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The structural, vibrational, and electronic properties of GaAs nanowires have been studied in the metastable
wurtzite phase via Resonant Raman spectroscopy and synchrotron X-ray diffraction measurements in
diamond anvil cells under hydrostatic conditions between 0 and 23 GPa. The direct band gap E0 and the
crystal field split-off gap E0 1 D of wurtzite GaAs increase with pressure and their values become close to
those of zinc-blende GaAs at 5 GPa, while being reported slightly larger at lower pressures. Above 21 GPa, a
complete structural transition from the wurtzite to an orthorhombic phase is observed in both Raman and
X-ray diffraction experiments.

T
he existence of GaAs in the form of nano particles and nanowires (NW) modifies the traditional electronic
structures and thus provides new opportunities for the semiconducting industry including optoelectronics,
photovoltaic and solar cell applications. Recently, an electrically driven GaAs NW light emitting diode was

coupled to plasmonic nanostrip waveguides1. GaAs NW were also grown on graphite and graphene for potential
optoelectronic applications2. However, to integrate III–V NW into the low cost silicon solar cells, it is desirable to
tune their band gap values above 1.4 eV3 continuously. Among the present mechanical methods in bandgap
adjustment, a remarkable decrease of GaAs/Al0.3Ga0.7As/GaAs NW bandgap was found under both tensile and
compressive stresses, the maximum of which is 290 meV4. Recently, the strain induced band gap decrease of
mono and bilayer MoS2 was reported5. On the contrary, band gap of GaAs is well known to increase with
hydrostatic pressure at the rate of 0.1 eV/GPa for both zinc-blende (ZB) phase of bulk GaAs6–9 and recently
investigated ZB GaAs NW10. Thus, application of hydrostatic pressure provides an alternative approach to
explore and tune optoelectronic properties of GaAs NW and other novel semiconductors needed for applications.
Knowledge of the deformation potentials of optoelectronic materials is necessary to design novel materials with
optimized properties.

At ambient conditions, bulk GaAs crystallizes only in ZB phase, however GaAs NW and nanoparticles can exist
in pure wurtzite (WZ) phase as well as demonstrate coexistence of WZ and ZB phases11. WZ and ZB GaAs differ
by the stacking sequence of Ga-As bilayers, which results in the Brillouin Zone folding in WZ GaAs, that in turn
leads to additional Raman active modes and a modified electronic band gap structure including a different direct
band gap E0 and three valence band gaps of heavy hole, light hole and crystal field split-off hole D states12–14. The
values of E0 of WZ GaAs NW were reported to span the range from 1.46 eV15 to 1.56 eV16, generally larger than
those of ZB GaAs samples reported as 1.42 eV and 1.44 eV16,17. However, in some photoluminescence experi-
ments E0 of WZ GaAs NW was found to be smaller than that of ZB ones18–20. The reason of such a discrepancy
could be due to the sensitivity of E0 to slightly different fabrication and experimental conditions, which could
result in variable structural parameters. Thus, it is highly desirable to study the stress dependence of the band gap,
as this is valuable for both fundamental science and practical applications. Here we use an external hydrostatic
pressure to tune the electronic and vibrational properties of WZ GaAs in the form of NW.

Under hydrostatic pressure, bulk ZB GaAs was investigated extensively and its P-T phase diagram has been
reported21. Recently ZB GaAs NW were studied in a diamond anvil cell up to 21 GPa at 300 K in resonant Raman
scattering (RRS) and photoluminescence experiments10. Pressure dependent vibrational properties and direct
band gap were explored, and a possible phase change above 16 GPa was suggested. However, there is no high
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pressure Raman investigation of the WZ phase of GaAs NW so far
and their high-pressure structural research is rare. In a synchrotron
x-ray diffraction study (XRD)22, WZ phase of GaAs was obtained on
decompression of the simple cubic phase GaAs of 16 atoms down to
ambient pressure. Then WZ to orthorhombic (OR) phase transition
was observed at 18.7 GPa. Recently, the difficulties in WZ GaAs
fabrication have been overcome due to the development of molecular
beam epitaxy and metal organic chemical vapor deposition tech-
niques11,20,23 thus enabling studies of the structural, vibrational, and
electronic properties of WZ GaAs nano materials under pressure.

In this work, we report experimental investigations of structural,
vibrational, and electronic properties of WZ and ZB GaAs NW by
combining RRS and synchrotron XRD techniques at high pressures
up to 23 GPa at room temperature. We find that WZ GaAs behaves
similarly to ZB GaAs in its relation to structural and vibrational
properties. Our RRS measurements of the direct and split-off band
gaps of WZ GaAs suggest a slight difference in pressure slopes
between WZ and ZB, but the values of the pressure dependencies
of the gaps become very close above 5 GPa.

