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Valence-band splitting energies in wurtzite InP nanowires: Photoluminescence spectroscopy
and ab initio calculations
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We investigated experimentally and theoretically the valence-band structure of wurtzite InP nanowires. The
wurtzite phase, which usually is not stable for III-V phosphide compounds, has been observed in InP nano-
wires. We present results on the electronic properties of these nanowires using the photoluminescence excita-
tion technique. Spectra from an ensemble of nanowires show three clear absorption edges separated by 44 meV
and 143 meV, respectively. The band edges are attributed to excitonic absorptions involving three distinct
valence-bands labeled: A, B, and C. Theoretical results based on “ab initio” calculation gives corresponding
valence-band energy separations of 50 meV and 200 meV, respectively, which are in good agreement with the

experimental results.
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I. INTRODUCTION

Nanoscale semiconductor materials offer many possibili-
ties to investigate fundamental physics based on quantum
phenomena and also to develop novel technological applica-
tions. In particular, semiconductor nanowires (NWs) have
attracted great attention in recent years. Investigation of
NWs revealed remarkable structural results, such as the oc-
currence of the wurtzite (WZ) crystal structure on arsenide
and phosphide III-V compounds.'= Typically, this phase is
not present in their bulk counterparts, which crystallize in the
zinc-blende (ZB) structure.® Glas ef al.’ have demonstrated
that the vapor-liquid-solid (VLS) growth mode favors the
WZ phase along the [0001] direction as compared to [111]
ZB phase because the surface energy of certain crystal plans
are lower under this phase as compared to the ZB structure.
Furthermore, the occurrence of stacking faults is very fre-
quent during the growth of NWs, resulting in alternations
between the ABAB... stacking sequence (for the WZ phase
along the [0001] axis) to the ABCABC... sequence (for the
ZB phase along the [111] axis)."7 This type of polytypism
has been previously reported for InP NWs (Refs. 7-9) and
should give rise to a quantum confinement effect along the
wire due to the larger energy band gap of WZ InP as com-
pared to the ZB InP [(~80 meV) (Refs. 3 and 10)]. More-
over, the interface band lineup of this structure is predicted to
be type IL!" as illustrated in the diagram of Fig. 1. Recent
works discuss the effects of polytypism on the optical prop-
erties in InP NWs.”® Nonetheless, few reports have focused
on the details of the electronic structure of WZ InP. In con-
trast to the ZB phase, the valence band of WZ semiconduc-
tors splits in 3 bands, the so called A, B, and C bands [see
Fig. 2(b)]. The energies of those bands are still unknown for
InP.

Due to the low carrier recombination velocity of surface
states,'>”!* InP NWs present a relatively strong optical emis-
sion. Therefore, optical techniques are very practical to char-
acterize those structures. In this work, we present results
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concerning the valence band structure of WZ InP NWs, in-
cluding experimental results using optical spectroscopy and
theoretical calculations based on “ab initio” methods. We
obtained a very good agreement between experiment and
theory.

II. EXPERIMENTAL DETAILS

The NWs were grown on (001) GaAs substrates by the
VLS method in a chemical beam epitaxy (CBE) system. We
used gold nanoparticles (diameter of ~25 nm) as the cata-
lyst. NWs were grown at 420 °C and three different tri-
methyl-indium (TMIn) fluxes, 0.15 (sample S1), 0.3 (S2),
and 0.45 sccm (S3), respectively.

The optical measurements include microphotolumines-
cence (micro-PL) to analyze single NWs and excitation pho-
toluminescence (PLE) from ensemble of NWs. The
micro-PL setup was homemade using an optical microscope
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FIG. 1. (Color online) Schematic (not in scale) of the potential
profile of InP polytypelike structure in ZB and WZ phases. The
arrows represent the optical transitions: QW for the multiquantum
well transitions, (e-A) and (D-A) for the band-acceptor and donor-
acceptor recombination, respectively, and X for the exciton recom-
bination in WZ InP.
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FIG. 2. Schematic (not in scale) of the band structure of InP in
ZB and WZ phases.

