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Semiconductor nanowires (NWs) have ideal morphologies to act as active parts and connections in nanode-
vices since they naturally restrict the conduction channels and periodicity to one dimension. The advantages
from the reduced spatial dimension can be greatly enhanced by wisely selecting the materials composing the
NWs, through the knowledge of the properties of their bulk counterparts. NW’s properties can still be tailored
by managing (i) internal or intrinsic characteristics as diameters, growth directions, structural phases, and the
faceting or saturation of surfaces, and/or (ii) external or extrinsic influences as applied electric, magnetic,
thermal, and mechanical fields. Bulk InAs has one of the lowest electron effective-masses among binary III-V
semiconducting materials while bulk InP shows excellent optical properties, which make InAs and InP NWs
candidates for optoelectronic materials. In this work, we use first-principles calculations to study the structural,
electronic, and mechanical properties of [111] zinc-blende InAs and InP NWs as a function of diameter
(ranging from 0.5 to 2.0 nm). The influence of external mechanical stress on the electronic properties is also
analyzed. The axial lattice constants of the NWs are seen to decrease with decreasing diameter, as a conse-
quence of a shorter surface lattice constant of the NWs, as compared to their bulk values. The Young’s modulus
of both InAs and InP NWs is determined to decrease while the Poisson’s ratio to increase with decreasing
diameters, with deviations from the bulk Young’s modulus estimated to occur for NWs with diameters lower
than 15 nm. The increase in the band-gaps with decreasing diameters is seen to be slower than the expected
from simple quantum-mechanical models (1/D? where D is the diameter), mainly for the smallest
(<1.0 nm) diameters. The electron effective-masses are seen to increase with decreasing diameters, due to a
k-dependent energy shift of the conduction-band minimum. The calculated work functions for both NWs show
a decrease with decreasing diameters. The change in the NWs’ band-edge eigenvalues with axial strain is
calculated and the band-gap deformation potentials are determined and shown to change in signal within the
range of studied diameters. The influence of the mechanical strain on the electronic bands is analyzed in terms
of electronic charge decompositions in directions parallel and perpendicular to the NWs’ axes. Direct to
indirect band-gap transitions are observed for compressive strains in very thin NWs. The hole effective-mass

is seen to be lower than the corresponding electron effective-mass for the studied NWs.
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I. INTRODUCTION

Semiconductors nanowires (NWs) have great potential for
technological applications, such as the field-effect
transistors,’> logical gates,’ biological sensors,* lasers,’
light-emitting diodes,” nanoscale interconnects, and active
components of optoelectronic devices and nanoelectrome-
chanical systems.®®

NWs are quasi-one-dimensional systems with a small
cross-section area and a large surface/volume ratio, with
charge carriers confined in two directions. Differently from
single-wall nanotubes, NWs can be built from a large variety
of materials. For specific applications, the choice of the NW
system is guided by the knowledge about the performance of
the corresponding bulk material. Thus, bulk materials which
show outstanding results in, e.g., electronic applications, will
naturally be candidates for NW electronic devices. InAs is
known to have one of the lowest electron effective-masses
among the III-V materials,’ small band-gap, and a Fermi-
level pinning at the conduction-band which leads to almost
ideal ohmic contacts. Thus, InAs NWs are expected to show
excellent performance in electronic applications. On the
other hand, bulk InP has a direct band-gap and high lumines-
cence quantum Yyield, which turn InP NWs a natural choice
for optoelectronic devices.
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Several experimental'®? and theoretical?*=3! studies of
InAs and InP NWs have been performed. Thelander et al.'®
studied the electronic transport on InAs NWs and InAs/InP
NW heterostructures, and showed strong confinement effects
and depletion of charge carriers for wires with diameters less
than 30 nm. Information about doping and surface states
concentrations were obtained by studying the capacitance of
arrays of wrapped-gate InAs NWs.!! Sgrensen et al.'> ob-
served ambipolar conduction in Be-doped InAs NWs without
surface modification. Studies of the diameter dependence on
the transport coefficients'® and electron mobility'* of InAs
NWs have been performed and a reduction in the effective
mobility with decreasing diameter was observed. Successful
growth of InAs NWs in modified (111) Si substrate has been
achieved by Tomioka et al.'® The influence of surface passi-
vation on the transport properties of InAs NWs were deter-
mined by Hang et al.,'” which showed that electron mobility
in passivated devices is superior to the unpassivate ones.
Photoluminescence spectra has been used to distinguish zinc-
blende and wurtzite InP NWs.'®1° An increase in the photo-
luminescence intensity in oxide-passivated InP NWs has
been reported by van Vugt et al.?® It was shown that Zn-
doped InP NWs show a preference for zinc-blende instead of
wurtzite structures.?! Cornet et al.>> showed that there is a
minimum length of 300 nm for the onset of stacking faults in
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InP NWs. Gudiksen et al.?* studied the size dependence of
photoluminescence in InP NWs with diameters ranging from
10 to 50 nm, and showed a systematic shift of the emission
maxima for wires with diameter lower than 20 nm. Moewe et
al.® showed that InP NWs, grown on lattice-mismatched
GaAs, can have crystalline wurtzite or zinc-blende phases,
depending on the size of the catalytic Au nanoparticles. Gal-
icka et al.?® performed first-principles calculations to study
the energetic stability of wurtzite and zinc-blende InAs and
GaAs NWs for different diameters and growth directions,
showing that [0001] wurtzite wires have lower formation
energies for diameters less than 50 nm while zinc-blende and
wurtzite NWs have similar formation energies for larger di-
ameters. Persson and Xu?’ used a tight-binding approach to
study wave functions and band structures of InAs and InP
NWs with rectangular and square cross sections, and found
parabolic-like conduction-band structures. Schmidt et al.?®
performed ab initio pseudopotential calculations to study the
scaling with diameter of the band-gap of InP NWs and found
deviations of the 1/d? behavior for diameters d lower than 2
nm. Moreira et al.? studied the effects OH surface passiva-
tion on InP NWs, and showed the presence of localized states
near the band-edges. Akiyama et al.’® investigated the stabil-
ity of InP NWs and showed that the wurtzite structure is
stabilized due to contributions of surface dangling bonds for
small (<12 nm) diameters. Alemany et al3' showed,
through first-principles calculations, that the binding energy
of acceptor states in InP NWs vary from its bulk value up to
0.2 eV in thinner NWs due to quantum confinement.

