
WANG ET AL. VOL. 8 ’ NO. 11 ’ 11440–11446 ’ 2014

www.acsnano.org

11440

November 02, 2014

C 2014 American Chemical Society

Valence Band Splitting in Wurtzite
InGaAs Nanoneedles Studied by
Photoluminescence Excitation
Spectroscopy
Xiaodong Wang,*,†,§ Ilaria Zardo,*,†,^ Dan�ce Spirkoska,† Sara Yazji,† Kar Wei Ng, ) Wai Son Ko, )

Connie J. Chang-Hasnain, ) Jonathan J. Finley,† and Gerhard Abstreiter†,‡

†Walter Schottky Institut & Physik Department, Technische Universität München, D-85748 Garching, Germany, §Shanghai Key Laboratory of Special Artificial
Microstructure Materials and Technology & School of Physics Science and Engineering, Tongji University, Shanghai 200092, P. R. China, ^Department of Applied
Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands, )Department of Electrical Engineering and Computer Sciences & Applied Science
and Technology Group, University of California at Berkeley, Berkeley, California 94720, United States, and ‡Institute for Advanced Study, Technische Universität
München, D-85748 Garching, Germany

I
t is now well established that nanoscale
materials (wire, needle, etc.) of III�V semi-
conductors can be grown in wurtzite (WZ)

phase along their length, although the corre-
sponding bulk materials are in zinc-blende
(ZB) phase.1�6 Theability to control the crystal
phase of nanoscale semiconductor materials
opens up new opportunities for band struc-
ture engineeringwithin only a singlematerial.
For the design of these novel structures, it is
essential to have a clear interpretation of the
band structure of the WZ crystal phase.
As a consequence of the change in the

crystal symmetry from cubic to hexagonal,
the electronic band structure is modified, as
schematically shown in Figure 1a. In con-
trast to ZB phase, the valence band of WZ
semiconductors splits in three bands (heavy-
hole (Aband), light-hole (B band), and crystal-
filed-split-off (C band)) as a combination
of spin�orbit and crystal field splitting.
The recent prediction of bandgap positions
and drastic changes in the electronic band

structure andoptical properties of III�V semi-
conductors WZ phase7�10 motivated us to
further investigate in detail their physical
properties through experiments. Probably
the most complete picture has been ob-
tained by optical measurements on WZ InP
nanowires, where the band gap energy of
the WZ phase has been determined to be 70
meV greater than that of the ZB phase.11�15

Ternary InGaAs nanowires (NWs)/nano-
needles (NNs) have attracted tremendous
research interest due to high electron mo-
bilities and tunable Schottky barrier heights,
widely tunable band gap energies, and
emission wavelengths even below the sili-
con band edge.16,17 These unique features,
therefore, pave the way for next-generation
photovoltaics,18 integrated photonics,19�21

tunneling devices,22 and high-performance
gate all-round III�V/Si NW transistors.23

Recently, catalyst-free, self-assembled WZ
InGaAs NNs have been grown and reported
by Chang-Hasnain's group.24 So far, numerous
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ABSTRACT We use low-temperature microphotoluminescence and photolumines-

cence excitation spectroscopy to measure the valence band parameters of single

wurtzite InGaAs nanoneedles. The effective indium composition is measured by means

of polarization-dependent Raman spectroscopy. We find that the heavy-hole and light-

hole splitting is ∼95 meV at 10 K and the Stokes shift is in the range of 35�55 meV.

These findings provide important insight in the band structure of wurtzite InGaAs that

could be used for future bandgap engineering.
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theoretical and experimental investigations were
performed to resolve the band structure in WZ
GaAs25�30 and InAs.31 For composition-tunable WZ
InGaAs NNs/NWs, no investigations have yet been per-
formed to elucidate their band structure parameters.
Photoluminescence excitation (PLE) spectroscopy is

a widely used spectroscopic tool to investigate the
optical transitions in semiconductors. In particular, PLE
has been successfully applied to resolve the valence
band structure of WZ InP NWs.11�13 In this technique,
the spectrometer is set to detect emission of a specific
photon energy from the sample. The emission intensity
is then recorded as a function of the excitation photon
energy. It is often assumed that the PLE spectrum is
roughly equivalent to the absorption spectrum of the
sample.32 PLE, therefore, has become an alternative for
absorptionmeasurements since it is extremely challen-
ging to perform the absorption measurements directly
on NW/NN, especially on single NW/NN.
In this paper, we present microphotolumines-

cence (μ-PL) and microphotoluminescence excitation
(μ-PLE) measurements of single WZ InGaAs�GaAs
core�shell NNs grown by metal�organic chemical
vapor deposition (MOCVD) on silicon substrates. In all
samples, a clear Stokes shift (35�55meV) between the
PL peak and the lowest absorption band in the PLE
spectrum has been observed. In particular, we resolve
the valence band splitting in WZ InGaAs. The PLE
results show that the splitting between A and B bands
(EAB) is about 95 meV. We expect these results will be
used in the future for further bandgap engineering
using InGaAs polytypes.

