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We investigated the effects of strain on the electronic structures of InAsxP1−x using quantum
mechanical density functional theory calculations. The electronic band gap and electron effective
mass decreased with the increase of the uniaxial tensile strain along the [0001] direction of wurtzite
InAs0�75P0�25. Therefore, faster electron movements are expected. These theoretical results are in
good agreement with the experimental measurements of InAs0�75P0�25 nanowire.
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1. INTRODUCTION
Density functional theory (DFT) is a quantum mechanical
simulation method which, over the past decades, has been
successfully employed to reveal atomic and electronic
properties of many-body systems such as semiconductors,
surfaces, and nanostructures.1�2 Strain-induced modifica-
tions of electronic and vibration properties of materials
including silicon (Si),3 indium arsenide (InAs),4 and alu-
mina (Al2O3�

5 have been studied both experimentally and
theoretically in the field of device properties enginnering.
Group III–V materials, such as InAs, InAsxP1−x , and

InP, have attracted significant attention owing to their
potentials for applications in electric and optoelectric
devices.6 Strain effects on the electrical and piezoelectric
properties of InAs nanowires have been experimentally
studied.7�8 Recently, results of in-situ measurements of
electromechanical properties of InAsxP1−x nanowires sug-
gested that the change of the carriers’ mobilities emerge
owing to the mechanical tensile strain along the axis direc-
tion of the nanowires.9 High-resolution transmission elec-
tron microscopy showed that the studied nanowires consist
of a mixture of wurtzite and zincblende structures; the
nanowire’s axial direction was along the [0001] direction
of wurtzite InAsxP1−x . Experimental observations showed
that the content of P in InAsxP1−x nanowire was ∼25%.9

In this report, we theoretically investigate the electronic
structure of InAs0�75P0�25 under uniaxial strain along the
[0001] direction of the wurtzite structure. By performing

∗Author to whom correspondence should be addressed.

DFT calculations, we showed that the effective mass of
the electrons decreases with the increase in the uniaxial
tensile strain; therefore, faster movements of electrons are
expected. It was obtained that the electron’s effective mass
increases with the compressive uniaxial strain. Our the-
oretical findings are in agreement with the experimental
observations reported for InAs0�75P0�25 nanowires.

2. CALCULATION DETAILS
We performed quantum mechanical DFT calculations.
Atomic orbital basis sets were used, as implemented in
DMOL3 code,10 by employing double numerical set with
polarization and diffusion function forms. All electrons,
including those of the cores, were considered in the cal-
culations. Exchange-correlation functional obtained using
local density approximation (LDA) and Monkhorst-Pack
grid points (separation of 0.015 Å−1� were employed.
The employed geometry optimization criteria for distance,
force, and total energy were 0.005 Å, 0.001 Ha/Å, and
10−5 Ha, respectively.
In quantum mechanical calculations, it is always pre-

ferred to simplify the complex real system, as it is almost
impossible to model the whole system using its real size.
For example, experimental results, which motivated us to
perform this study, showed that the studied nanowire had
a diameter of 110 nm and contained a mixture of wurtzite
and zincblende structures including dislocations. Such sys-
tem cannot be effectively modeled using proposed calcu-
lation methods, as they are suitable for systems that have
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less than one thousand atoms. Therefore, for the calcu-
lations, we considered the wurtite InAsxP1−x structures
with a fixed composition of As and P, known from the
experiements (InAs0�75P0�25�.

9

The carrier mobilities were calculated using the band
structure and Eq. (1).11

1
m∗ = 1

�2
· d

2�

d�2
(1)

We calculated the second derivatives of the bands in
the E–K plot using numerical interpolation assuming
parabolic shape near the minima of the conduction band
and maxima of the valence band for the holes and elec-
trons, respectively.

3. RESULTS AND DISCUSSION
As benchmark calculations, we performed calculations for
the bulk InAs using different basis sets and exchange-
correlation functionals. For zinc blende InAs, LDA
calcualtions showed that the lattice constant is a =
6.0862 Å and the electronic band gap is 0.388 eV, while
the generalized-gradient-approximation (GGA) calcula-
tions using Perdew–Burke–Ernzerhof (PBE) functional12

showed that a = 6.2369 Å and that the band gap is
0.244 eV. Compared with the experimental values of the
lattice constant (a = 6.0583 Å) and electronic band gap
(0.35 eV),13 LDA results showed better agreement. There-
fore, we employed the LDA functional for the calculations.
Similarly, for the wurtzite InAs, the calculated values
of the lattice constants using LDA (a = 4.2940 Å and
c= 7.0632 Å) were in a better agreement with the experi-
mental values, compared with those obtained using GGA-
PBE (a= 4.4028 Å and c= 7.2333 Å); the same trend was
observed for the band gap (0.406 eV by LDA and 0.264 eV
by GGA-PBE). Using the optimized bulk InAs structure,
we generated a supercell (1× 1× 2 repeating unit), sub-
stituted an arsenic (As) atom with a phosphorus (P) atom,

Figure 1. Optimized atomic structure of InAs0�75P0�25 shown as a ball-
and-stick model: (a) Top and (b) side view. Dashed lines outline the
primitive cell, while the white arrows represent the lattice vectors. The
brown, purple, and yellow balls represent indium, arsenic, and phospho-
rus atoms, respectively.

