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Theoretical Electron Mobility Analysis in Thin-Body
FETs: Dependence on Substrate Orientation and
Biaxial Strain
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Abstract—Results of recent mobility measurements in ultrathin-body FETs are analyzed theoretically for different substrate
orientations. A Monte Carlo method incorporating the degenerate
statistics exactly is used for calculations of the mobility. Due to
volume inversion, the mobility in double-gate ultrathin-body (110)
FETs is enhanced in comparison with the mobility of single-gate
structures, in the whole range carrier concentrations. In contrast,
the mobility in a double-gate (100) 3 nm thick structure plotted as
a function of the carrier concentration per channel sinks below the
single-gate mobility value for high effective fields. It is shown that
degeneracy effects play a crucial role in mobility degradation for
(100) double-gate FETs, as they lead to the opening of additional
intersubband scattering channels. Biaxial strain has little influence
on the mobility of ultrathin-body FETs. Simulation results are in
good agreement with recent mobility measurements.
Index Terms—Double-gate MOSFET, mobility, Monte Carlo
simulations, volume inversion.

I. INTRODUCTION

D

OUBLE-GATE (DG) silicon-on-insulator (SOI) transistors with ultrathin Si body (UTB) are considered good
candidates for the far-end ITRS roadmap scaling [1]. Excellent
electrostatic channel control in DG operation is theoretically
predicted allowing scaling of the MOSFET’s channel length
down to 2.5 nm [2], maintaining reasonable subthreshold slope,
satisfactory DIBL, and acceptable gain.
Comparative theoretical analysis of electron mobility behavior in single-gate (SG) and DG FETs is exclusively limited
to (100) SOI orientation [3], [4]. Due to an existing discrepancy
between the mobility measurements and theoretical predictions
for (100) and (110) UTB SOI FETs, theoretical analysis is
highly desirable for (110) substrate orientation.
According to the volume inversion concept [5], the inversion
layers located at the opposite interfaces of a thick DG structure
start intersecting when the Si body thickness shrinks. A charge
maximum is formed in the middle of the UTB DG structure,
yielding a larger distance between carriers and Si-SiO interfaces. This should eventually result in a substantial decrease of
surface roughness scattering in UTB DG structures. Therefore,
higher mobility is expected in DG structures compared to their
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SG analogs for similar body thicknesses. Mobility behavior consistent with this concept was recently reported experimentally
for (110) UTB FETs [6]. The electron mobility in UTB DG
structures plotted as function of one-half of the total concentration is higher than the SG mobility in the whole range of concentrations. However, the electron mobility in (100) UTB DG
structures is found to be smaller than the SG mobility at high
effective fields [6], [7], although an enhancement due to bulk
inversion would be expected [5].
In this work we study the mobility behavior in SG and DG
UTB FETs for substrate orientation (100) and (110). A Monte
Carlo algorithm is used which incorporates degeneracy effects
exactly in the limit of vanishing driving fields and is valid for
arbitrary scattering mechanisms and for general band structure
[8]. Due to a higher carrier concentration, degeneracy effects
are more pronounced in DG structures than in SG structures
at similar gate voltages. We demonstrate that the higher Fermi
level leads to a substantial increase of intersubband scattering
in (100) UTB DG FETs. Higher scattering rates compensate the
mobility enhancement due to volume inversion. Biaxial stress
is introduced to validate the physical mechanism limiting the
low-field mobility in (100) DG structures.
II. SIMULATION METHOD
We generalize the Monte Carlo algorithm designed for small
signal analysis of the 3-D electron gas [8] to quasi 2-D electron
systems. The method is based on the solution of the linearized
Boltzmann equation and is formally exact for small driving
fields. The method is valid for arbitrary scattering mechanisms
and band structure, including multivalley and multisubband
is calculated as
cases. In the method the diffusion tensor
an integral of the velocity autocorrelation function [9]
(1)
where angular brackets denote the time averaging over stochastic dynamics determined by the rates
of the
linearized multisubband Boltzmann scattering integral in case
are related to the
of degenerate statistics. The rates
of the original Boltzmann equation as
rates

(2)
is the Fermi–Dirac distribution function
in
where
the total energy in the -th 2-D subband. The mobility tensor
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is related to the diffusion tensor via the Einstein relation
for degenerate statistics
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TABLE I
SURFACE ROUGHNESS CORRELATION FUNCTION PARAMETERS AND ACOUSTIC
USED FOR (100) AND (110)
DEFORMATION POTENTIAL
UTB ORIENTATIONS