RESULTS AND DISCUSSION

The core�shell NN geometry is schematically de-
picted in Figure 1b together with a scanning electron
microscope (SEM) image. The height and diameter of
the NN scale easily and controllably with growth time,
despite the large lattice mismatch. Its cross-section
reveals inner core�shell layers (see inset for a top
view). As shown by the SEM image, the NN displays
extremely well-faceted geometry and has a 5� taper
between opposite sidewall facets. TheNNs are strongly
tapered with a typical diameter in the bottom from
600 nm. The structure of the NNs was shown to be
single-crystalWZ, free of twinning defects, as shownby
the high-resolution transmission electron microscopy
(HRTEM) image in Figure 1c.24

The effective indium composition was measured
by means of Raman spectroscopy. Raman spectra of
InxGa1�xAs NNs with different indium composition
capped with 30 nm of GaAs are shown in Figure 2a.
Spectra were collected under different scattering con-
figurations in order to detect the different phonon
modes with different symmetry. Using the so-called
Porto notation, the spectra were collected under x(z,z)x
and x(y,y)x scattering configurations, i.e., with the
direction of propagation of the incident and analyzed
radiation perpendicular to the NN growth axis and the
polarization of the incident and analyzed radiation
either parallel or perpendicular to the growth axis,
respectively. In the x(z,z)x configuration only the trans-
versal optical (TO) mode is present, while also the E2

H

mode is present in the x(y,y)x scattering configuration.
The variation of frequency positions for the various

Figure 1. (a) Schematic presentation of the band structure of wurtzite InxGa1�xAs. (b) Schematic of the core�shell
InxGa1�xAs/GaAs NN geometry (upper part) and SEM micrograph of a single In0.2Ga0.8As NN (lower panel). (c) HRTEM image
of an In0.2Ga0.8As NN showing the characteristic zigzag lattice of the wurtzite phase crystal.

A
RTIC

LE



WANG ET AL. VOL. 8 ’ NO. 11 ’ 11440–11446 ’ 2014

www.acsnano.org

11442

optical phonons with respect to indium composition
is plotted in Figure 2b. The theoretical estimates
obtained for ZB InxGa1‑xAs are depicted as solid lines.
The effective indium composition of the InxGa1�xAs
NNs reported in Table 1 was extracted by the Raman
shift of the GaAs-like TO.
The possible presence of composition fluctuations

along the NN or strain either due to shell or to the
specific shape of the NNs was also investigated by
Raman spectroscopy. For this purpose, Raman spectra
were collected at different position along the NN
(Figure 3a) as well as from NNs with different GaAs
shell thickness but the same indium composition
(Figure 3b). In both cases, we do not observe any
significant variation that could be attributed to the
presence of strain or composition fluctuation along the
NNs. Notably, the GaAs LO phonon mode at 287 cm�1

from the GaAs shell is visible in the measurements
performed on the NNs with the thickest shell. This
mode is downshifted about 2 cm�1 with respect to the
bulk counterpart, which could be explained with

tensile strain. However, we do not observe a consistent
variation in Raman shift of the phonon modes with
increasing shell thicknesswithin the shell thickness range
investigated. Aswell,wedonotobserve an increase in full
width at half maximum (FWHM) of the phonon modes.
Therefore, while the thicker shell might be strained, we
can exclude the presence of strain in the core.
Figure 4a displays a typical power-dependent μ-PL

spectra (T = 10 K) for a single WZ InxGa1�xAs NN with
x = 0.20. Under a low excitation power (Figure 4b,
0.1 μW), a main emission band centered at 1.267 eV is
present, with a weak shoulder at the low energy side
which moves gradually to higher energy as the excita-
tion power raises. For high excitation power (Figure 4c,
5 μW), we observe the emergence of an additional
emission band at higher energies, at ∼1.30 eV. The
energy separation between those two emission bands
(∼33meV) is compatible with the binding energy of an
acceptor impurity in InxGa1�xAs.