Compared to the number of experimental and theoretical
studies about the electronic, structural, and optical properties
of NWs, few works involving the mechanical properties of
these nanostructures have been performed. However, the
possible applicability of these nanomaterials in nanoelectro-
mechanical systems and the great probability of deforma-
tions in their structures when integrated in functional devices
turn it necessary to know how the properties of these nano-
materials vary when they are strained.

It is known that the strain has an important role in the
electronic and optical properties of NWs. Zhang et al.®
showed that uniaxial strain in (111) Ge nanowires leads to
direct band-gap materials while Zhang et al.>? found a direct-
indirect band-gap transition with uniaxial compression in ul-
trathin ZnO NWs. Lyons et al.®® reported that strained Si
nanowires show a shift in the photoluminescence spectra,
induced by changes in their band structures, due the strain.
Recent theoretical studies in Si NWs along the [112]
direction,’** have indicated a possible change from indirect
band-gap in the ultrathin diameters regime to quasi-direct
band-gap in thicker wires. In addition, a compressive stress
applied along the wire axis can enhance the quasi-direct
band-gap feature in these systems. The strain has also been
used to increase the mobility in planar Si metal-oxide-
semiconductor-field-effect transistors.?® Strain effects in op-
tical band-gaps of GaN nanowires were observed.’’ Some
tight-binding calculations have been performed to study the
strain effects in GaAs NWs (Ref. 38) and theoretical studies
have been done in strained carbon nanotubes.3*0

Another fundamental question concerning the behavior of
nanomaterials is the size dependence of their mechanical
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properties. Many studies have been done for the mechanical
properties ZnO nanowires and no agreement has been
achieved on how the elastic moduli of these systems depend
on their geometry and sizes. Experimental measurements by
Bai et al.*' and Ni and Li*? indicated that the elastic modulus
of ZnO nanobelts is lower than that for the bulk material. In
contrast, Chen et al.** reported that the elastic modulus for
ZnO NWs with diameters ranging from 17 to 550 nm is
higher than that of bulk material (140 GPa) and increase with
the decreasing of the nanowire diameter. The same trend was
also observed by Wang et al.,** who studied the structural,
mechanical, and electronic properties of ultrathin ZnO nano-
wires (1-2 nm) along the [0001] direction. Leu et al®’
showed, using a first-principles approach, that the Young’s
modulus and the Poisson’s ratio of [110] and [111] Si NWs,
with diameter ranging from 0.7 to 2.6 nm, decrease with
decreasing diameter. Experimentally, the Young’s modulus of
Ag and Pb NWs have been found to increase with decreasing
diameters*® while investigations on Au NWs point that their
elastic moduli do not depend on diameters.*’ Theoretical
models have been proposed to explain the size dependence
of the elastic modulus of nanostructures. Most of these mod-
els use the linear elasticity theory and are based on the
surface-free energy and its first two derivatives, i.e., the sur-
face stress and the surface elastic constants.*>#6:48-50 Usually
in these approaches, the nanostructure is artificially divided
in two distinct regions: (i) a core, with the elastic modulus of
the bulk material and (ii) a surface, with a surface modulus,
which is related to the surface effects. Liang et al.’! using the
embedded-atom method, explains the size dependence of the
Young’s modulus of Cu NWs as due to a nonlinear behavior
of the NW core. To our knowledge, no studies on mechanical
properties of InAs and InP NWs have been performed.