D

(3)
is the carrier concentration,
where is the electron charge,
is the Fermi level.
and
In order to compute the mobility, we accumulate three tem, and
during the Monte Carlo simuporary estimators ,
lations. We summarize the method as follows.
,
,
, and start the particle
i) Initialize
trajectory with the stochastic 0dynamics determined by
from (2) of the linearized
the scattering rates
multisubband Boltzmann equations.
,
, and :
ii) Before each scattering event update

where
is the quantization mass,
is the derivative of
the -th subband wave function
at the interface
,
is the surface roughness correlation function. The
and
surface roughness is assumed to be uncorrelated and equal at the
two interfaces of a UTB structure. We adopt the surface roughto be of a Gaussian shape
ness correlation function
(5)

iii) When is sufficiently large, compute the mobility tensor
as

where and are two parameters corresponding to characteristic roughness amplitude and correlation length. The choice of
the correlation function in a Gaussian form is not critical for the
conclusions of this work and is adopted for convenience. Static
dielectric screening is taken into account, following the model
[16]–[18]
(6)

where
denotes the -component of the velocity,
is the particle energy,
is the Fermi–Dirac function, and
is the time of -th free flight. The convergence of the method is improved by resetting
each time a velocity randomizing scattering event occurs.
III. SG AND DG MOBILITIES FOR (100) AND (110)
UTB ORIENTATIONS
The subband energies and corresponding wave functions are calculated from the Schrödinger equation coupled
self-consistently with the Poisson equation, for each value of
the effective field. For (110) surface orientation, the equation
for the envelope functions in quantization direction contains
the first-order derivative of the wave functions as well. This
derivative can be eliminated from the equation by a unitary
wave function transformation [10], which leads to a standard
Schrödinger-like equation for the envelope function, allowing
the determination of quantization mass, conductivity masses
and density-of-state effective mass. For (110) orientation the
subband structure consists of a fourfold degenerate, unprimed,
and a twofold degenerate, primed subband ladder. Subbands in
both ladders are highly anisotropic. The wave functions are then
used to calculate the scattering rates. Our transport calculations
account for electron–phonon interactions [11], [12] and surface
roughness scattering, which are the dominant mechanisms
determining the mobility in the region of high effective fields.
We use the original formulation by Prange and Nee [13]–[15]
for the surface roughness scattering matrix elements
(4)

is the Si lattice dielectric constant,
is the powhere
larization factor in the -th subband ([17, Eq. (14)]), and
is the formfactor

The Green’s function
is determined by [14, Eq. (32)].
The scattering model captures the main difference of the mobility characteristics in DG and SG structures at high concentrations for different orientations, as we demonstrate below.
In this work, the nonparabolicity effects are taken into aceV
count by choosing a nonparabolicity parameter
[19]. The parameters of the surface roughness correlation function and the acoustic deformation potential are calibrated in
order to reproduce the experimental mobility in thick (100) SG
FETs [20]. The parameters are summarized in Table I. We use
the same parameters to calculate mobilities for smaller body
thicknesses, both for DG and SG FETs.
Due to the anisotropy of the subbands, the surface mobility
at (110) interface is also anisotropic. We have calibrated the
surface roughness parameters and the acoustic deformation potential in order to reproduce the experimental mobility along
and
directions [6]. The parameters are summarized
in Table I.
In thick Si body DG FETs the inversion channels located at
the opposite interfaces can be considered independent. Due to
the separation of the inversion layers, the mobility measured as
a function of carrier concentration per single channel
must coincide with the mobility in thick SG structures [6]
. The
plotted as a function of SG inversion concentration
DG mobility calculated for a 20 nm thick body is indeed in
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Fig. 1. Low field mobility simulations for (100) and (110) oriented UTB FETs.
Open symbols stand for experimental data from [7] for (100) 4.3 nm UTB FETs
and from [6] for (110) 3.7 nm UTB FETs. Closed symbols are simulation results.
Squares are for DG structures, diamonds are for SG structures. The (100) DG
mobility is lower that the SG mobility at high concentrations. Opposite behavior
for (110) mobilities is observed.