GaAs NW of WZ and ZB phase were fabricated using Au-assisted
molecular beam epitaxy method, with an average length of 5 mm and
diameter of 150 nm, as detailed previously24. A diamond anvil cell
was used to generate pressure up to 23 GPa, diamond culet diameter
was 300 mm and sample chambers of drilled rhenium gaskets were
about 130 mm in diameter and 40 mm of thickness initially. Neon
was used as pressure transmitting medium and backscattering geo-
metry was adopted for micro confocal Raman measurements.
Pressures were measured by means of ruby fluorescence. We applied
the RRS technique to investigate vibrational and electronic structure
changes of WZ GaAs NW under pressure. Pressure effects on band
gap of WZ GaAs NW are explored by using two different incident
lasers of wavelengths of 532 nm and 488 nm. Pressure was increased
from near 0 GPa to 21.5 GPa, then it was brought down to ambient
pressure.

For synchrotron XRD measurements up to 23.0 GPa, a mixture of
WZ and ZB GaAs NW were loaded into the diamond anvil cell, thus
making it possible to investigate the WZ and ZB structure evolution
with pressure at the same time. In the synchrotron beam line, sector
13 of the Advanced Photon Source of the Argonne National
Laboratory (Chicago, United States), the monochromatic signals (l
5 0.3344 Å) were collected by a MAR 355 CCD detector about
300 mm away from the sample. At every pressure point, 25 measure-
ments at different sample positions were taken to confirm data con-
sistency and reduce the effect of preferable orientation. In a separate
high-pressure synchrotron experiment, another load of bulk GaAs in
ZB phase (bulk WZ GaAs is not readily available as it is metastable)
was also measured at the same conditions for a direct comparison
with NW samples.

At ambient conditions, Raman spectra of both WZ and ZB GaAs
NW show three modes: transverse optical (TO), surface optical (SO)
and longitudinal optical (LO) around 270, 285, and 291 cm21,
respectively. The LO modes and their overtones, 2LO and 3LO
modes (around 580 cm21 and 870 cm21 at ambient conditions)
show an increase in intensity and become comparable or even larger
than that of the TO mode in the resonant conditions (due to res-
onance enhancement via dipole-forbidden Fröhlich electron-pho-
non interaction25,26), when the incident laser energy is close to the
band gap. Since the spectra measured with the 488 nm and 532 nm
excitation wavelengths are similar, only spectra measured with
532 nm excitation are shown in Fig. 1. At low pressures, the LO
mode is weak and it has an asymmetric shape due to the presence
of the nearby SO mode of comparable intensity. The band gap
increases with pressure resulting in resonance conditions for 532
and 488 nm excitation wavelengths sequentially. This is manifested
in an increase of the LO mode intensity with respect to TO and SO
modes. We observed two strong 2LO resonances at 5.7 GPa and

9.1 GPa, as well as a clear 3LO resonance at 8.5 GPa as shown in
Fig. 1. These occur when the pressure modified band gaps (including
direct band gap E0 and band gap split-off D) are close to the incident
laser energy. No Raman modes were observed at pressures larger
than 21 GPa (Fig. 1).

In Fig. 2, we present Raman mode frequencies for the 532 nm laser
as a function of pressures. Raman shifts measured using 488 nm
wavelengths agree well with those of 532 nm within experimental
error bars, which shows good consistency for our measurements. The
linear coefficients as well as the Grüneisen parameters c of 4 Raman

Figure 1 | Pressure dependence of Raman spectra of WZ GaAs NW up to
21.5 GPa, all spectra are scaled and shifted vertically for clarity. The laser

wavelength is 532 nm except for the spectrum at 21.5 GPa, which was

excited by 488 nm laser line. The spectra shown in blue at 5.7 GPa and

9.1 GPa indicate two strong resonances of 2LO, while that at 8.5 GPa

shows the strongest 3LO resonance. Insert: a microphotograph of WZ

GaAs NW in diamond anvil cell high pressure cavity, a blue spot is the

488 nm laser spot (about 4 mm in diameter), which was kept at the same

localized region of a NW bundle for both 532 nm and 488 nm laser lines

during Raman experiments.