In this work we present the results of first-principles cal-
culations of mechanical, electronic, and structural properties
of [111] zinc-blende InAs and InP nanowires. Details of the
employed methodology are shown in Sec. II. The results of
diameter dependence of the NWs’ mechanical and structural
properties are presented in Sec. III A. The size and stress
dependences of the electronic properties are showed in Secs.
III B 1 and III B 2, respectively. Our conclusions are summa-
rized in Sec. IV.

II. METHODOLOGY

The calculations were performed with the Vienna ab initio
package simulation code (VASP),’> using the density-
functional theory (DFT) within the local-density approxima-
tion (LDA) to the exchange-correlation potential,>>>* and the
projector-augmented wave method (PAW).>> The Kohn-
Sham single-particle wave functions are represented by
plane-wave expansions with a cutoff of 314 eV for InAs and
405 eV for InP.

In order to check the accuracy of the employed method-
ology and to establish limiting values for the size depen-
dence of the NW properties, we calculated the electronic,
structural, and mechanical properties of bulk zinc-blende
InAs and InP materials. For these bulk calculations, a sam-
pling of the Brillouin-zone with ten special k points was
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TABLE 1. Calculated equilibrium lattice constants, a,, Bulk
modulus, B, and band gaps, E o for bulk zinc-blende InAs and InP.
The results in parentheses are taken from Ref. 58.

ap BO Eg

(A) (GPa) (eV)
InAs 6.059 (6.058) 60.2 (57.9) -0.34 (0.418)
InP 5.879 (5.869) 713 (72.4) 0.52 (1.424)

used, according to the Monkhorst-Pack scheme.>® Total en-
ergy calculations for several values of the lattice constant
were performed, and a fit to the Murnaghan equation of
state®’ was done in order to obtain the equilibrium lattice
constants as well as the Bulk moduli of InAs and InP. Apart
from the band-gap values, which are underestimated in DFT/
LDA calculations, our results are in good agreement with
literature,>® as shown in Table 1.

The mechanical properties of bulk InAs and InP materials
were studied along the [001] and [111] directions. Starting
from the equilibrium configurations, total energy calculations
have been performed for unit cells strained from —4% to
+4% of the lattice constants along the appropriate directions.
For each strained bulk calculation, an optimization of the
unit cell dimensions along directions perpendicular to the
applied strain was performed. The Young’s moduli, Y, and
Poisson’s ratios, v, of these systems have been determined
according to the following equations:

- 1(#) \
T v\dé) oy
A7‘/=(1 -2v)e, (2)

where E is the total energy, € is the strain, and V is the
equilibrium volume. The results for the bulk Young’s moduli
and Poisson’s ratios at [001] and [111] directions, shown in
Table 11, are in good agreement with literature 3%

We studied zinc-blende [111] InAs and InP nanowires
with diameters of 0.5, 1.0, 1.5, and 2 nm, approximately.
Figure 1 shows the cross sections of the studied NWs. All
NWs present six {110} planes, forming hexagonal cross sec-
tions, with the dangling bonds at the surfaces saturated with
pseudohydrogen atoms.®! The introduction of saturating

TABLE II. Calculated Young’s moduli (Y,) and Poisson’s ratios
(vp) for bulk zinc-blende InAs and InP, along [001] and [111] di-
rections. Experimental results for InAs, in parentheses, are taken
from Ref. 59 and for InP from Ref. 60.

Y,
(GPa) )

[001] [111] [001] [111]

InAs  48.1 (50.0) 91.2 0.369 (0.36) 0.252
InP  56.0 (61.1) 1064 (112.7) 0.368 (0.357) 0.255 (0.236)

PHYSICAL REVIEW B 81, 075408 (2010)

(@) (b) (©) (d)

FIG. 1. (Color online) Representative cross sections of the stud-
ied InAs and InP NWs with diameters of = (a) 0.5, (b) 1.0, (c) 1.5,
and (d) 2.0 nm.

pseudohydrogen atoms requires an increase in the cutoff of
plane-wave expansion from 314 to 375 eV in the case of the
InAs NWs. We used tetragonal unit cells with the minimal
size along the NW axis and a vacuum layer of 8 A in the
directions perpendicular to NW axis. This construction
avoids the interaction between NW images in neighboring
cells. The numbers of atoms in the unit cells are 14, 38, 74,
and 122 cation plus anion atoms (excluding the pseudo-H
atoms) for the four studied NW diameters. The sampling of
the NWs’ one-dimensional Brillouin-zones was performed
by using two k points. A convergence in the total energy
within 5 meV was obtained. We optimize the geometry of the
InAs and InP NWs until the forces are lower than
0.03 eV/A.