objective (50X) and a solid state laser (532 nm) for excita-
tion. The detection was performed using a 0.5 m single
monochromator with a charge-coupled device detector (An-
dor). The samples were cooled using a cold-finger He cry-
ostat. For PLE, we used a tungsten lamp coupled to a 0.5 m
single monochromator, as the excitation light, and a 0.75 m
double monochromator with a S1 photomultiplier, for detec-
tion. The samples were cooled using a He gas cryostat at 6
K. A homemade photoacoustic photodetector with a mineral
coal sensor was used to calibrate the intensity of the incident
excitation intensity at each wavelength. For micro-PL mea-
surements, NWs were mechanically transferred to an Al-
coated GaAs substrate. The Al film was used to avoid a
background signal from the substrate and also to increase the
visual contrast between NWs and substrate.

III. THEORY

Figure 2 depicts schematic band-structure diagrams for
7ZB and WZ InP considering a wave vector k~0. The low-
temperature band gap of ZB InP is well known, E,
=1.423 eV.° For the WZ phase, the reported value is slightly
larger, ~80 meV, as observed by PL measurements.>!° The
spin-orbit valence-band splitting energy for ZB InP is Ay,
=110 meV.° For the WZ phase, there are two splitting ener-
gies for the valence band, A,z and A, corresponding to the
energy separation at k=0 between bands A and B, and B and
C, respectively.

In order to estimate the valence band splitting energies we
have performed ab initio calculations of the InP band struc-
ture in WZ phase. We employed the “full potential linearized
augmented plane wave method” as implemented in the
WIEN2K code'’ with the Perdew-Burke-Ernzerhof functional
for exchange and correlation in the “generalized gradient
approximations.” Our optimized structure presented a WZ
phase lattice parameter aywz=ayg/ \6, where azp=5.8697 A
is the lattice constant of ZB InP.%!¢ For the “c” parameter we
obtained 6.912 A, a deviation of 2% from the ideal c/a
ratio. The calculated splitting energies are presented in Table
I where the fundamental energy gap is omitted due to the
well known underestimation given by ab initio
calculations.'”

The Bloch component of the wave function of the hole in
the valence band is strongly polarized in the WZ structure.
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TABLE 1. Absorption edge values (corresponding to the peak
energies of the PLE spectra), E,, Eg, and E(, obtained at 6 K and
experimental and theoretical values of valence band splitting ener-
gies for WZ InP.

Ex Ep Ec A Apc

(eV) (eV) (eV) (meV) (meV)
Exper. PLE 1.488 1.532 1.675 44 143
Theory 50 200

Our calculations show that bands A and B are polarized
along the (0001) plane while band C is polarized perpendicu-
lar to this plane. Due to the symmetry of the conduction-
band wave function, the optical emission and absorption in-
volving those bands should, therefore, be linearly polarized
following the polarization of the valence-band wave func-
tion. Transitions involving bands A and B are thus allowed
for light polarized along the (0001) plane, while for band C,
the light should be polarized along the ¢ axis. For micro-PL
measurements performed at normal incidence, the NWs were
positioned laying at the Al-coated substrate surface. For this
configuration, transitions involving all three valence bands
are allowed using the appropriate configuration for the linear
polarization.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Transmission electron microscopy (TEM) images show
that the WZ is the dominant phase for our NWs and the wire
axis is oriented along the [0001] axis. Furthermore, we ob-
served stripes of ZB InP (oriented along the [111]) along the
wire length, as described above. The thickness of the ZB
phase stripes varies from one to several monolayers and they
are randomly distributed along the wire. The density of the
stacking faults increases with an increasing TMIn flux. In
particular, for the smaller TMIn flux (sample S1), stacking
faults are statistically insignificant. While for the sample
with intermediate TMIn flux (sample S2), we observed a few
number of stacking faults for each of the analyzed wires by
TEM. In general, the NWs present a needlelike shape, where
the largest diameter ranges from 50—100 nm and the thinner
one, approaches the gold nanoparticle diameter (~25 nm).
The NWs are usually 5—-10 um long.