good agreement with the results obtained for an SG structure
for both (100) and (110) orientations [20]. However, the mobility dependences are drastically different in ultrathin (100)
and (110) structures.
For 3 nm body thickness the DG mobility, plotted as a
, tends to be slightly higher than the
function of
corresponding SG mobility at small
. For high carrier
concentrations the DG mobility for (100) orientation becomes
lower than the SG mobility. This is in qualitative agreement
with experimental data, also shown in Fig. 1. For (110) UTB
FETs the DG mobility as a function of
is higher than
that for (110) SG structures, in the whole range of carrier concentrations
. This is in agreement with recent experimental
results [6] and is consistent with the concept of the mobility
enhancement in DG UTB FETs due to volume inversion [5].
We note that the mobility plotted as a function of the total
carrier concentration
is always higher in DG structures
[21]. We also note that in order to obtain a better quantitative agreement with the experimental mobility data, additional
mechanisms such as interaction with surface optical phonons,
scattering on fluctuations of
[7], [22], and scattering with
interfacial and remote charges in the poly-gates [17], [23] could
be included. Confinement of acoustic phonon modes relevant to
UTB FET structures also improves agreement with the experimental data [24]. Our transport model, however, is sufficient to
capture the main peculiarity of the mobility behavior in DG and
SG structures at high concentrations.
The mobility in DG (100) UTB structures at high carrier concentrations is found to be lower than the mobility in SG FETs,
from both the experiment and simulations. This is in contrast
with the behavior expected from the volume inversion concept
[5]. The difference in the mobility behavior in (100) and (110)
DG structures was attributed to a higher occupation of primed
subbands in (100) DG FETs compared to (110) FETs [6]. The
higher primed subbands occupation was attributed to the difference in energy splitting between two- and fourfold degenerate
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Fig. 2. Calculated relative occupation of primed subbands in (100) and (110)
UTB FETs. Due to double carrier concentration for the same gate voltage, the
primed ladder occupation (squares) is higher in both (100) and (110) orientation
DG structures.

subband ladders in SG and DG structures [6]. It was argued [6]
that in (100) DG SOI FETs the intersubband energy splitting is
smaller than in (100) SG structures, whereas in (110) SG and
DG structures the splitting remains similar.
Although the energy splitting between primed and unprimed
subbands is indeed smaller in DG structures, this mechanism
cannot solely be responsible for a significant increase of the
occupancy of primed subbands [20]. The physical reason is
quite obvious: in UTB FETs the subband structure is mainly
determined by the strong geometrical confinement of electrons
within the thin body. Therefore, the subband structure in UTB
DG and SG FETs is quite similar, even at high concentrations. The occupation of primed subbands in DG structures
is significantly higher due to the following mechanism [20].
Since the SG and DG mobilities are compared as functions of
concentration per single inversion layer, the DG FET contains
almost twice as many carriers as the SG FET. This pushes
the Fermi-level up and leads to significantly higher subband
population in a DG UTB FET [20].
IV. BIAXIAL STRAIN
Double carrier concentration in DG structures leads to higher
primed subband occupation in (110) DG FETs as well, as illustrated in Fig. 2. If the assumption adopted in [6] that a higher
occupation of primed subbands results in the mobility lowering
were correct, the DG mobility in (110) FETs should also rapidly
decrease beyond its SG value at high concentrations. However,
this contradicts experimental data and the results of simulations.
To study the influence of occupation of primed subbands on
the mobility lowering in (100) DG FETs we apply a biaxial
stress of 1.6 GPa. This level of stress is enough to provide an
additional splitting between the primed and unprimed subbands
to depopulate the primed ladder completely. Results of the mobility simulation in 3 nm DG and SG structures, with biaxial
stress applied, are shown in Fig. 3 together with the results
for the unstrained structure. Both mobilities in strained and unstrained structures are similar in the whole range of concentrations. The inset displays the population of primed subbands in a
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Fig. 3. Mobility in (100) 3 nm thick DG (squares) and SG (diamonds) structures computed with (open symbols) and without (closed symbols) in-plane biaxial stress of 1.6 GPa. Inset: occupation of primed subbands in relaxed (closed
symbols) and biaxially stressed (open symbols) DG structure.

Fig. 4. Effective mobility of an Si inversion layer at (100) interface computed
with Boltzmann (dotted line) and Fermi–Dirac (solid lines) statistics reproduces
well the universal mobility curve [25] (circles). Phonon-limited mobility in degenerate and nondegenerate case is also shown.

