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Structural stability and electronic structures of InP nanowires: Role of surface dangling bonds
on nanowire facets
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The structural stability and electronic properties of InP nanowires (NWs) are investigated based on first-
principles pseudopotential calculations. In contrast to the bulk phase, zinc-blende (ZB) NWs are found to be
less favorable over wurtzite (WZ) NWs, in which the surface dangling bonds (DBs) on the NW facets play a
crucial role to stabilize the WZ structure. Our analysis of the NW cohesive energy based on the number of DBs
also suggests the bistability forming both ZB and WZ NWs around 120 A diameter and the formation of
rotational twin structures around 400 A diameter being consistent with experiments. Furthermore, the stable
WZ NWs are found to be semiconducting whose characteristics are dependent on the surface DBs as well as
the NW size and shape. The estimated oscillator strength also indicates the possibility of efficient light
emission originating from the direct gap and geometrically restricted excitonic effects.
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I. INTRODUCTION

Semiconductor nanowires (NWs) grown by a vapor-
liquid-solid mechanism! have great potential for understand-
ing the fundamental roles of reduced dimensionality and size
in optical, electrical, and mechanical properties and have
been attracting great interest for their applications including
photonics, mnano and molecular electronics, and
thermoelectrics.? So far, NWs of group-IV, -1II-V, and -1I-VI
materials have been synthesized by employing various meth-
ods such as laser-assisted catalytic growth,>® chemical vapor
deposition,”'* metalorganic vapor-phase epitaxy,””"!° and
the other methods.?*-2* Moreover, for promising nanodevices
based on the NWs, NWs with small diameters (~38 A) are
now designed by controlling the particle size of Au used as a
catalyst for NW growth, as demonstrated in Si NWs.!423

InP NWs in group-III-V NWs are one of the intriguing
targets in the sources and detectors in fiber optic communi-
cations and high-speed electronic applications, such as p-n
junction light-emitting diodes® and one-dimensional
polarization-sensitive photodetectors.” In spite of this techno-
logical importance understanding of atomic structures and
electronic properties of InP NWs still remains unclear. Re-
cent observations by transmission electron microscopy
(TEM) for an InP NW with a diameter of ~400 A,'8 grown
on InP(111) substrates, have suggested that the NWs seems
to be zinc-blende (ZB) structures as seen in the bulk phase
but they often contain rotational twin blocks, which are ro-
tated by 60° with respect to each other. Since their rotational
axis is the [111] direction, these twin blocks results in
wurtzite- (WZ-) structured segments, implying that the rela-
tive stability between ZB and WZ structures in InP NWs is
different from that of the bulk case. Furthermore, photolumi-
nescence (PL) experiments®'® have observed a clear blue-
shift of the peak energy in NWs, suggesting a quantum con-
finement of the carriers.

Aside from these experimental investigations, little is so
far known theoretically about the stable structures and elec-
tronic properties of group-III-V nanowires including InP
NWs, although theoretical studies of Si NWs have been ex-
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tensively carried out.>*=?° In particular, theoretical investiga-
tions concerning the stacking sequences of atomic layers
along the growth direction have rarely been carried out.
Therefore, precise predictions for the structural stability and
electronic structure of InP NWs with first-principles quantum
mechanics are strongly desirable to derive the microscopic
properties of InP NWs.

In this study, we investigate structural stability and elec-
tronic properties of InP NWs vertically grown on InP(111)
substrates from first-principles pseudopotential calculations
with fully optimized geometry. Our calculations with diam-
eter (Dyyw) less than 23 A demonstrate that the ZB NWs are
less favorable over the WZ NWs, in which importantly the
surface dangling bonds (DBs) on the NW facets are found to
be crucial to determine the stability. An analysis of the NW
cohesive energy based on the number of the DBs predicts
that the NWs are bistable, forming both WZ and ZB struc-
tures at Dyw = 120 A, which leads to the exhibition of poly-
types. In addition, our estimation of the optical properties in
the WZ NWs demonstrates the blueshift of the transition
energy and the enhancement of the oscillator strength, sug-
gesting the possibility of efficient light emission in WZ
NWs.

