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Electron transport properties of InP-based MOSFET as a new channel material with Al2 O3 as a high-k dielectric
oxide layer in comparison with Si-based MOSFET are studied by the ensemble Monte Carlo simulation method
in which the conduction band valleys in InP are based on three valley models with consideration of quantum
eﬀects (eﬀective potential approach). Id –Vd characteristics for Si-based MOSFET are in good agreement with
theoretical and experimental results. Our results show that Id of InP-based MOSFET is about 2 times that of
Si-based MOSFET. We simulated the diagrams of longitudinal and transverse electric ﬁelds, conduction band
edge, average electron velocity, and average electron energy for Si-based MOSFET and compared the results
with those for InP-based MOSFET. Our results, as was expected, show that the transverse electric ﬁeld, the
conduction band edge, the electron velocity and the electron energy in a channel in the InP-based MOSFET
are greater than those for Si-based MOSFET. But the longitudinal electric ﬁeld behaves diﬀerently at diﬀerent
points of the channel.
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fabricated device to avoid thermally generated carriers
at higher temperatures [8].
With this regard, designing an InP-based MOSFET
of nanometer size and analyzing electron transport in
it can be beneﬁcial.

1. INTRODUCTION

A few years ago, miniaturization of transistors applied to the building of integrated circuits and microchips of smaller sizes was of interest to industry and
researchers. Recently, it has been found that downsizing Si-based MOSFETs is not suﬃcient for improving the device performance [1]. Therefore, in order to
achieve a higher drive current, suppress the current
leakage, minimize short channel eﬀects, and also attain higher speeds, a new channel material has been
considered [1–3]. III–V compound semiconductors like
InP are applicable due to their higher electron mobility, higher electron saturation velocity (2.5 · 107 cm/s
in InP and 1 · 107 cm/s in Si), and a direct band gap
[1–7]. InP has a lower intrinsic carrier concentration
in comparison with Si, and this feature causes the InP
*

Rapid progress in electronic industry is indebted to
simulation. Simulation reduces the huge cost of modeling and components design as well as the consumed
time. With the increase in computer power in recent
years, there are now more capabilities of simulation.
It should be noted that the goal of simulation is not
to reach more accurate diagrams for comparison, but
to analyze the conditions and factors in experimental
work [9, 10].
There are a few experimental results for regarding
the use of InP as a channel semiconductor in MOSFET
devices. The comparison has been accomplished for
transistors of similar or close dimensions and semiconductors with similar properties. The limitation of InP
experimental tests is related to the problems in making
components because InP has a proper potential barrier
in contacts [11, 12].
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Table. Band structure and material parameters used in
the simulation [24–30]

In new designs of semiconductor components, besides replacing Si with III–V semiconductors, other applicable insulators except SiO2 are used for the gate
oxide layer.
Forming a high-quality gate dielectric on InP can
help in making a high-speed transistor [2]. In 2003,
a MOSFET on a III–V substrate with an Al2 O3 gate
dielectric deposited by atomic layer deposited (ALD)
technique was reported for the ﬁrst time [13]. Since
then, this material has received great attention and
Al2 O3 is now a highly desirable deposited gate dielectric from the standpoint of both physical and electrical
characteristics due to its high dielectric constant and
breakdown ﬁeld [2, 13–21]. Therefore, careful surface
engineering can control the quality of a high-k/InP interface [2].
By the use of the Monte Carlo simulation method,
Fischetti and Laux [22] analyzed physical and electrical
properties of MOSFET with dimensions similar to the
dimensions of our simulated transistor for Si and III–V
semiconductors (especially, InP) at the temperature of
300 K and less. In this simulation, we obtained the
values of the conduction band edge as well as the longitudinal and transverse electric ﬁeld in each point of
the channel. Moreover, by the use of Al2 O3 as a high-k
dielectric, we eliminated the problems of current leakage in MOSFETs based on III–V semiconductors as
demonstrated in [22].
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licity, eV−1
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Eﬀective
mass
mL (m0 )
mX (m0 )

Valley separation (Γ-L), eV
Valley separation (Γ-X), eV
Band gap
energy, eV
Intrinsic carrier
density, cm−3
Density, kg/m3
Sound velocity,
m/s

2. SIMULATION MODEL

Acoustic deformation potential, eV

An eﬀective potential approach removes the need of
directly solving the Schrödinger equation in MOSFETs
with a very short channel length (below 100 nm). The
most signiﬁcant eﬀect of this quantization is in distancing electrons from the interface [7,23–25]. The ensemble Monte Carlo (EMC) simulation method for electron transport is realised by considering real two-dimensional (2D) space and the inverse three-dimensional space [26].
The electron energy and momentum also change
due to the scattering process [7,23,27]. Therefore, without considering short-channel eﬀects, it was expected
that the drift velocity would decrease as the temperature increases [28, 29]. Computations were carried out
with the three-valley model and the energy bands considered to have a nonparabolic band structure, with
the electron scattering from lattice phonons taken into
account. We have included the intervalley acoustic
and optical phonon scattering. Furthermore, Coulomb
scattering is ignored in our calculation. According to