3 nm DG structure. These results confirm that the primed ladder
in a strained FET is completely depopulated. Since the mobilities of strained and unstrained UTB FETs are practically equivalent for both SG and DG structures, it then follows that the
higher occupation of primed subbands is not the reason for the
DG mobility lowering in (100) DG UTB structures.
V. IMPORTANCE OF DEGENERACY EFFECTS
Degeneracy effects in the scattering rates (2) may have an
important influence on the mobility, especially at high inversion concentrations, and they require a special investigation. The
phonon-limited mobility in inversion layers shows a different
behavior if the Pauli exclusion principle is taken into account or
not [26]. However, if surface roughness scattering is included,
the universal mobility curve can be reproduced equally well
using both degenerate and nondegenerate statistics, as shown
in Fig. 4.
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Fig. 5. Mobility in 3 nm (100) SG (diamonds) and DG (squares) structures
computed with Boltzmann (open symbols) and Fermi–Dirac (closed symbols)
statistics.

We note that the inversion layer subband structure calculated
with the Fermi–Dirac distribution function for the carrier concentration is slightly different from that computed with the Boltzmann distribution function. However, for the practical range of
effective fields considered here this difference was found to be
small and does not affect the conclusion that the universal mobility curve is reproduced well independent on statistics.
In UTB FETs degeneracy effects are more pronounced, and
their inclusion is crucial for accurate transport calculations. We
consider an example a 3 nm (100) UTB FET. The nondegenof the
erate statistics is assured by using the rates
original Boltzmann equation in the Monte Carlo algorithm described above. Results of mobility calculations for SG and DG
structures, with and without degeneracy effects taken into account in the Monte Carlo simulations are summarized in Fig. 5.
The difference between the mobility values for degenerate
and nondegenerate statistics shown in Fig. 5 looks surprising.
Indeed, at high carrier concentrations the principal scattering
mechanism limiting the low-field mobility is elastic surface
roughness scattering. For elastic scattering the forward and
,
backward scattering rates are equal
so that the Pauli blocking factor cancels out from the equations
for the elastic scattering rates (2), and degeneracy effects seem
to be irrelevant. It is not correct, however, since the Pauli
blocking factor is also present in the inelastic electron–phonon
part of the total scattering integral and affects energy relaxation.
The Pauli blocking factor in the electron–phonon scattering
integral ensures the equilibrium solution to be the Fermi–Dirac
distribution function.
In the degenerate case the Fermi level is pushed up leading
to an increase of the average carrier energy for high . This results in higher momentum transfer due to scattering. Because
of the surface roughness (5) dethe correlation function
creases with , the mobility should increase. From this perspective it would be unclear why the degenerate electron mobility is
substantially lower than the mobility in a nondegenerate case.
To resolve the apparent contradiction, we study the influence
of static screening described by the dielectric function (6). Fig. 6
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Fig. 6. Mobility of a 3 nm (100) SG FET computed with Boltzmann (open
diamonds) and Fermi–Dirac (closed diamonds) statistics, with and without
screening.

Fig. 7. 3 nm (100) DG FET mobilities computed for "(q ) = 1 with Boltzmann
(open squares) and Fermi–Dirac (closed squares) statistics. Mobilities when
only the ground subband is included in trasport calculations are also shown.

compares the mobilities in a 3 nm (100) SG FET calculated with
and without screening effects. The dielectric function (6) of a
quasi 2-D electron gas can be written in the form

The nondegenerate mobility is not affected by the restriction
to the ground subband and closely follows the nondegenerate
mobility shown in Fig. 7. The degenerate mobility in the DG
structure with only ground subband included is higher than the
mobility for the nondegenerate case. The result of the Monte
Carlo calculations are consistent with the analysis of scattering
rates (2). Indeed, for the Gaussian correlation function (5) with
screening neglected, the rate to scatter out from a state with
energy within the ground subband with the subband energy
due to surface roughness can be computed as

where
is the inverse screening radius. Because
the mobility with screening included is higher than the mobility
without screening in both degenerate and nondegenerate cases.
When screening is neglected, the SG mobilities computed
with degenerate and nondegenerate statistics do (accidentally)
coincide. With screening included, the nondegenerate SG mobility becomes higher than the degenerate mobility. This happens because the dielectric screening makes surface roughness
ineffective, reducing scatcomponents with smaller than
tering of carriers with low energies. Since for fixed concentration the population of low-energy states is higher in the case of
Boltzmann statistics, the screening is responsible, at least partly,
for the relative mobility increase in the nondegenerate case.
Results of mobility calculations for a 3 nm (100) DG FET
without screening are shown in Fig. 7. Even in this artificial case
the nondegenerate mobility persists to be higher at high
than the degenerate mobility. Therefore, screening can only be
partly responsible for the mobility increase in the nondegenerate
case, and the previously mentioned controversy still exists.
In DG structures the Fermi level is pushed higher and degeneracy is stronger than in SG structures due to double carrier concentration and degenerate statistics. This results in a substantial
increase of relative occupation of higher subbands. Since the
higher population of the primed subbands does not have a sensible influence on the mobility at high concentration, as it was
shown by applying the biaxial stress, the reason should be the
occupation of the higher unprimed subbands. In order to clarify
the effect of occupation of higher unprimed subbands, we exclude the higher subbands from consideration by restricting the
DG structure to an artificial “quantum limit”. In this limit only
the ground subband is used for transport simulations. Results of
simulations in this limit are also shown in Fig. 7.