32,34�37 On the other
hand, the main emission band shows a blue shift with
increasing excitation powers, which is also expected

Figure 2. (a) Raman spectra (open symbols) of InxGa1�xAs nanoneedleswith different In content (0.12, 0.16, 0.20) cappedwith
30 nm of GaAs measured under the x(z,z)x (bottom panel) and x(y,y)x (top panel) scattering configurations. Spectra are
normalized to the GaAs-like TO and to GaAs-like E2

H phonon peaks, respectively, and are shifted for clarity. A multiple-
Lorentzian fittingwas conducted (solid lines). (b) Variation of frequency positions for various optical phononswith respect to
indiumcomposition. Symbols represent experimental data points under the x(z,z)x (open symbols) and x(y,y)x (filled symbols)
scattering configurations. Solid lines indicate theoretical estimations obtained for ZB InxGa1�xAs,

33 and dashed lines are
linear fit for the GaAs-like E2

H mode and InAs-like E2
H.

TABLE 1. Measured Indium Composition, Energies of the Absorption Edges, Stokes Shift, and Their Energy Separation

between A and B Bands for the Samples with Different Nominal Indium Composition

indium conc (x) indium conc determined by Raman EA (eV) EB (eV) Stokes shift (meV) EAB (meV)

0.20 0.22�0.24 1.304 ( 0.008 1.394 ( 0.002 40.3 ( 7.6 90.3 ( 6.8
0.16 0.17�0.22 1.329 ( 0.011 1.417 ( 0.007 46.2 ( 8.3 93.0 ( 3.0
0.12 0.12�0.15 1.382 ( 0.006 52.7 ( 3.4
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for a donor�acceptor recombination.12,38,39 Therefore,
we attribute the main emission band from our NN to a
band�acceptor (e�A) and donor�acceptor (D�A)
recombination in WZ InxGa1�xAs.
In order to ascertain the intrinsic nature of the ob-

served emission, μ-PLE measurements have been per-
formed. μ-PLEmeasurements onNNs are very sensitive

to the correct alignment; therefore, we took special
care in adjusting the correct focus at each different
excitation wavelengths. Thus, the PLE scans were done
point by point manually rather than in a computerized
way. The PLE spectrum shown in Figure 5a was
obtained bymeasuring the intensity of the PL emission
at 1.277 eV (indicated with a gray arrow and gray
dotted line in the figure). In these measurements, the
incident laser had an arbitrary polarizationwith respect
to the NN growth direction, while the emission was
collected for all polarizations. We assume here that the
hole relaxation from A, B and C valence bands to the
acceptor impurity level is faster than its recombination,
as expected for bulk materials.12,32 The PLE spectrum
is characterized by a pronounced peak at energy of
1.311 eV and a second plateau whose onset starts at an
energy of 1.40 eV. We attribute the first peak to the
absorption from the exciton of the A band and the
second plateau to the absorption in the B band.
Interestingly, for energies above 1.47 eV the emission
intensity is decreasing instead of increasing, which
makes it impossible to resolve the position of C band.
We ascribe this decrease to the absorption in the WZ
GaAs shell. As already mentioned, the GaAs shell has
also a WZ structure and, therefore, A, B and C sub-
bands in the valence band. Two plateaus located at
energies of approximately 1.51 and 1.60 eV can be
distinguished in the curve, whichmost probably comes
from the absorption in the A and B subbands in theWZ
GaAs. These two positions are consistent with the
previous study reported by Ketterer.25

The symmetry of the lowest conduction band in
WZ III�V semiconductor alloys has been the subject of
controversy in the past few years. Knowledge of the
conduction band symmetry would have a major im-
pact on the electronic transport and optical properties
of WZ materials. It is already known25,40 that radiative
processes between the Γ7 conduction band and all

Figure 3. (a) Raman spectra collected from three different
positions, top (t), middle (m), and bottom (b), along an un-
capped In0.16Ga0.84As measured under the x(z,z)x (bottom
panel) and x(y,y)x (top panel) scattering configurations. The
spectra have been normalized to the GaAs-like TO (A1þE1)
and to the GaAs-like E2

Hmodes and are shifted vertically for
clarity. (b) Raman shift of the optical phonons of the
In0.16Ga0.84As nanoneedle core as a function of GaAs shell
thickness. The open symbols represent experimental data
points under the x(z,z)x scattering configuration and the
filled symbols under the x(y,y)x scattering configurations.
The dashed lines indicate the frequency position of the
GaAs-like TO (A1þE1) and of the GaAs-like E2

H modes for
uncapped In0.16Ga0.84As nanoneedles.