Polar optical
phonon energy, eV
Low-frequency dielectric
constant ε0
High-frequency dielectric
constant ε∞
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1.45 · 1016d 1.2 · 1013d
2329.002b

4810b

9050e

5130c

6.55e

8.0c

0.062a

0.0424a

11.97b

12.56b

−

9.52c

Dielectric constant of Al2 O3

9.6f

Dielectric constant of SiO2

3.9g

a

From Ref. [24].

b

From Ref. [25].

c

From Ref. [26].

d

From Ref. [27].

e

From Ref. [28].

f

From Ref. [29].

g

From Ref. [30].

A. Akbari Tochaei, H. Arabshahi, M. R. Benam et al.

ЖЭТФ, том 150, вып. 5 (11), 2016

SiO2 or Al2O3 oxide layer (1.3 nm)

Moglestue [7], there are 6 and 8 possible destinations
for intervalley scattering from the central valley to X
and L valleys. Intervalley scattering in the L valley by
the possible number of 1, 3, 3 transfer states is considered for three states of the g-process, f-process, and
h-process. Intervalley scattering in the X valley by the
possible number of 1 and 4 transfer states is related to
two states of the g-process for opposite scattering and
the f-process for other scatterings.
For analyzing high-energy electrons (with the energy above 1 eV) in high operating voltages (around
5 V according to Ref. [30]), a full-band Monte Carlo
method is required. In this paper, the maximum electron energy is limited to 1 eV (Emax = 1 eV) in the
operating voltages and hence the three-valley model of
the Monte Carlo method for InP and the X valley model
of the Monte Carlo method for Si are applicable.
The Monte Carlo method is well-known in simulating semiconductor components, and it has already
been explained in detail in [7] and [27]. Therefore, we
can avoid explaining relationships of the nonparabolicity coeﬃcient or its inﬂuence on the energy band equation and we only mention its values in Table [31–37].
Material and band structure parameters used in simulation are shown in Table [31–37]. The time step and
mesh size are the input parameters in the simulation.
For determining the mesh size, we note that the lowest
wavelength is the Debye length λD deﬁned by Eq. (1),

1/2
εε0 kB T
λD =
,
(1)
ne2

45 nm
Source
36 nm
40 nm
64 nm

40 nm

(l)
Si or InP Substrate

z
x
y

1 . 1019 cm–3
(l) –1.25 . 1018 cm–3
Fig. 1. Geometry of the simulated MOSFET

3. RESULTS

Figure 1 shows the MOSFET model used in this
simulation. The MOSFET has an n-channel 40 nm
in length and the device width along the z axis is
450 nm. The source and drain junctions are doped
to 1 · 1019 cm−3 . The channel and substrate are doped
to −1 · 1018 cm−3 . This value should be logical because donor concentrations in most of the III–V semiconductors cannot be more than 2 · 1019 cm−3 [22]. By
applying a gate voltage of 0.8 V and two drain voltages of 0.3 and 0.9 V, the diagrams of electron density,
the longitudinal and transverse electric ﬁeld, and the
conduction band edge are drawn in diﬀerent widths.
Figure 2 shows the longitudinal and transverse electric ﬁeld and the conduction band edge-X position characteristics at the temperature of 300 K in the applied
gate voltage Vg = 0.8 V. Having compared the two
drain voltage of 0.3 and 0.9 V, we took InP-based
MOSFET and Al2 O3 as the oxide layer with Si-based
MOSFET and SiO2 as the oxide layer.
Figure 2 shows that 3 nm below the gate, the longitudinal electric ﬁeld peak is negative and is close to the
source, and the ﬁeld peak is increased in this area as the
drain voltage increases. Moreover, negative ﬁeld values
for InP-based MOSFET near the source are greater
than those for Si-based MOSFET.
The eﬀect of a negative longitudinal electric ﬁeld Ex
close to the source has been removed at lower latitudes
and with receding from the gate, and the Ex peak becomes positive close to the source. Figure 2 shows that
the InP-based MOSFET is more resistant to the ﬁeld
direction change than the Si-based MOSFET 5 nm below the gate and the peak of the longitudinal electric
ﬁeld Ex in the Si-based MOSFET is more than in the
InP-based MOSFET. However, by increasing the dis-

where ε0 = 8.8 · 10−12 F/m, kB is Boltzmann constant,
and T is the temperature [7]. Further, n is carrier density and for InP at room temperature with the carrier
density of 1018 cm−3 , and the Debye length is about
42 Å. Therefore, the mesh size (Δx = 2 nm, Δy =
= 0.5 nm) for this simulation is considered. The third
dimension of the device is considered along z for determining the number of intrinsic carriers in each cell.
Therefore, the cell volume is obtained by multiplying
the mesh size by the width of the device.
But the time step should be so low that the longest
distance Lmax that the carriers pass in this time Δt be
less than the mesh size in Eq. (2):
Lmax = Vmax Δt.