(7)
,
is the effective mass, and
where
is the modified Bessel function. In the degenerate case the
, whereas
characteristic scattering rate determining is
at the bottom of the
for the Boltzmann statistics it is
is a decreasing function,
ground subband. Since
for
, and the degenerate mobility
should be greater than the nondegenerate mobility in the structure with only a single subband, in agreement with our simulations in Fig. 7.
is becoming higher
At high carrier concentrations, when
of the next unprimed subband, elastic interthan the bottom
subband scattering will occur. Because of this additional scattering channel and a step-like increase of the density of afterscattering states, the scattering rate is sharply increased. The
from a state in the ground subband with
total scattering rate
energy is the sum with respect to the open channels :
where

(8)
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high carrier concentrations. Due to volume inversion, the (110)
DG mobility remains higher than its SG counterpart in the whole
range of , in agreement with the experiment [6].
VI. CONCLUSION

Fig. 8. Mobility in 3 nm thick (100) structures, computed with (solid lines) and
without (dotted lines) intersubband scattering. Higher carrier concentration in a
UTB DG structure (squares) at the same gate voltage pushes the Fermi-level up
and opens additional intersubband scattering channels between unprimed subbands. It decreases the mobility in (100) UTB DG FETs below its SG values
(diamonds) at high carrier concentrations.

where
, and
is the
Heaviside function. The importance of intersubband scattering
was predicted in [27] and recently studied experimentally [28].
To estimate the contribution of the intersubband scattering be,
tween the ground and the first unprimed subbands into
we set
. The ratio
with
. For
nm and
nm,
, and
, we have
and the ratio
, such that the scattering rate is
increases nearly by an order of magnitude. This effect smoothes
in the
out by integrating with the weight factor
mobility expression [14].
To demonstrate the importance of intersubband scattering for
the mobility calculations, we artificially switch off the scattering
between the lowest and higher unprimed subbands. We consider
degenerate statistics and restore screening. Results of the mobility calculations for a 3 nm UTB structure, with and without
intersubband scattering are shown in Fig. 8. Without intersubband scattering, the DG FET mobility is higher than the corresponding SG mobility, in compliance with the volume inversion
concept [5]. It confirms our finding that as soon as the additional
intersubband scattering channel becomes activated, the DG mobility value sinks below the SG mobility.
of
Because the quantization mass
unprimed subbands at (110) interface is nearly three times lower
than , the separation between unprimed subbands is significantly higher in (110) UTB FETs that in (100) UTB FETs. Because of the higher separation and due to higher density of states,
only the ground subband from the ladder of fourfold degenerate
unprimed subbands remains populated in (110) UTB structures.
Contrary to (100) FETs, the higher unprimed subbands remain
virtually depopulated in (110) UTB FETs. Therefore, the additional channel of intersubband scattering is not activated even at

The mobility in DG and SG UTB FETs for substrate orientation (100) and (110) is theoretically investigated. The method
is based on the solution of the linearized Boltzmann equation
by the Monte Carlo procedure and allows the exact treatment
of the Pauli exclusion principle in the limit of vanishing driving
fields. Our approach is valid for arbitrary scattering rates and
includes realistic band structure. Our results are in good agreement with experimental data for (110) UTB FETs, confirming
the mobility enhancement in DG operation mode over the SG
operation mode due to volume inversion. By applying biaxial
strain it is shown that within our model the higher occupation
of primed subbands is not the reason for the (100) DG mobility
lowering beyond its SG value at high effective fields and cannot
explain an apparent contradiction with the volume inversion hypothesis. It is demonstrated that degeneracy effects play a significant role in compensating the volume inversion induced mobility enhancement in (100) DG structures. These effects lead
to a significant occupation of higher subbands in the unprimed
ladder as well as to an increased intersubband scattering, which
decreases the mobility in the lowest subband of DG (100) FETs.
Due to different quantization masses for (110) UTB orientation,
these effects are absent in (110) UTB FETs.
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