Figure 3 shows a series of micro-PL spectra from NWs
grown at different conditions and measured using two exci-
tation powers and two linear polarizations, parallel and per-
pendicular to the growth axis of the NWs. We have measured
several NWs (approximately 5) for each sample, whereas we
only present a limited number of representative spectra in
Fig. 3. Under a low-excitation power regime (100 nW, left
column in Fig. 3), except of NW1 of S3, all other NWs of
Fig. 3 are dominated by a main emission band centered at
~1.44 eV with a weaker shoulder at the low-energy side.
This emission appears at intermediate energies between the
ZB [1.421 eV (Ref. 6)] and the WZ [~1.489 eV (Refs. 3
and 10)] InP band-gap energies. Similar results were reported
by several works (Refs. 7 and 8), and the band was attributed
to a recombination involving confined levels on the multi-
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FIG. 3. (Color online) Micro-PL spectra of several single NWs
measured for 100 nW (left column) and 10 uW (right column)
laser powers and two components of linear polarization of light,
parallel and transversal to the NWs. The vertical dashed lines indi-
cate the exciton recombination energy in WZ InP. For sample S3 we
present the spectra for two distinct NWs, where the NW-1 PL spec-
tra were vertically shifted by adding a constant.

QWs formed by the ZB-WZ polytypism (Fig. 1). However,
this interpretation is not consistent with the observation of
this band on samples with low densities of stacking faults,
specially sample S1 which wires are essentially in the WZ
phase. The fact that this emission band is observed at nearly
the same energy and with similar linewidths for a large num-
ber of wires, including samples with rather distinct charac-
teristics, suggests that this recombination involves bulk-
related states, such as impurities. Based on this hypothesis,
we should observe a saturation of this band with increasing
excitation intensities. Indeed, for high excitation powers
(10 W, right column of the Fig. 3), we observe the emer-
gence of an additional emission band at higher energies, at
~1.488 eV, slightly smaller than the expected band gap of
WZ InP. An emission with similar energy was previously
observed on InP NWs and it was attributed to excitons on
bulklike WZ InP.>*!° The energy separation between those
two emission bands (~50 meV) is compatible with the
binding energy of an acceptor impurity in InP. Therefore, we
attribute the 1.44 eV emission to a band-acceptor (e-A) and
donor-acceptor (D-A) recombination in WZ InP. This type of
recombination is usually followed by optical phonon repli-
cas. In fact, we observe a weak emission ~40 meV below
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the 1.44 band, which is in good agreement with the longitu-
dinal optical phonon mode observed in the Raman spectra of
our NWs (not shown here). The most likely shallow acceptor
in our NWs is carbon,!8 as this element is abundant in the
CBE system with chemical sources.

We remark that the PL spectra from sample S3 are slightly
different from the other two samples. The main emission
band becomes broader so that the low-energy shoulder attrib-
uted to a phonon replica is no longer well resolved. This
result indicates an additional emission in the energy range of
1.40-1.44 eV. The intensity of this additional emission varies
for different wires measured from this sample, in such a way
that the PL spectrum can be very similar from the S1 and S2
PL spectra or become a rather broad band, as the case of the
NWI1. Considering that sample S3 has a larger density of
stacking faults, the additional emission can thus be related to
multi-QW (MQW) recombination emission, as suggested by
previous works.”8

Figure 3 shows that all emission bands from the NWs are
strongly polarized along the direction perpendicular to the

. R o I—Ip
wire. The resulting linear polarization degree (Plinear=1,+_1,,’
where I and I are the PL intensity for light polarized trans-
versal and parallel to the wire, respectively) varies from wire
to wire but we did not observe a clear correlation with the
TMIn flux. The observed linear polarization of the emission
along the (0001) plane is consistent with the Bloch function
polarization predicted for the WZ A-valence-band. Similar
results have also been reported by Mishra et al.'®

We point out that most of the NWs investigated by
micro-PL (laser spot of ~2 wm) have relatively large diam-
eters, typically ~100 nm, which is much larger than the
Bohr’s radius in InP (~9 nm). Therefore, lateral confine-
ment is negligible for those NWs. On the other hand, poly-
typism can introduce multiquantum wells that should confine
the carriers along the wire axis, as discussed above. Pemasiri
et al.® observed rather long decay times and large blueshifts
with increasing excitation intensities of the PL emission from
their NWs, which were interpreted as evidence of the type-1I
character of the PL emission. In our case, the 1.44 eV emis-
sion band also shows a blueshift with increasing excitation
powers, but its shift (~3 meV per decade of excitation
power) is, however, much smaller than previously reported
values (over 10 meV/decade”®). Furthermore, a blueshift is
also expected for a donor-acceptor recombination. The re-
sults thus corroborate our attribution of the main emission
band from our NWs to an impurity-related recombination on
WZ InP.