Figure 2. Calculated electronic band structures for the lowest conduc-
tion band (CB) and highest valence band (VB) near the Gamma-point
under tensile strains. The black, red, and blue curves represent the bands
of the structures under tensile strains of 0%, 1%, and 3%, respectively.
The dashed violet curves represent the fitting, which can be employed to
obtain the second derivatives near the top of the VB and bottom of the
CB, in order to reveal the effective masses of the carriers using Eq. (1).

and then fully relaxed the supercell. The optimized atomic
structure of InAs0�75P0�25 is shown in Figure 1 as a ball-
and-stick model along different viewing directions. The
dashed lines outline the primitive cell, while the white
arrows represent the lattice vectors. The brown, purple, and
yellow balls represent In, As, and P atoms, respectively.
On the optimized InAs0�75P0�25 structure, we applied uni-

axial tensile strain along the [0001] direction by reduc-
ing the supercell size along this direction by 1% and 3%.
After internal relaxation, i.e., ion relaxations without opti-
mizing the cell parameters, electronic band structure cal-
culations were performed on the optimized structure. The
calculated electronic band structures with conduction band
minimum and valence band maximum under tensile strains
near the Gamma-point are shown in Figure 2. The black,
red, and blue curves correspond to tensile strains of 0%,
1%, and 3%, respectively. It can be noticed that with the
increase of the tensile strain, the lowest conduction band

Table I. DFT calculation results of wurtzite InAs0�75P0�25 under uniaxial
tensile strain along the [0001] direction. Egap is the electronic band gap,
m∗

e is the effective mass of the electron, and m0 is the free-electron mass.
The effective masses of the carriers are in units of m0.

Tensile strain (%) a (Å) 2c (Å) Egap (eV) m∗
e /m0

0 4.2582 14.0171 0.502 0�0250
1 4.2582 14.1573 0.414 0�0233
3 4.2582 14.4376 0.231 0�0211
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Table II. DFT calculation results of wurtzite InAs0�75P0�25 under uniax-
ial compressive strain along the [0001] direction.

Compressive strain (%) a (Å) 2c (Å) Egap (eV) m∗
e /m0

0 4.2582 14.0171 0.502 0.0250
1 4.2582 13.8769 0.586 0.0358
3 4.2582 13.5966 0.714 0.0484

becomes sharper at the Gamma-point, while the highest
valence band does not change significantly. The violet
dashed curves represent the fitting, which can be employed
to obtain the effective masses of the carriers. The car-
riers’ mobilities were obtained using the band structures
by employing the approach discussed above. The sharper
band shape implies smaller effective mass (Eq. (1)). The
calculation results are summarized in Table I. It can be
noticed that the electron effective mass m∗

e decreases with
the increase of the uniaxial tensile strain. We considered
only the electron carriers, as it was obtained that the hole
effective mass (0.539 m0 for a strain-free system) is sig-
nificantly larger than that of the electron, hence the holes
would not significantly contribute to the transport proper-
ties, compared with the electrons. These theoretical results
suggest that the electrons move faster when a tensile strain
is applied to the InAs0�75P0�25 nanowire along the axial
direction during the electromechanical experiments, com-
pared with the strain-free structure. These findings could
be employed for fast and accurate measurements.
In addition, we performed calculations for uniaxial-

compressive-strained InAs0�75P0�25 along the [0001]
direction by 1% and 3%, using the same methods. Under
compressive strain, we obtained that the electron effective
mass m∗

e decreases with the increase of the strain, which
is not desirable for fast in-situ measurements. The calcu-
lation results are listed in Table II.

4. CONCLUSION
We performed quantum mechanical DFT calculations to
reveal the effects of tensile strain on the effective masses

of the charges in InAs0�75P0�25, motivated by experimental
results from precise measurements.9 The calculations
showed that the effective mass of the electrons decreased
with the increase of the uniaxial tensile strain, which is
consistent with the experimental findings. For the strain-
free, 1%-strained, and 3%-strained structures we obtained
effective masses of 0.0250 m0, 0.0233 m0, and 0.0211 m0,
respectively, where m0 is the free-electron mass. The
obtained theoretical results were in good agreement with
the experimental observations.
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