There is no unique definition for the NW diameters. Here,
we define the NW diameters as those of the thinnest cylin-
ders that contain the NWs excluding the saturation layer. The
volume of the NWs are calculated as those of regular hex-
agonal prisms. It is important to stress at this point that the
numerical values obtained for the NW properties are depen-
dent on the way the diameter is defined. However, the trends
in these properties are independent of this specific choice of
the NW diameters.

III. RESULTS AND DISCUSSION

A. Structural and mechanical properties

When the chemical bonds are broken to the formation of a
surface layer in a bulk material, two processes can occur,
namely, relaxation and reconstruction. The environment of
the surface atoms differ significantly from the bulk atoms.
Even in cases where surface passivation is taking into ac-
count, there are differences in the bond strengths at the sur-
face. These differences of bond strengths possibly lead to
surface lattice constants that are different from those of the
bulk material. It introduces compressive or tensile stress be-
tween the surface and bulk atoms, resulting in equilibrium
lattice constant for the entire system that will be dependent
on the surface/volume ratio. As this ratio increases, as in the
cases for small diameter NWs, the resulting lattice constant
will be the one which minimizes the stress in the system.

For the InAs and InP NWs studied here, only relaxations
of the surface atoms can occur since we are passivating the
dangling bonds at the surface. Figure 2 shows the variation
in the lattice constant for the [111] InAs and InP NWs as a
function of the NW diameter. It can be seen from this figure
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FIG. 2. (Color online) Calculated variation in the equilibrium
lattice constant of the InAs and InP NWs as a function of the NW
diameters. The dashed horizontal lines represent the bulk equilib-
rium lattice constants.

that the lattice parameter of the NWs turn shorter as the
diameter decreases and deviations from the bulk value, al-
though small, already occurs for NWs with diameters around
20 A. These deviations in the NWs’ lattice constants show
that the surface lattice constant is certainly smaller than that
for the bulk materials, i.e., the surfaces are under tensile
stress.

The Young’s modulus for the [111] InAs and InP nano-
wires, Yyw, have been determined through a quadratic fit to
Eq. (1) by calculating the total energy of the NWs at eight
different strain values, corresponding to deviations from
—4% to +4% of the axial equilibrium lattice constants. Fig-
ures 3(a) and 3(b) show the deviations of the InAs and InP
NWs Young’s moduli from the respective bulk values, AY.
The Young’s moduli of the NWs clearly decrease as the di-
ameter decreases. This occurs because the atoms at the sur-
face and in the core of the NWs are subject to different
chemical environments and will respond differently to exter-
nal stresses. Thus, the calculated effective Young’s modulus
for these small diameter NWs will be the result from com-
bined core and surface contributions. In order to quantify
these two distinct contributions, one should have a way to
separate the atoms in the NWs in surface and core regions.
Since there is no unique way to define a surface region, we

AY (Mbar)

I8

\‘ ! ! ! !
0 50 100 150 200 250 300
Diameter (A)

FIG. 3. (Color online) Calculated variation in the Young’s
modulus for the [111] zinc-blende InAs and InP NWs as a function
of diameter (in A).
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FIG. 4. (Color online) Calculated Poisson’s ratios of the [111]
zine-blende InAs and InP NWs as a function of diameter (in A).
The horizontal dashed line represent the average Poisson’s ratio of
the bulk InAs and InP materials.

take the influence of the surface on the NWs Young’s moduli
as the difference between the effective Young’s modulus for
each NW and Young’s modulus of the respective bulk mate-
rial. The deviations from the bulk Young’s modulus are de-
pendent on the surface/volume ratio of the NWs, which for
regular hexagonal prism NWs is =4.62/D, where D is the
wire diameter. We then propose to fit AY vs diameter by a
function given by

Yaw(D) =Y+ D_,l,, (3)
D

where D, is a scale factor corresponding to the variation in
the Young’s modulus relative to the bulk value for a NW
with a 1 A diameter. D, and n are adjustable parameters. We
assume that the bulk value would be obtained for NWs with
diameters larger than 100 nm. These fits are shown in Fig. 3,
with the fitted values for D; and n being —1.38 and 1.10 for
InAs and —0.80 and 0.82 for InP, respectively. These values
for D, and n can be slightly changed when the bulk limit is
assumed to be different from 100 nm but it does not change
the whole picture. To the best of our knowledge, there is no
available experimental data for comparison. From Fig. 3 one
can see that the influence of the surface will be significant for
diameters shorter than 15 nm, with the deviations from the
bulk values being more pronounced for the InP NWs. There
is a great similarity in the general behavior of the diameter
dependence of Young’s modulus variation for the InAs and
InP NWs. We would like to stress that the extrapolations to
larger diameters in Fig. 3 should be considered carefully
since the data set is restricted to a limited range of small
diameters.