Drain

(2)

We have chosen the time step Δt = 1 ·10−16 s, in which
case Lmax is less than 1.0 Å. The charge distribution
and location of electrons in the channel are obtained
by the use of the Monte Carlo simulation method. For
solving the 2D Poisson equation, the incomplete lower
upper decomposition method is used.
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Fig. 2. Variation of the longitudinal and transverse electric ﬁelds and conduction band edge at two applied voltages; Vg = 0.8 V,
Vd = 0.3 V, and 0.9 V, for Si- and InP-based MOSFETs at three positions 3 (a), 5 (b), 10 (c) nm below the gate
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Fig. 3. Diagrams of (a) the conduction band edge and (b ) electric ﬁelds in the device length (x-position) at the interface
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Fig. 4. (a) Average energy of electrons, (b ) average velocity of electrons, in device in two applied voltages; Vg = 0.8 V, Vd = 0.3 V
and Vg = 0.8 V, Vd = 0.9 V, for Si- and InP-based MOSFETs

tance from the gate, 10 nm under the gate, we see that
Ex in the InP-based MOSFET is greater than in the
Si-based MOSFET. Moreover, we found that the positive peak of Ex is reduced with increasing the drain
voltage Vd near the source and the negative peak of Ex
is increased with increasing Vd near the source.
Since the longitudinal electric ﬁeld eﬀect near the
drain is related to Vd , it was found that Ex is positive near the drain at a low drain voltage (Vd = 0.1 V)
and this peak in the InP-based MOSFET is more than
in the Si-based MOSFET. However, Ex has a negative
peak near the drain at higher drain voltages (Vd ≥ 0.3).
But the Ex peak in the Si-based MOSFET is more than
in the InP-based MOSFET at Vd = 0.3 V and at higher
drain voltages (Vd ≥ 0.5 V), the negative peak of Ex in
the InP-based MOSFET is greater than in the Si-based
MOSFET (in fact it has a sharper pick).

Si-based MOSFETs is related to the diﬀerence of electrochemic potential in the source and the drain between
InP and Si-based MOSFETs.
Figure 3 shows that the eﬀective potential approach
leads to high electric ﬁelds at the interface. This leads
to an upward shift of the conduction band edge. Figure 3a shows that the conduction band edge at the
interface and under the eﬀect of the eﬀective potential
approach in the Si-based MOSFET is more than in the
InP-based MOSFET.
Figure 3b shows that the eﬀective potential approach at the interface leads to a high negative transverse electric ﬁeld. Moreover, the longitudinal electric
ﬁeld has a sharp positive peak near the source and has
a sharp negative peak near the drain, with these sharp
peaks being in nonequilibrium conditions.

Figure 2 for the transverse electric ﬁeld (Ey ) shows
that the transverse electric ﬁeld eﬀect is reduced with
receding from the gate and also increasing the drain
voltage. It has been found that Ey in the InP-based
MOSFET is greater than the Si-based MOSFET at all
times.

Figure 4a shows that the average energy of electrons
is approximately constant in all areas of the channel at
Vd = 0.3 V. But the average energy of electrons increases as the drain voltage is increased and has a peak
near the drain. We found that this value at (Vd =
= 0.9 V, Vg = 0.8 V) for the InP-based MOSFET is by
about 0.2 eV greater than in the Si-based MOSFET.

Finally, Fig. 2 shows that the conduction band edge
is lower in the area close to the gate and the electron
transport possibility is increased. Due to the lower
value in the InP-based MOSFET, electron transport
and therefore the probability of the electron presence
increase in the channel compared with the Si-based
MOSFET. The diﬀerence of the conduction band edge
values in the source and the drain between InP and

Figure 4b shows that at Vd = 0.3 V and Vg = 0.8 V,
the average velocity of electrons in Si and InP-based
MOSFETs does not show the overshoot velocity. But
with increasing the drain voltage, electrons show the
overshoot velocity. At Vd = 0.9 V, electrons show the
overshoot velocity for the Si-based MOSFET all along
the channel and for the InP-based MOSFET from the
middle of the channel toward the drain.
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good agreement with the theoretical and experimental
values.

Drain current, nA/nm
1000

Si, Shanbhag et al.
Si, our simulation
InP, our simulation
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