II. CALCULATION PROCEDURE

In order to discuss the structural stability during synthesis
of InP NWs, we here employ pristine InP NWs as a repre-
sentative of NW models. Since InP NWs are usually fabri-
cated at relatively high temperature (~800 °C),>%1%19 we
assume that surface atoms on the NW facets during the syn-
thesis are not saturated by foreign atoms such as H atoms.
We consider the InP NWs in ZB and WZ structures with
hexagonal shape which is assumed from crystal symmetry
considerations. The ratio of the number of surface DBs gen-
erated on NW facets to the total number of atoms in each
diameter is the lowest in the hexagonal shape, as shown in
Fig. 1, leading to large NW cohesive energy for a certain
diameter. The hexagonal ZB and WZ NWs are denoted as

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.235308

AKIYAMA, NAKAMURA, AND ITO

(b) \

FIG. 1. (Color online) Cross-sectional view of hexagonal (a)
WZ [WZ-H(54, 54)] and (b) ZB [ZB-H(42, 40, 40)] NWs. Gray
(open) and brown (solid) circles represent In and P atoms, respec-
tively. The Dyyw of NW (dashed circle) is defined as the diameter of
a circle precisely enclosing a hexagonal wire. Arrowheads indicate
two-coordinated atoms located at the boundaries of NW facets.

ZB-H(l, m, n) and WZ-H(l, m), respectively, where [, m, and
n represent the number of atoms in each double layer. The
WZ NW in a triangle shape, WZ-T(14, 13), is also consid-
ered in order to determine the relative stability between WZ
and ZB structures at Dy =9.0 A.

The calculations are based on the generalized gradient
approximation®’ (GGA) and norm-conserving
pseudopotentials.?! The conjugate-gradient technique®?3* is
utilized both for the electronic structure calculation and for
the geometry optimization. We employ a supercell in which a
nanowire is placed with its facets being separated by ~7 A
from those of adjacent NWs. We adopt the partial core cor-
rection for In atoms in the treatment of the exchange-
correlation energy.>* The valence wave functions are ex-
panded by the plane-wave basis set with a cutoff energy of
20.25 Ry which gives an enough convergence of total energy
to discuss the relative stability: The cohesive energy of ZB
InP in the bulk (3.41 eV) and the energy difference between
WZ and ZB structures (5.6 meV/atom) agree well with pre-
vious calculations.® The k-point sampling for integration
over the one-dimensional Brillouin zone (BZ) is carefully
chosen to maximize the accuracy: The four k points for cubic
structure and the six k points for hexagonal structure, both of
which are folded into the two k-point sampling in the least
common multiplied supercell with six double layers, are
found to provide sufficient accuracy in the total energies.

III. RESULTS AND DISCUSSION
A. Structural stability

The stability of NWs is discussed in terms of the cohesive
energy E. defined as

Ecz{znﬁﬂﬁ_Emt}/Enﬂ» (1)
B B

where E,,, is the total energy of the supercell containing an
InP NW, ug is the chemical potential of 8 atoms (8=In, P)
in the supercell, and ng is the number of B atoms. The
chemical potentials of In and P atoms are chosen as the val-
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FIG. 2. (Color online) Cohesive energies of InP NWs as a func-
tion of nanowire diameter. Circles, squares, and triangles represent
cohesive energies of ZB, hexagonal WZ, and triangle WZ NWs,
respectively. Solid (red), dotted (blue), and dashed and dotted (gray)
curves indicate the E, of ZB NWs (Ezg), that of hexagonal WZ
NWs (Ewz), and the energy difference AE between ZB and WZ
NWs obtained from Egs. (2) and (3), respectively. The horizontal
solid (blue) line represents the bulk cohesive energy (g
=3.41eV) and the dotted (gray) line the bulk energy difference
between ZB and WZ structures (Ae=5.6 meV). The ratio of the
number of surface DBs generated on the NW facets to the total
number of atoms is also listed.