The lateral shrink or expansion of the NW diameters
when subjected to external stress, the Poisson’s ratio, can be
calculated for the InAs and InP NWs, according to the fol-
lowing equation:

AD _

D= VE. (4)

As can be seen from Fig. 4, the Poisson’s ratios for both
NWs increase for decreasing diameters and have very similar
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FIG. 5. (Color online) Calculated band structure for the [111]
InAs nanowires with diameters of = (a) 0.5, (b) 1.0, (c) 1.5, and (d)
2.0 nm. The Fermi energy is at 0 eV and is showed by the horizon-
tal dashed line. The letters ¢y, ¢, and c; in panel (a) indicate, in this
order, the conduction-band minimum and two levels above in
energy.

values, resembling the similarities between the InAs and InP
bulk Poisson’s ratios in Table II, with small differences ap-
pearing only at D<10 A.

B. Electronic properties

The electronic structure of the InAs and InP NWs will be
analyzed by taking into account [Eq. (1)] the diameter de-
pendence and [Eq. (2)] the influence of external stress.

1. Diameter dependence

The lateral quantum confinement is well known to in-
crease the energy separation between the valence and con-
duction levels of the NWs, increasing their band-gaps. This
is shown in Fig. 5, for the studied InAs NWs. The band
structures for the InP NWs are very similar and will not be
shown here. Table III shows the calculated band-gap varia-
tions, AE,. According to the simple quantum-mechanical
particle in a box model,%? it should be expected that the
increase in the band-gap value would follow a 1/D? behav-
ior. However, deviations from this simple model have been
reported for small diameter semiconductor NWs. 236364 We

TABLE III. Calculated variations in the band-gaps relative to
the bulk values, AEg in eV, electron, m:/ mg, and light-hole
effective-mass (Ref. 65), mj;,/mq (my is the free-electron mass), for
the InAs and InP nanowires with different diameters, D.

InAs InP
D
(nm) AE, myimy mylmy AE, mi/img  my/mg
=0.5 3.30 3.00
=1.0 212 0.277 0.198 1.87  0.489 0.245
=15 1.56  0.153 0.125 1.32 0.244 0.183
=2.0 1.22  0.106 0.092 1.00  0.182 0.133
® expt.” 0.023 0.025 0.079 0.089

4Reference 58.
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FIG. 6. (Color online) Variation in the band-gap, AE,, for the
InAs and InP NWs as a function of diameter, in nm. The solid lines
are the results from our fits while the dashed lines correspond to
similar fits presented in (a) Wang et al. (Ref. 64) and (b) Yu et al.
(Ref. 63).

assume that the band-gaps of the InAs and InP NWs,
EgNW(D), will vary according to the following formula:

D,
ENN(D)=E + Do (5)
where EZ“[k is the calculated bulk band-gap and D; is a scale
factor corresponding to the variation in the band-gap for a
NW with a diameter of 1 nm relative to the bulk value. The
fit to this function is shown in Fig. 6, where we take into
account the calculated AEg(D)=E§IW(D)—E§“[k values for
the studied NWs, together with sets of experimental data for
InAs (Ref. 64) and InP (Ref. 63) NWs. We also considered
an asymptotic zero value to AE,(D) at 100 nm. The increase
in the band-gap occurs at rates which are lower than that
given by 1/D?, with the a values in Eq. (5) for the InAs and
InP NWs being 0.81 and 0.93, respectively. The D; values
are 1.94 and 1.60 nm for InAs and InP NWs, respectively.
The dashed curves in Figs. 6(a) and 6(b) correspond to the
same kind of fit performed in previous works for InAs (Ref.
64) and InP (Ref. 63) NWs while the solid lines correspond
to our fits. For the InAs NWs, it can be noted that both solid
and dashed curves fit well the experimental and theoretical
data. In the case of InP NWs, on the other hand, it is clearly
seen that our fit gives a much better agreement with the
experimental data, as compared to that by Yu et al® We
would like to stress that for the studied NWs, which have
hexagonal cross sections, the definition of the diameter is not
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obvious, as already stated. It happens because deviations
from a cylindrical-like shape are enhanced when the edges/
faces ratio is increased. So, the scaling behavior of the band-
gap with diameter should not be expected to be so accurate
for the thinner NWs.