Figure 2 | Pressure dependence of the experimental Raman frequencies
of WZ NW measured with the 532 nm excitation wavelength (the results
for the 488 nm excitation are consistent yielding similar Grüneisen
parameters presented in Table I). The symbols are the data; the lines are

the least square fits through the data. For the fitting to the 2nd order

polynomials, the frequencies are in the unit of cm21 and pressure is in GPa.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6472 | DOI: 10.1038/srep06472 2



modes (TO, SO, LO and 2LO) determined by c~
B0

v0

Lv0

LP

� �
P~0

,

where the isothermal bulk modulus B0 5 74.66 GPa27. The values of
the Grüneisen parameters for our WZ sample are somewhat smaller
than those for ZB GaAs NW10 and bulk ZB27 as presented in Table I.
This small deviation may be due to a difference in the data repres-
entation in this work and Refs. 10, 27. Moreover, in our calculations
we have used the literature value of the bulk modulus of ZB GaAs,
which may be slightly different of that for WZ GaAs. Our x-ray
diffraction measurements (see below) are not sufficiently accurate
to quantify this difference; however, they broadly agree with the
literature data for ZB GaAs. The proximity of the Grüneisen para-
meters of ZB and WZ GaAs shows the similarity of vibrational prop-
erties of WZ and ZB GaAs, as expected given their closely related
structures. In Ref. 21, pressure dependent Raman modes of bulk ZB
were measured up to 20 GPa, and the phase transition from ZB to
OR phase was suggested at 21 GPa for bulk ZB GaAs. In Ref. 10, no
distinguishable Raman spectra of ZB NW were collected above
16 GPa, which might be due to inhomogeneous stress conditions
in the solid methanol-ethanol pressure medium. Our data present
the first observation of Raman spectra of WZ GaAs NW under
pressure up to the structural transition to the OR phase at 21 GPa
as determined by our synchrotron XRD experiment described below.

To explore the pressure dependent band gaps of WZ GaAs NW,
532 nm (2.33 eV) and 488 nm (2.54 eV) incident lasers were used in
high pressure RRS experiments. When pressure tuned band gaps are
close to the laser light energies, ‘‘forbidden’’ LO and even higher
order LO modes can be observed. In our experiments, we observed
and analyzed not only the resonant enhancement of TO and LO
intensities as recently reported for ZB GaAs NW10 and WZ InAs
NW28 under pressure, but also the relative intensities of LO and
2LO modes with respect to the increase of the TO mode at reso-
nances, as shown in Fig. 1. In Fig. 3 (a) and (b), the integrated
intensities of LO and 2LO modes were normalized to that of the
TO mode as in the previous RRS study of GaAs NW using varying
incident laser energies and temperatures13,16. The resonances of the
1LO and 2LO modes almost coincide because of the small energies of
phonons (approximately 0.04 eV for 1LO). The normalized 1LO and
2LO intensities have two resonance pressures, which are at 5.7 GPa
and 9.1 GPa for 532 nm, and at 7.0 GPa and 11.8 GPa for 488 nm
lasers. The normalized 2LO intensities show stronger resonances
than 1LO ones at 9.1 GPa and 11.8 GPa, which shows sharp out-
going resonances (see also Ref. 10). The resonances that occur at
larger pressures are due to the proximity of incident laser energy to
the direct band gap E0. From two resonances at 9.1 GPa for the
532 nm laser and 11.8 GPa for the 488 nm laser (red circles in
Fig. 3 (c)) as well as the literature data of 1.52 eV at 0 GPa13, the
pressure slope of E0 is determined to be 0.087(3) eV/GPa (Fig. 3 (c)),
which is close to values of ZB GaAs: 0.1 eV/GPa for bulk ZB GaAs6

and 0.105 eV/GPa of GaAs ZB NW10. Moreover, the proximity of
pressure slopes for ZB and WZ GaAs can be even closer if we adopt
that E0(P) of WZ GaAs has a curvature as it has been found for ZB

GaAs10. Two weaker resonances that occur at 5.7 GPa for the 532 nm
laser and 7.0 GPa for the 488 nm laser (red triangles in Fig. 3. (c)) can
be ascribed to the resonant condition of EL 5 E0 1 D 1 Ephonon,
where D is the lowest valence band gap due to crystal field split-off
hole state. With the value of 1.86 eV at 0 GPa and room temper-
ature13, the fitting to a linear function gives the pressure slope of E0 1
D as 0.084 (11) eV/GPa, which is about the same as that of E0 within
the experimental error bars. Thus D is likely to be weakly pressure
dependent. This agrees well with the assumption of Ref. 10 of the
pressure independentDSO 5 0.34 eV (Fig. 3 (c)). One can see that the
band gaps of WZ GaAs behave similarly with pressure but the values
of the slopes are slightly larger than those of ZB GaAs below 5 GPa.
Our high pressure RRS experiment determines the pressure slopes of
E0 and E0 1 D of WZ GaAs NW separately for the first time, which
provides an effective approach to tune electronic structure. Also, a
combination of hydrostatic pressure and the RRS technique can be
extended to probe and tune band gaps of other novel materials such
as few layered graphene and MoS2, whose strain induced band gap
decrease was recently reported to be similar to GaAs NW4,5.