Figure 4. (a) Power-dependent PL spectra for an In0.2Ga0.8As NN. (b) PL spectra of an In0.2Ga0.8As NN at an excitation laser
power of 0.1 μW. (c) PL spectra of an In0.2Ga0.8As NN at an excitation laser power of 5 μW.
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valence band states are possible. For theΓ8 conduction
band, the transition is only allowed between the Γ8

conduction band and the heavy-hole state (A band),
whereas transitions between the Γ8 conduction band
and the light-hole state (B band) are always forbidden.
In our measurements, both the A and B bands in
valence band of WZ InGaAs are well resolved, which
also indicates that the minimum conduction band in
WZ InGaAs must have Γ7 symmetry.
We also observed from Figure 5a that the energy

separation between the lowest absorption band from
the PLE spectrum and the PL peak, the so-called Stokes
shift, is relatively large,∼ 35meV, indicating a different
nature of the processes responsible for emission and
absorption. In fact, the first absorption edge occurs at
the same energy of the high-energy emission observed
by μ-PL measurement under higher excitation power
density (Figure 4) that was attributed to the excitonic
recombination on WZ InxGa1�xAs. Meanwhile, the
quantum confinement effect is not expected to con-
tribute to the separation since the diameter of theNN is
much larger than its Bohr radius. Therefore, we attri-
bute this ∼35 meV separation to a Stokes shift. A
similar Stokes shift (in the range between 35 and
55 meV) was observed for all measured NNs from this

sample and also from the NNs with lower indium
composition, as shown from the PL (solid lines) and
PLE (dotted lines and symbols) spectra in Figure 5b.
From Figure 5b, it can be clearly seen that the PL

emission shifts to higher energies as the indium com-
position x decreases from 0.20 to 0.12. Correspond-
ingly, the same applies for the absorption line
associated with the A band (excitonic peak) in the
PLE spectra. The measured energies of the absorption
edges and their energy separation are summarized in
Table 1. For each indium composition, three different
NNs were measured. The parameters in the table are
the average values of the measured NNs for each
indium composition. As mentioned above, a Stokes
shift in the range of 35 to 55 meV is found for all of the
measured NNs with different indium composition. The
obtained splitting energies between A and B bands
(EAB) are approximately 95 meV for the samples with
x = 0.20 and x = 0.16. For the sample with x = 0.12, it is
worth noticing that the position of the B band is in the
energy range where a significant absorption in the
GaAs shell occurs. This leads to a strong decrease of the
PLE signal from the InxGa1�xAs core, making it difficult
to resolve the position of the B band.
To summarize the findings of the bandgap energy,

we plot in Figure 6 the EA for the investigated WZ
InxGa1�xAs NN samples as a function of indium com-
position x. For the ZB InxGa1�xAs, we utilize the general
interpolation formula (bandgap vs indium composi-
tion) from ref 41 to determine the bandgap energy
(Eg‑ZB):

Eg-ZB(InxGa1 � xAs) ¼ 0:422þ 0:7(1 � x)

þ 0:4(1 � x)2 at 2K (in eV)

For comparison, the expected data are also plotted
in Figure 6. Here, we neglect the bandgap difference
between 2 and 10 K. As can be seen, the EA energies of

Figure 5. (a) PL (red line) and PLE (black dotted line and
symbols) from a single WZ In0.2Ga0.8As NN. The PLE spec-
trum was obtained by measuring the emitted PL at detec-
tion energy of 1.277 eV (indicated with a gray arrow and
gray dotted line). (b) PL (solid lines) and PLE spectra (dotted
line and symbols) from three distinguished NNs with differ-
ent indium content (0.20, 0.16, 0.12).