Another evidence of the electronic structure dependence
on the diameters of the InAs and InP NWs is given by the
effective-masses. As is apparent from Fig. 5, the curvature of
the conduction-band minimum (CBM) of the NWs dimin-
ishes when the diameter decreases. The electron and hole
effective-masses for these NWs have been calculated and are
shown in Table III. Although it is well known that LDA fails
to accurately predict the effective-masses, the trends ob-
served in this variation are expected to be correct and indi-
cate that the increase in the surface/volume ratio will reduce
the electron and hole mobility as the diameter decreases. It
has a direct impact on the use of these NWs as active parts in
nanoelectronic devices since it directly affects the carrier
mobility. Even for the NWs with larger diameters, the calcu-
lated electron effective-masses are =3.2 times bigger than
those for the bulk InAs and InP materials. This increase in
the effective-masses with the narrowing of the NW diameters
occurs due to a k dependence of the confinement effects on
the electronic states, i.e., the shift on the conduction-band
minimum at I" is greater than those for the k vectors along
the [111] direction. It is a consequence of the folding at I" of
the electronic states in directions other than that defined by
the NW axis. Noteworthy is the fact that the hole effective-
mass is lower than the corresponding electron effective-mass
for a given NW, with the difference between them increasing
with decreasing diameters.

Excepting the CBM level for the narrowest NW, the band-
edge levels at the L point and I" point will be different. For
the VBM, two levels of different symmetry (one of them
twofold degenerate) cross at k points which change with di-
ameter, going from values close to I' to values close to L as
the diameter decreases. The twofold-degenerate level will be
the VBM level at L point. For the CBM, there is an anti-
crossing between two highly dispersive levels which have
the same symmetry, ¢; and c¢3, and crossings involving these
two levels and a twofold-degenerate level of different sym-
metry, ¢, (¢y, ¢,, and c3 are defined in Fig. 5). These cross-
ings and anticrossings close to the L point change the char-
acter of the CBM level for different diameters. For the NW
with the largest diameter, the CBM at the L point is given by
the nondegenerate level which has higher energy at I, ¢5. For
the NW with diameter =1.5 nm, a quasi-degeneracy be-
tween the ¢, and c3 levels seems to occur. For the 1.0 nm
NW, the c;3 level is again the CBM at L, and for the 0.5
diameter NW, it will be given by the ¢, level, which is the
CBM at the I'" point for all NW diameters.

Another electronic quantity that can be measured experi-
mentally is the work function, i.e., the energy necessary to
extract an electron from the material. We calculate the elec-
tronic work function, ®, of the InAs and InP NWs according
to the following formula:

b=V, —Ef, (6)

where V. is the electrostatic potential at the vacuum region
and E is the electronic Fermi energy, which we define as the

PHYSICAL REVIEW B 81, 075408 (2010)

TABLE IV. Calculated work function, ®, as a function of diam-
eter for the InAs and InP NWs.

(O]
(eV)

D

(nm) InAs InP
=0.5 4.36 4.24
=1.0 4.49 4.36
=1.5 4.59 4.45
=2.0 4.68 4.52

energy at the middle of the band-gap. The calculated work
functions for the studied NWs are shown in Table IV. It can
be seen that the work function increases monotonically with
increasing diameter, which is in accordance with experimen-
tal results for InAs quantum dots.®® The decreasing ratio of
the work function with decreasing diameter is almost mate-
rial independent, and will be greater for narrower NWs. It
indicates that the variation in the work function is mainly
dependent on the surface/volume ratio. From these values,
one can see that electrons will be more easily detached as
thinner the NWs.

2. Stress dependence

The electronic levels in NWs can vary due to effects other
than those coming from quantum confinement, e.g., lattice
distortions due to phonon states. This is crucial when elec-
tronic transport is considered. Bardeen and Shockley®’ first
showed that long-wavelength phonon states affect the band-
edge levels, and consequently the electronic transport, and
that these effects can be well reproduced by homogeneous
deformations of the material system. The influence of these
lattice deformations on the electronic states can be described
by effective potentials called deformation potentials. The de-
formation potentials will depend on (i) the space group of the
material system, (ii) the wave vector, and (iii) symmetry of
the electronic state in question.®®

We have determined the volume deformation potential for
CBM and valence-band maximum (VBM), a§/= JE;1 9 In(V),
at the I' point for the bulk InP material, where E; is the
eigenvalue of the electronic state i and V is the volume of the
material system. From these two deformation potentials, one
can define the band-gap deformation potential as a%:a‘C,BM
—ay®™. The results for af, ay®™, and ap®™ are —5.50,
—15.47, and -9.97 eV, respectively. It should be regarded
that the only measurable of these deformation potentials is
a¥,. Different calculations can give different values for the
a;®™ and ay®M since there is no absolute reference in terms
of which these values could be obtained. Actually, theoretical
values ranging from —3.4 to —21 eV have been obtained for
the a‘C,BM.9 Our results for the band-gap deformation poten-
tials are in good agreement with Wei and Zunger,®
—-5.30 eV, and Van de Walle,”? -6.31 eV.

For NWs, there is only one direction where the transla-
tional symmetry is preserved. Thus, the deformation poten-
tial associated with an electronic level i in NWs will be given
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TABLE V. Calculated band-gap, a8, conduction, a®BM | and va-
lence, aVBM, deformation potentials, for the InAs and InP nanowires
with different diameters, D. The values are given in eV.