ues of uy, and up, respectively. Figure 2 shows the E,. of InP
NWs with Dyw=23 A by using Eq. (1). As the Dy in-
creases, E,. converges into the calculated bulk cohesive en-
ergy. The behavior of E,. with respect to Dy correspondsto
the decrease of the surface DB ratio. In contrast to the bulk
phase, importantly, the ZB NWs are less energetically favor-
able than the WZ NWs whose diameter is close to that of the
ZB NWs, over the entire range of Dy considered here. This
is because the structural stability is mainly determined by the
surface DBs on the NW facets. On the facets of both WZ
[Fig. 1(a)] and ZB [Fig. 1(b)] NWs, there are three-
coordinated In and P atoms bonded with each other. Instead,
In-P pairs, each of which consists of two- and three-
coordinated atoms, are inevitably formed in the surface
boundaries of the ZB NW facets, as indicated by arrowheads
in Fig. 1(b). The presence of two-coordinated atoms leads to
a higher surface DB ratio in the ZB NWs compared with that
in the WZ NWs with close Dy, as listed in Fig. 2. Since
dangling bonds in semiconductors generally induce a large
energy loss in the cohesive energy, the high DB ratio in ZB
NWs results in destabilization of the ZB structure.

Our analysis of the £, by considering the energy contri-
bution of the surface DBs and the energy difference between
WZ and ZB structures in the bulk phase Ae shows that a
simple description of E, can reproduce these structural char-
acteristics. We express the cohesive energies of the WZ NW
Eyw7 and of the ZB NW Ep as

N(l)
—PREQL, (2)

tot

EWZ=80—AS_
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respectively. Here, g is the bulk cohesive energy with ZB
structure, N,,, the total number of atoms in the unit cell, N]()ll)3
(N(Dzl)g) the total number of DBs for three- (two-) coordinated
atoms in the unit cell, and Eg])3 (E]()zl)g) the energy loss due to
surface DBs of three- (two-) coordinated atoms. Figure 2
also depicts Ey, and E,g as a function of Dyy. The values of
ESI;:O.SO eV and Egé=0.47 eV are found to reproduce the
calculated E,, indicating applicability of the simple descrip-
tion of cohesive energy using Eqgs. (2) and (3) to the stability
of InP NWs with large Dyw:-

For large Dy, the energy contribution of surface DBs
becomes negligible and the bulk energy difference Ae
caused by the electrostatic interactions of ions and valence
electrons®® is dominant. As shown in Fig. 2, the energy dif-
ference between WZ and ZB structures, AE(=Eyw,—E,g), us-
ing Egs. (2) and (3) slowly converges into —Ag as Dy in-
creases. Since the most stable crystal structure of InP in the
bulk form is the ZB structure, this trend with respect to Dyw
shows the appearance of the bulk nature in large Dyy. Im-
portantly, InP NWs possess the critical diameter at Dyw
~120 A, where they are bistable, forming both WZ and ZB
structures. This implies that InP NWs around 120 A diam-
eter often exhibit polytypes.** Furthermore, AE for Dy
=120 A(~0.003 eV/atom) is found to be lower than that in
the bulk phase. Since the small energy difference between
WZ and ZB structures often induces twin structures as re-
ported in bulk ZnSe,?” the small energy difference between
WZ and ZB structures in InP NWs suggests that the WZ
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(b) WZ-T(14, 12)
(LU state)

FIG. 3. (Color online) Energy bands (Kohn-
Sham energy levels) and cross-sectional views of
NWs with isosurface of the wave function for the
highest occupied (HO) and lowest unoccupied
(LU) states in (a) WZ-H(6, 6), (b) WZ-T(14, 12),
(c) WZ-H(24, 24), and (d) WZ-H(54, 54). Ener-
gies are measured from the HO band. Arrow-
heads in energy bands indicate the electronic
states involved in the largest dipole matrix ele-
ment responsible for the oscillator strength shown
in Table L.

segments could be incorporated in the ZB NWs even around
400 A diameter. Although further elaborate investigations for
the formation of rotational twin structures at finite tempera-
ture might be necessary in order to interpret the experimental
results quantitatively, the present result is qualitatively con-
sistent with the TEM observation of rotational twin
structures. '8

