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ABSTRACT

An Improved Modified Local Density Approximation -
(IMLDA) model for the electron inversion layer in strained
Si-nMOSFETs is presented which correctly describes the im-
pact of size quantization on the threshold voltage and capaci-
tance without increasing the computation time. The IMLDA
model yields results consistent with the self-consistent solu-
tion of the Schrödinger and Poisson equations (SE/PE) for a
wide range of strain, temperature and doping concentrations.
A big advantage of the IMLDA model is its low computa-
tion time and its numerical robustness, because it depends
only on local quantities and not on solution variables of the
numerical model. Additionally, this model is well suited for
software implementation in existing TCAD device simula-
tors.

Keywords: Strained Si, MOS devices, Quantization ef-
fects, Inversion layer

1 INTRODUCTION
The change in the band structure due to strain has a strong

impact on size quantization in the inversion layer which has
to be taken into account in device modeling in order to ob-
tain the correct inversion charge density, which impacts di-
rectly the threshold voltage and gate capacitance of MOS-
FETs. This can be done with high accuracy on the level of
the Schrödinger equation (SE). However, solving the SE in
a TCAD device simulator is very CPU intensive and leads
to numerical problems[1], [2]. Therefore, simple and more
efficient approximate quantum correction models have been
developed (e.g. the IMLDA model [1] and the density gra-
dient model DGM [2]), but only for the case of unstrained
Si. The first DGM for electrons in strained Si was intro-
duced in [3]. The DGM is able to predict both the correct
threshold voltage and the density distribution in the device,
but it is numerically more challenging [2], [4] and CPU in-
tensive than the classical model. In contrast to the DGM, the
model presented in this work for electrons in strained Si is
based on the IMLDA model [1], which does not depend on
the electrostatic potential or any other solution variable of the
device model. Therefore, the convergence properties and the
CPU time efficiency of the classical model without quantum
correction are maintained by our new model. In most practi-
cal cases the IMLDA model is about 7 times faster than the
DGM.

2 IMLDA MODEL

The IMLDA model for electrons in strained Si has been
developed similar to the model for unstrained Si [1]. The
calculation of the electron density with the IMLDA model is
based on
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where Nν
c is the effective density of states in ν-th valley, T

the lattice temperature, λl/t =
√

2ml/tkBT

�2 the inverse wave
length, z the distance from the interface and Ψqm the cor-
responding quantum potential. The potential V ν

c is the sum
of the electrostatic potential Ψ and the conduction band edge
∆Eν

c in the respective valley. The conduction band edge step
at the strained Si/Si1−yGey interface is given by [6].

2.1 Inversion layer case

For the development of the IMLDA model reference data
(the sheet charge of the inversion layer) were generated using
the self-consistent solution of the Schrödinger and Poisson
equations (SE/PE) for a large range of lattice temperatures
T , doping levels Ndop, strained Si thicknesses tSSi and Ge
contents y (see Tab. 1). The reference data are needed for the
parameter fitting of the IMLDA model. In indirect semicon-
ductors like Si and Ge, the size quantization of the quasi-2D
electron gas can be well described by a one band SE employ-
ing effective masses [3].

Similar to Ref. [1] the IMLDA model for strained Si is based
on the modification of the inverse wave length parameters
λl/t in Eqn (2), which is determined by matching the ref-
erence data. In order to improve the model accuracy, the
dependence of λl/t on the distance from the surface was sep-
arated from its dependence on other local quantities with a
different ansatz in comparison to Ref. [1]:

λmod. = λl/t
(z/zn)1200/T

(z/zn)1200/T + 1
ζ (4)
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T [K] y tSSi [nm] Ndop [cm−3]
200 0.1 1 1 · 1017

250 0.2 2 3 · 1017

300 0.3 3 5 · 1017

350 0.4 4 7 · 1017

400 0.5 5 1 · 1018

450 0.6 8 3 · 1018

500 0.7 10 5 · 1018

Table 1: Discrete values of T , y, tSSi, Ndop for which the
reference data were calculated.

with zn = 1 [nm], ml/t = 0.92/0.19m0. Here, m0 is the
free electron mass and ζ a local fit-factor. For given dop-
ing, temperature, Ge content and strained Si thickness, ζ was
extracted by a least square fit of the IMLDA results to the ref-
erence data. It is found that for tSSi ≥ 4nm the dependence
of the fitting parameters on tSSi can be neglected. Moreover
the fitting parameters are independent of y for y ≥ 0.3.

For TCAD use, the parameter ζ must be approximated
by functions of the local quantities on the basis of the above
extracted discrete values ζ (see table 2 in the Appendix). In
contrast to the case of unstrained Si [1] the use of an analytic
function for this approximation has been abandoned and has
been replaced by a sequence of 1D-spline interpolations [5].
The advantage of this interpolation algorithm is high accu-
racy and high flexibility e.g. for a new shape of equation (4).

2.2 Polysilicon case

Similar to the IMLDA model for the strained Si inversion
layer, an IMLDA model for the poly gate was developed in
order to consider the quantization effects in the gate as well.
For this case the reference data were generated with the one
band SE for electrons and holes between 200 K and 500 K
and n+ polysilicon doping levels between 5 · 1018 cm−3 and
5 · 1020 cm−3. Moreover the total sheet charge density at the
poly/oxide interface which is direct proportional to the ox-
ide field was chosen as the quantity of interest for the fitting
procedure. Since the modeling of polysilicon is of minor im-
portance for the overall accuracy, the application of the one
band SE for polysilicon turned out to be sufficient even for
the modeling of holes. The discrete fitting parameters are
shown in table 3.