InAs InP
D
(nm) aVBM «CBM af aVBM aCBM at
=0.5 -4.03 -6.57 -2.54 -4.26 -6.98 -2.72
=1.0 -6.61 -7.57 -0.96 -6.72 -8.07 -1.35
=1.5 -8.09 -7.74 0.35 -8.28 -8.45 -0.17
=2.0 -8.98 -7.86 1.12 -9.15 -8.66 0.49

by JE;/ de, where € means the axial strain. This quantity has
already been determined for [110] and [111] Si NWs by Leu
et al.¥ The calculated band-gap, CBM and VBM deforma-
tion potentials for the InAs and InP NWs with different di-
ameters are shown in Table V. These deformation potentials
are calculated using both CBM and VBM eigenvalues at the
I' point. It can be seen from the data in Table V that the
CBM and VBM deformation potentials decrease as the NW
diameter decreases, which shows that the band-edges will be
less affected by external stress as the NW turns thinner. Fur-
ther, the variation in VBM deformation potential with diam-
eter is greater than that for the CBM in both wires. For the
thicker wires, the VBM deformation potentials are greater
than the CBM ones while for the thinner wires this relation-
ship is inverted. It leads to a sign change in the band-gap
deformation potential with the NW diameter. For the thicker
wires, the band-gap increases (decreases) for tensile (com-
pressive) stress whereas for the thinner wires the band-gap
decreases (increases) for tensile (compressive) stress. The
lowest absolute values for the band-gap deformation poten-
tials are obtained for the NWs with diameters around 1.5 nm.
These are the NWs which have band-gaps less sensitive to
external strain and are close to the threshold diameter where
an inversion in the band-gap behavior with stress takes place.

Actually, the strain along the NW axis also introduces
deformations in the NW diameters, according to the Pois-
son’s ratio. The effect of these radial deformations on the
electronic levels will appear as an additional confinement
effect and cannot be associated to deformation potentials
since there is no periodicity along the radial direction. The
influence of the strain on the electronic levels can be written

as
dE, OE, JE; D
Ll —| =L|—| +L|——
dL ), L) 1y, oD L)y,

=— —vD—. (7)

The first term on the right side of Eq. (7) represents the
axial deformation potentials while the second term gives the
shift on the electronic level E; due to the variation in the NW
diameter, which appears as a quantum confinement effect
and is directly proportional to the Poisson’s ratio v. We have
separately estimated the effects of the two terms on the right-
hand side of Eq. (7) for the =0.5 nm diameter InP NW by
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considering configurations in which (i) the resulting axial
deformation is such as for the NW deformed in 4% in its
lattice constant but with the diameter kept the same as for the
unstrained NW and (ii) the reduction in the diameter is the
same as for the NW deformed in 4% in its lattice constant
but with the axial length kept as for the NW at zero axial
strain. The shifts in the band-edge eigenvalues, AEYEM and
AECBM due to the axial and radial deformations are
AEVBM=_( 154 and -0.020 eV, and AEBM=-0.327 and
0.010 eV, respectively. It can be seen that the shift in the
eigenvalues at the I" point due only to axial deformations,
which can be interpreted as a rigid diameter axial deforma-
tion potential, are 7.7 and 50 times greater for the VBM and
CBM, respectively, than the shift in the eigenvalues due only
to the radial confinement. The magnitude of this additional
radial confinement energy shift is directly proportional to the
Poisson’s ratio, as noted before.

The band structures of the InAs NWs for axial strains
from —4% to 4% of the axial lattice constant are shown in
Fig. 7. The band structures for the InP NWs are similar and
not shown here. Axial strains act differently on the various
levels appearing in the band structure, depending on the spa-
tial decomposition of the charge densities associated with the
levels. Levels with greater components along the axial direc-
tion will be more affected by the axial strain, although levels
with greater charge densities in directions perpendicular to
the NW axis will also be affected, due to the radial deforma-
tions of the NWs following the axial strains. Table VI shows
the s, p,, and p, components of selected levels close to the
band-gap at the I' and L points for the thinnest NWs at a 0.04
strain. The symbols p;, and p, stand for the parallel and
perpendicular components of p-like orbitals with respect to
the NW axis.