Figure 6. Measured bandgap energy EA (black filled sym-
bols) of the WZ InxGa1�xAs NN as a function of indium
composition x. The expected bandgap energy dependence
of ZB InxGa1�xAs (according to ref 41) is shown in dashed
line. The corresponding calculated bandgap energy of ZB
InxGa1�xAs (x = 0.12, 0.16, 0.20) is also plotted as black open
symbols for better comparison.
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all three InxGa1�xAsNN samples are 30�60meV higher
than the respective Eg‑ZB values, indicating the blue
shift of the bandgap in WZ InxGa1�xAs. Meanwhile, the
shift exhibits an increasing tendency with the increas-
ing indium composition. As mentioned previously, no
theoretical investigations about the band structure of
WZ ternary InGaAs have been reported so far. How-
ever, for WZ binary alloys InAs and GaAs, many efforts
have been done to study their band parameters. De
et al.9 and Zanolli et al.8 calculated that the low-
temperature bandgap energy of WZ phase InAs is
about 55�61 meV higher than the bandgap value of
bulk ZB InAs. On the other hand, the experimentally
determined bandgap of WZ GaAs is slightly higher
(2�8 meV) than the corresponding ZB counterpart at
10 K.25,29,30 Therefore, for the composition-tunable WZ
phase InGaAs the expected bandgap energy difference
from the ZB InGaAs should be somewhere within the
range of 2�61meV, depending on composition. This is
in good agreement with the range of blue shift as

observed experimentally in our study on WZ InGaAs
NNs. Moreover, the increasing shift with the increasing
indium composition is also consistent with the band-
gap difference of WZ GaAs and InAs from their ZB
counterpart, respectively.

CONCLUSION

In summary, we have measured PL and PLE spectra
for single wurtzite InGaAs�GaAs core�shell NNs. The
effective indium composition was determined by po-
larization-dependent Raman spectroscopy.We deduce
a Stokes shift from the energy separation between
PL and PLE spectra. The experimental results for the
valence band-splitting energies of composition-
tunable InGaAsNNs in thewurtizte phasewere presented.
These parameters have never been reported before.
They are, however, fundamental for the optical proper-
ties of InGaAs NNs and, therefore, of considerable
interest to the development of nanoscale device ap-
plications based on these structures.

EXPERIMENTAL SECTION

Nanoneedle Growth. WZ InxGa1�xAs NNs were grown by
MOCVD at 76 Torr and 400�420 �C on Si substrates for
60 min, resulting in∼3 μm long NNs with∼600 nmwide bases.
The metal�organic precursors were trimethylindium, triethyl-
gallium, and tertiarybutylarsine. Details of the growth proce-
dure are described in refs 24, 42, and 43. The growth assumes a
core�shell growth mechanism in which the axial and radial
growths occur simultaneously. However, the vertical growth
saturates when the NN length reaches ∼2 μm while the radial
growth continues. This turns the originally sharp needles into
blunt pillars. At the end of the growth process, aWZGaAs shell is
grown to passivate the NN surface. The thickness of the GaAs
capping layer is 30 nm for all samples with indium composition
of 0.12, 0.16, and 0.20.

Characterization. We performed polarization-dependent
Raman measurements on single NNs in order to determine
the effective indium composition and the symmetries of the
vibrational modes, which reflect the symmetry of the crystals.
Raman spectra were collected at room temperature in back-
scattering geometry using a 100� objective (NA= 0.95)with the
514.5 nm line of an Arþ laser (EL = 2.41 eV) as excitation. The
scattered light was collected by an XY Dilor triple spectrometer
equipped with a multichannel charge coupled device (CCD)
detector and with a spectral resolution of about 1 cm�1. For
polarization-dependent measurements, the polarization of the
excitationwas rotated through a λ/2 plate. A linear polarizer was
used to analyze the polarization of the scattered light.

We performed PL and PLE measurements on single
InxGa1�xAs NNs in a cryogenic confocal microscope system
(Attocube44) at a temperature of 10 K. As an excitation source
we used a He�Ne laser at 1.96 eV for PLmeasurements and two
continuously tunable Ti:sapphire lasers in different spectral
ranges, thus covering the entire range between 1.28 and
1.63 eV for PLE measurements. The laser light was focused with
an objective of NA = 0.62 down to a spot of ∼1 μm diameter,
and the emission was collected through the same objective. For
PL, the signal was sent to a 0.5 m focal length spectrograph
equipped with 1200 grooves/mm grating followed by a liquid
nitrogen cooled silicon CCD detector. In the case of PLE experi-
ments, the emission was spectrally analyzed by a 0.5 m focal
length double spectrometer. During the PLE measurement, a
set of neutral density filters and laser power meter were used to
calibrate the intensity of the incident excitation power at each

wavelength. To address individual NN by μ-PL spectroscopy,
NNs were mechanically transferred from their growth sub-
strates to patterned silicon substrates so that the same NN
could be easily identified for repeated optical measurements.
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