3 RESULTS

Figure 1 illustrates the inversion charge density Ninv as a
function of the gate voltage for three different back biases.
The Ge content in the relaxed buffer is 25%, the strained
Si thickness 10nm, the gate oxide thickness 1.5nm, and a
metal gate is used. Very good agreement is found between
the IMLDA and the quantum mechanical reference model
(SE/PE). To demonstrate that the IMLDA model yields good
results for many different operation conditions and different
devices, the comparison of the IMLDA with the SE/PE is re-

peated for other temperatures and other relevant doping lev-
els and Ge contents (see Fig. 2, 3 and 4). The results confirm
the universality and reliability of the IMLDA model.

Fig. 5 and 6 show the inversion charge density calculated
by the IMLDA and the SE/PE for different doping concen-
trations, and a polysilicon gate where the quantization effect
in the polysilicon is considered. Again, good agreement is
found between the IMLDA model and SE/PE. These results
confirm the reliability of the IMLDA model for modeling of
size quantization both in the inversion layer and in the poly
gate.

Please note that for this IMLDA model verification ger-
manium contents y as well as doping levels have be chosen
which were not considered during the IMLDA model devel-
opment.

4 CONCLUSIONS

We have presented the first accurate local electron charge
density approximation for quantization effects in the inver-
sion layer and poly gate of strained Si-nMOSFETs. The
model shows excellent agreement with the reference model
for a wide range of Ge content, temperature and channel dop-
ing.
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[6] F. Schäffler, ”High–mobility Si and Ge structures”,
Semicond. Sci. Technol., vol. 12, pp. 115-1549, 1997.

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-2-2 	Vol. 3, 200534



APPENDIX

T [K]
N [cm−3] 1 · 1017 3 · 1017 5 · 1017 7 · 1017 1 · 1018 3 · 1018 5 · 1018

200 0.88 0.88 0.89 0.89 0.90 0.90 0.88
250 0.99 1.01 1.04 1.06 1.09 1.15 1.15
300 1.08 1.11 1.14 1.17 1.20 1.31 1.33
350 1.16 1.19 1.23 1.26 1.30 1.42 1.45
400 1.23 1.27 1.30 1.33 1.36 1.49 1.53
450 1.31 1.33 1.36 1.39 1.42 1.55 1.59
500 1.38 1.40 1.42 1.44 1.47 1.59 1.64

y = 0.1
200 1.88 1.79 1.74 1.71 1.68 1.58 1.51
250 2.12 2.12 2.11 2.11 2.09 2.02 1.96
300 2.23 2.30 2.32 2.34 2.34 2.30 2.25
350 2.28 2.38 2.42 2.45 2.47 2.47 2.41
400 2.28 2.39 2.45 2.48 2.52 2.56 2.51
450 2.28 2.38 2.43 2.48 2.52 2.59 2.56
500 2.27 2.35 2.41 2.45 2.49 2.58 2.57

y = 0.2
200 1.97 1.87 1.81 1.78 1.74 1.62 1.56
250 2.39 2.35 2.32 2.30 2.27 2.14 2.08
300 2.73 2.74 2.72 2.70 2.69 2.55 2.43
350 2.98 3.02 3.02 3.00 3.00 2.85 2.72
400 3.14 3.20 3.20 3.20 3.19 3.06 2.93
450 3.22 3.29 3.30 3.31 3.30 3.20 3.07
500 3.23 3.31 3.34 3.35 3.35 3.27 3.16

y = 0.3
200 1.97 1.87 1.81 1.78 1.75 1.63 1.57
250 2.40 2.36 2.33 2.31 2.28 2.15 2.09
300 2.78 2.78 2.76 2.74 2.72 2.58 2.45
350 3.11 3.13 3.12 3.10 3.07 2.91 2.77
400 3.36 3.41 3.39 3.37 3.35 3.17 3.02
450 3.54 3.60 3.59 3.57 3.55 3.37 3.22
500 3.65 3.73 3.72 3.71 3.69 3.51 3.36

Table 2: Discrete values of the fitting parameters for the inversion layer.

T [K]
N [cm−3] 5 · 1018 1 · 1019 2 · 1019 5 · 1019 1 · 1020 2 · 1020 5 · 1020

200 1.14 1.19 1.28 1.49 1.69 1.80 1.28
250 1.20 1.26 1.37 1.65 2.00 2.41 2.46
300 1.24 1.31 1.44 1.77 2.21 2.85 3.54
350 1.28 1.36 1.49 1.85 2.36 3.16 4.44
400 1.32 1.40 1.54 1.92 2.48 3.40 5.17
450 1.36 1.44 1.59 1.98 2.57 3.59 5.75
500 1.40 1.49 1.64 2.04 2.65 3.74 6.21

Table 3: Discrete values of the fitting parameters for Polysilicon.
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Figure 1: Inversion layer density at room temperature as a
function of the gate voltage for three different back bias for
metal gate.
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Figure 2: Inversion layer density for three different lattice
temperatures and a metal gate.
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Figure 3: Inversion layer density for three different doping
concentrations and a metal gate.
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Figure 4: Inversion layer density for three different Ge con-
tents and a metal gate.
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Figure 5: Inversion layer density for three different doping
concentrations and a lowly doped polysilicon gate.
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Figure 6: Inversion layer density for three different doping
concentrations and a highly doped polysilicon gate with other
concentration.
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