B. Electronic structure

Figure 3 shows the calculated (Kohn-Sham) energy bands
near the HO state of stable WZ NWs, such as WZ-H(6, 6),
WZ-T(14, 12), WZ-H(24, 24), and WZ-H(54, 54). As shown
in Fig. 3, the effects of the surface DBs on the NW facets as
well as the NW size on the electronic structure can be seen in
the WZ NWs.3® For InP NWs with Dyw=9 A, such as WZ-
H(6, 6) and WZ-T(14, 12), the surface DB states determine
the band character and gap energy, whereas the gap energy of
NWs with Dyw=13.5 A, such as WZ-H(24, 25) and WZ-
H(54, 54), is dependent on only the NW size, as explained
below. Although the GGA calculation might be limited in
clarifying the electronic structure of InP NWs accurately,*
characteristics in the electronic structure could be qualita-
tively evaluated from the present results.

The spatial distributions of the wave functions for the HO
and the LU states in WZ-H(6, 6) [Fig. 3(a)] and WZ-T(14,
12) [Fig. 3(b)] exhibit a localized character around three-
coordinated atoms. This localized nature indicates that the
HO (LU) state corresponds to the DB states of P (In) atoms
in three-coordinated In-P pairs. Furthermore, it is found that
the peaks of the local density of states (LDOS) for surface In
(P) atom of these NWs [Figs. 4(a) and 4(b)] appear in the LU

235308-3



AKIYAMA, NAKAMURA, AND ITO

PHYSICAL REVIEW B 73, 235308 (2006)

' (a)

Density of states (arb. unit)

(]
]
[
[i
1

3

FIG. 4. (Color online) Local density of states
(LDOS) of surface atoms for (a) WZ-H(6, 6), (b)
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(HO) state. These results clearly show that the HO and LU
states corresponds to the DB states of P and In atoms in
three-coordinated In-P pairs, respectively. In WZ-H(6,6) the
short distances between neighboring In-P pairs (~2.58 A)
induce the hybridization of the DB states and cause the band
dispersion of 0.2 (0.7) eV in the HO (LU) band. Due to the
large dispersion for the LU band, WZ-H(6,6) possesses an
indirect semiconducting character. On the other hand, the
distances between neighboring In-P pairs in WZ-T(14, 12)
(~3.37 A) lead to relatively small dispersions (~0.2 eV) in
the HU and LU bands. This leads to a direct allowed energy
gap of 1.58 eV at the zone center in WZ-T(14, 12).

In WZ-H(24, 24) and WZ-H(54, 54), the localized DB
states originating from the surface DBs of three-coordinated
P atoms are resonant with valence bands and those of three-
coordinated In atoms are located above the LU states. The
wave function of the HO (LU) state in these NWs [Figs. 3(c)
and 3(d)] corresponds to the bulk valence (conduction) band.
The LDOS for surface In (P) atom of these NWs [Figs. 4(c)
and 4(d)] clearly shows a semiconducting nature: The elec-
tronic states associated with DBs are located away from the
band-gap region. These features thus indicate that the optical
allowed gap appears at the zone center. Moreover, we find
that the gap energy (1.45—1.69 eV) is found to be larger than
that of the bulk InP (1.0 eV) and decreases as the Dyy in-
creases. Since our analysis of the density of states (not
shown here) finds that the conduction band with bulklike
nature is located 3.0 and 2.1 eV above the bulklike valence
band for WZ-H(6, 6) and WZ-T(14, 12), respectively, the
size dependence of the gap energy can be interpreted as a
quantum size effect, as seen in Si NWs. 2427

The direct band-gap characteristic in WZ-T(14, 12), WZ-
H(24, 24), and WZ-H(54, 54) implies the possibility of effi-
cient light emission. We thus estimate the “relative” oscilla-
tor strength fyw/foux Of InP NWs (fyw and fuu are the
oscillator strength of nanowire and that of bulk InP, respec-
tively) expressed as