As can be seen from Table VI, the VBM level has greater
components along the NW axis while the CBM has mainly s
character. It implies that the VBM levels would be more
affected by the axial strain. This should appear as greater
aVBM than «“BM values. Actually, this is observed for the
thicker NWs. However, as the NWs turn thinner, larger Pois-
son’s and surface/volume ratios make the confinement ef-
fects on levels with greater s and p; components more evi-
dent. Since the CBM is mainly s character, the greater radial
deformations and lower diameters of the thinner NWs will
make the a“®M values higher than a"BM ones. Figure 7 shows
that the dispersion of the CBM band do not to change sig-
nificantly with strain for the two thicker NWs but present
evident variation for the two thinner ones. The VBM level
does not change its main contributions at the Brillouin-zone
end points. On the other hand, the twofold-degenerate
VBM-1 level does change its contributions, having greater
p. and p characters at I' and L, respectively, for the thinnest
diameter NWs. Whereas the VBM and CBM levels maintain
their characters for all studied diameters, the VBM-1 does
not. Actually, as the diameter is increased from 0.5 to 2.0 nm,
the VBM-1 gradually changes its main character from p, to
py at I' and from p; to p, at L. This change in the VBM-1
character as a function of diameter explains why the VBM
and VBM-1 eigenvalues turn closer in energy as the diameter
is increased. From Fig. 7, one can see that the relative energy
difference between the VBM and VBM-1 changes with
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FIG. 7. Calculated band structures for InAs NWs with diameters
of = (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0, as a function of strain,
which corresponding to axial distortions from —4% to +4% of the
NW equilibrium lattice constant.

strain. For tensile (compressive) stress, these levels shift to
lower (higher) energies with a ratio that depends directly on
the p, content of the level, which is higher for the VBM.
Then, the shifts in the VBM will be greater than those in the
VBM-1 and the levels will approach (separate) each other in
energy at the I' point for tensile (compressive) strains. This
last trend combined with the relative energy position at zero
strain leads to the observed structure of the levels at the top
of the valence-band for the studied NWs, as seen in Fig. 7.
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TABLE VI. Calculated charge density decomposition for levels
of the InAs NW close to the band-gap. The VBM-1, VBM, and
CBM labels are assigned according to the level ordering appearing
in the band structure for the narrowest NW at —4% strain (upper left
panel in Fig. 7).

r L
s Pi Py s Pi p1
VBM-1 0.060  0.113 0400 0.033 0310 0.025
VBM 0.047 0508 0.022 0.057 0475 0.042
CBM 0472 0.017 0.032 0346 0.066 0.019

The effective-masses will also be affected by strain. This
additional variation in the effective-mass is related to a &
dependence of the strain effects on the band-edge levels.
This k dependence can also be analyzed by taking into ac-
count the changes in the level decomposition in s, p |, and p,
contributions. As noted above, the CBM level is more af-
fected in the thinner NWs. From Table VI it can be seen that
the CBM has greater p; contributions at L than at I'. Thus,
the variation in the CBM with axial stress will be greater at
L than at I', which will change the CBM dispersion and
effective-mass values, as can be seen from Figs. 7(a) and
7(b). As the NWs turn thicker, this effect is less manifest. It
could be explored for nanoelectromechanical sensors, with
the mobility changing with stress. This k-dependent behavior
of the CBM with strain lead even to a direct-indirect transi-
tion of the band-gap, and to very high values of the electron
effective-mass. This band-gap transition is observed to occur
for the thinnest NWs at =~-0.03 strain. Another direct to
indirect band-gap transition is suggested to occur for thicker
NWs at tensile strains, as is evident from the evolution of the
levels close to the valence-band maximum in Fig. 7(d). Note-
worthy is the fact that for the studied thin InAs and InP NWs,
the calculated hole effective-masses are seen to be lower
than the respective electron effective-masses.

IV. CONCLUSIONS

In summary, we performed first-principles calculations to
study the mechanical, structural, and electronic properties of
[111] zinc-blende InAs and InP NWs. We determined the
behavior of the axial lattice constants, Young’s modulus, and
Poisson’s ratio of both NWs as a function of diameter and
showed that they differ from their respective bulk values.
The lattice constants and Young’s modulus decrease while
the Poisson’s ratio increases with decreasing diameter. The
increase in the band-gaps with lateral confinement is shown
to differ from the 1/D? behavior predicted by simple
quantum-mechanical particle in a box model, with greater
deviations for the smaller diameter NWs. The work functions
of both NWs are seen to decrease with decreasing diameters.
The effective-masses are determined to increase with de-
creasing diameters, as a consequence of k-dependent shifts in
the band-edge eigenvalues, and has no dependence on any
surface related scattering mechanism. The band-gap defor-
mation potentials are determined and seen to vary nonmono-
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tonically with diameter, from positive to negative values as
the diameter decreases. The variation in the band-edges and
effective-masses with strain is analyzed in terms of a charge
decomposition along directions parallel and perpendicular to
the NW axis, and very high electron effective-mass values as
well as a direct to indirect band-gap transition is observed to
occur for the thinnest NWs at compressive strains. Direct to
indirect band-gap transition occurring simultaneously with
transition from low to high hole effective-mass regimes are

PHYSICAL REVIEW B 81, 075408 (2010)

suggested to occur at tensile strains for larger diameter NWs.
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