To confirm the pressure induced phase change from our Raman
observations as well as to determine the structural behaviors of WZ
GaAs NW in comparison with the behavior of ZB GaAs ones, we
have investigated a mixture of WZ and ZB GaAs NW by synchrotron
XRD technique at room temperature. The presence of WZ phase is
clearly detectable by observations of the scattering angles of 5.5 and
6.3 degrees corresponding to (100) and (110) reflections of WZ phase
GaAs (Fig. 4), which are absent in ZB phase. At 19.2 GPa, new
diffraction peaks of OR phase appear while those of WZ and ZB
decrease sharply in intensity signaling a phase transformation as
shown in Fig. 4. WZ and ZB phases coexist with the OR phase at
19–21 GPa. At 22 GPa and above, only OR phase can be observed,
which implies the phase transition from WZ and ZB to OR is com-
pleted in a very narrow pressure range. We believe that this sharpness
is due to the use of neon as a pressure transmitting medium, which
remains almost hydrostatic in the pressure range of WZ to OR phase

Table I | The mode Grüneisen parameters at ambient pressure of
WZ and ZB bulk and NW GaAs materials derived from the mea-
sured phonon frequencies and the equation of state using the for-

mula c~
B0

v0

Lv0

LP

� �
P~0

, where B0 5 74.66 GPa27. The data

labeled as 532 nm and 488 nm are from this work

Samples c
TO

c
SO

c
LO

c
2LO

References

WZ NWs 1.15(5) 1.16(6) 1.1(6) 1.2(8) 532 nm
WZ NWs 1.11(5) 1.14(5) 1.03(5) 1.15(8) 488 nm
ZB NWs 1.31(4) 1.22(4) 1.17(3) 1.26(9) Zardo et al.10

ZB bulk 1.39 NA 1.23 NA Weinstein et al.27

Figure 3 | Pressure dependence of the integrated area ratio of 1LO over TO

(black squares) and 2LO over TO (blue circles) of WZ GaAs NW for (a)

532 nm laser and (b) 488 nm laser. Red arrows indicate resonance

pressures for E0 and E0 1D. (c) red symbols with error bars are RRS data of

this work, blue symbols at 0 GPa are data from13; red dashed lines as linear

fitting of three data points (two of this work and one of literature13)

yielding the pressure slopes of E0 and E0 1D as 0.087 (3) eV/GPa and 0.084

(11) eV/GPa, respectively. Filled black squares are data of direct band gap

of ZB GaAs NW10, with its polynomial fitting in a black solid line. The

pressure dependence of the split-off band gap is approximated by another

black solid line above, assuming the pressure independent DSO 5 0.34 eV

of WZ GaAs NW.
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transition. Our measurements demonstrate that WZ GaAs NW show
the same phase transition to OR phase as ZB GaAs NW and bulk ZB
studied before21. Our Raman and XRD data are consistent in that
they both indicate phase changes in the same pressure range. While
Raman spectra do not show any measurable activity of the metallic
OR phase, XRD clearly identifies the high pressure phase as the same
one, that is observed for the transformation of ZB GaAs. In the
depressurization process, there were still no Raman modes which
would reappear suggesting the ‘‘irreversible’’ WZ and ZB to OR
phase transition. This result is also consistent with the disappearance
of ZB GaAs NW Raman modes in the depressurization process from
20.8 GPa10.

In summary, we have performed RRS and synchrotron XRD
experiments of WZ GaAs NW under pressure up to 23 GPa at room
temperature. Before phase changing to OR structure around 21 GPa,
WZ GaAs NW are found to have similar vibrational properties and
direct band gap behaviors as those of ZB bulk and NW. We deter-
mined the pressure dependence of the E0 direct band gap of WZ
GaAs NW to be linear with the slope of 0.087 eV/GPa, which is
slightly smaller than that of ZB GaAs. The crystal field splitting of
WZ GaAs NW is observed to be weakly pressure dependent, con-
sistent with the previous assumption of the pressure independence of
DSO of ZB GaAs. The similarity of vibrational and structural prop-
erties of WZ and ZB GaAs NW can be an advantage to incorporating
two types of GaAs NWs into one device and even into one single NW;
at the same time their band gap difference can be used to realize
different electronic functions by fine tuning approaches including
but not limited to pressure. It is hoped that our experimental findings
will stimulate further development of theoretical research as well as
potential applications.
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