential ψs1 from the
numerical solution and the proposed model for different
values of channel potentials. ψs1 is measured relative to the
quasi Fermi level at the source side. Vbg = 0 V.
The error between the developed calculation and
numerical solution is shown in Fig. 4, for extended range of
bias voltage. To develop a surface-potential-based compact
model in these devices, the accuracy of surface-potential
calculations should be in the order of nano-volts and it is
clear from Fig. 4, that the developed calculations achieve
this requirement for full range of bias voltage. The
maximum error between the analytical calculations of
surface-potential and numerical solution is 0.9 nV. The
developed calculations are successfully implemented in
BSIM-IMG [11] model, resulting in an improvement in
model accuracy and speed.

4

CONCLUSIONS

We have presented a fully analytical calculation for
surface-potential in UTBSOI devices. The accuracy of our
calculation is in the order of nano-volts for full range of
bias voltage. The developed calculations are more accurate
and computationally more efficient as compared to
previous work. These calculations can be used as the core
for the development of a complete compact model for
UTBSOI devices.
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Figure 4. Absolute error between the numerical solution
and the proposed model of ψs1 for extended range of Vfg.
The maximum error observed is 0.9 nV. Vch = 0, Vbg = 0 V.
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