Energy (eV)

dNW

Iaw _ Woulk

2 mpawlap™)’|G(¢ = 0)]?
Souik ,

ONw

(4)

onw | Aok

where wnw (dyw) is the transition energy (dipole matrix el-
ement), onw the cross section, pyw the volume filing factor,
and G(¢{) with { being the relative coordinate of an electron
and a hole an exciton envelope function.?> Since the
present GGA calculation for bulk InP underestimates the gap
energy by ~68%,° we here correct the calculated
conduction-band levels of the WZ NWs by using the scissors
operator which makes the calculated gap energy of the bulk
InP coincide with the experimental value (1.42 eV). The
®puk (dpay) 1s the transition energy (transition matrix ele-
ments) and a3"* is the effective Bohr radius of the exciton in
the bulk InP. We note that only the lowest-energy bound
state with singlet spin configuration is of interest. Consider-
ing the PL. measurement performed at room temperature, we
estimate the fyw/fpux among the transition from the HO band
and the states below the HO band within 0.03 eV to the LU
band and the states above the LU band within 0.03 eV. Table
I shows the fyw/fouc @among these transitions, together with
Dy, the effective Bohr radius agw, and the exciton binding
energy E,,,. The af" (26-30 A) with large oscillator
strength (the electronic states are indicated by arrowheads in
Fig. 3) shows that the excitons have a large spatial extent in
comparison with the diameters, resulting in two-dimensional
squeezing of their wave function. We see that the E,;,; in-
creases as the Dyyw decreases. The size dependence of E,;,,
qualitatively agrees with the previous results for Si
NWs.24-26 Moreover, one-dimensional exciton effects are
found to enhance the oscillator strength. These results thus
indicate that the geometrical restriction of the excitons dra-
matically enhances the oscillator strength of the optical tran-
sition, suggesting the possibility of efficient light emission
from InP NWs with small Dyy. Since the transition for the
largest oscillator strength in the WZ-T(14, 12) corresponds to
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TABLE I. Relative oscillator strength f;./fpux @mong the tran-
sitions from the HO band and the states below the HO band within
0.03 eV to the LU state of the WZ-T(14, 12), WZ-H(24, 24), and
WZ-H(54, 54). The diameter Dyw(A), effective Bohr radius
anw(A), exciton binding energy Ej;,; (eV), and energy gap cor-
rected by the scissor operator E!; (eV) are also shown.

Nanowire Dnw Transition anw  Eping (E ;:,) Sw/ foulk
WZ-T(14,12) 9.0 HO-2/LU 169 042 (2.04) 0.30
HO-1/LU  29.8 0.51 (2.03) 59.7
HO/LU  17.7 0.40 (2.03) 0.01
WZ-H(24,24) 135 HO/LU  28.1 0.17 (2.13) 27.4
WZ-H(54,54) 225 HO-1/LU 27.2 0.03(1.92) 12.6
HO/LU  27.9 0.04 (1.89) 0.00

the transition between the HO and LU states, the localized
DB states crucially affect the optical property. However, such
a large oscillator strength is unable to be obtained in the PL
measurement because the DB states should be eliminated by
the covered oxide layer which is believed to be formed after
removal of the NWs from the growth apparatus.® In contrast,
the electronic states responsible for the optical transition in
WZ-T(24, 24) and WZ-T(54, 54) are delocalized and possess
bulklike nature. Therefore, it is likely that a large oscillator
strength and significant blueshift in the PL data are obtained
even in passivated WZ-H(24, 24) and WZ-T(54, 54). Al-
though the present results cannot be directly compared with
the PL data®!® because the diameters considered in this study
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are much smaller than those of abundant InP NWs in experi-
ments, trends in the optical properties in WZ-T(24, 24) and
WZ-T(54, 54) are qualitatively consistent with experimental
results.

IV. SUMMARY

We have found that the InP NWs with WZ structure are
stabilized for small diameter due to a contribution of surface
dangling bonds on the NW facets to the cohesive energy. The
bistability of InP NWs forming both WZ and ZB structures
at large diameter around 120 A implies exhibition polytypes.
We have also found that the stable WZ NWs are semicon-
ducting whose characteristics are dependent on the NW size
and shape. The estimated oscillator strength for the WZ NWs
indicates the possibility of efficient light emission from InP
NWs originating from direct-gap and geometrically re-
stricted excitonic effects.

Note added. Very recently, InP nanowires with wurtzite
structure were fabricated by selective-area growth.*!
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