Figure 4 shows the PL and a series of PLE spectra for
NWs ensembles. The measurements were performed on as-
grown samples, where the NWs are randomly oriented rela-
tive to the GaAs substrate. The PLE spectra shown in Fig. 4
were obtained by measuring the emission intensity at the
peak of the main PL emission band. We assume here that the
hole relaxation from A, B, and C valence bands to the accep-
tor impurity level is faster than its recombination, as it is
expected for bulk materials. Measurements at different detec-
tion energies were also performed and will be discussed later.
Due to the high density of NWs, the emission from the GaAs
substrate is relatively weak as compared to the NWs. None-
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FIG. 4. (Color online) Normalized PL (blue lines) and PLE (red
lines) spectra of three samples grown at different TMIn flux. The
vertical dashed line was plotted to guide the eyes only. The dotted
lines indicate the absorption edges. PL spectra were measured using
the 532 nm line from a solid state laser.

theless, depending on the density and distribution of NWs
along the sample we might observe some emission from the
GaAs substrate, such as the sharp emission line at ~1.49 eV
observed in the PL spectrum of sample S1 and attributed to a
GaAs donor-acceptor recombination. It is interesting to no-
tice that the PL spectra from the ensembles of NWs pre-
sented in Fig. 4 are actually very similar to those shown in
Fig. 3 for single NWs, including their line widths. The result
demonstrates that the broadening of the optical emission is
established by a single wire, in the case of samples S1 and
S2, due to impurity-related broadening, and in the case of S3,
due to the fluctuations of the MQW structure within a single
NW.

We also observed from Fig. 4 that the energy separation
between the lowest absorption edge from the PLE spectra
and the PL peak (Stokes shift) is relatively large, ~50 meV,
which indicates a different nature for the emission and the
absorption processes. In fact, the first absorption edge occurs
at the same energy of the high-energy emission band ob-
served by micro-PL measurements under high-excitation re-
gime (Fig. 3), that was attributed to the excitonic recombi-
nation on bulklike WZ InP. This result is consistent with WZ
being the dominant phase of our NWs and, therefore, having
the largest density of states. All PLE spectra present three
absorption edges at constant energies for all samples, which
indicate that absorption occurs through common levels to all
samples. Furthermore, the constant energies indicate the ab-
sence of confinement effects on the absorption levels. The
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FIG. 5. (Color online) Detection dependence of normalized PLE
spectra. All spectra were shifted along the vertical axis. The detec-
tion positions are indicated by arrows at the PL spectrum.

three observed edges are then attributed to transitions be-
tween the three split valence bands and the conduction band
of bulk WZ InP. The experimental energies of the three ab-
sorption edges and their energy separation are presented in
Table 1. The obtained splitting energies are in very good
agreement with the calculated ones, which corroborates our
assignment. Notice that some absorption edges in Fig. 4
present excitoniclike features (peaks), especially in the case
of the sample S3 grown with the highest TMIn flux. The fact
that the excitonic character is stronger for some samples is
still not clear.

We also investigated the PLE measurements as a function
of the detection energy. The results for sample S3 are shown
in Fig. 5. Excitoniclike PLE peaks are quite evident for de-
tection at high energies while PLE spectra show steplike
edges when the signal is detected at lower energies. None-
theless, the edge energies remain basically unaltered as the
detected energy is changed, which reinforces the conclusion
that the joint density of states is dominated by bulk WZ InP.
Therefore, the excitonic character of the absorption level var-
ies from sample to sample and also as a function of the
emission energy, which the origin is still under investigation.

V. CONCLUSIONS

We presented experimental and theoretical results for the
valence-band splitting energies of InP in the wurtzite phase.
These parameters have never been reported before. They are,
however, fundamental for the optical properties of InP NWs
and, therefore, of large interest for the development of device
applications based on those structures.
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