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Synthesis and characterization of single-crystal
CuĲIn,Ga)Se2 nanowires: high Ga contents and
growth behaviour†

J. Y. Lee,‡ab W. K. Seong,‡§a J.-H. Kim,a S.-H. Cho,a J.-K. Park,a K.-R. Lee,a

M.-W. Moon*a and C.-W. Yang*c

Precise control over the defect density, a high Ga content, and uniform stoichiometry are critical for

controlling the physical and optical properties of CuĲIn,Ga)Se2 (CIGS) nanowires (NWs). In this study, we

investigated the synthesis of epitaxially grown, single-crystal CIGS NWs by a vapour-phase transport

method using multiple sources of Ga2Se3, In2Se3, and Cu2Se as the precursors. No catalysts were

employed, and r-cut Al2O3 substrates were used for the fabrication of the NWs. The synthesized CIGS NWs

had a uniform composition along their length, and the NWs with the highest Ga/(In + Ga) content ratio

(0.8) had a chalcopyrite structure. The bandgap energy of the CIGS NWs was higher than that of typical

CIGS thin films grown by co-evaporation methods because of the high Ga content ratio. These single-

crystal CIGS NWs offer an attractive platform for exploring various concepts related to hierarchical nano-

structures and devices based on fully epitaxial semiconductor structures.
Introduction

The I–III–VI2 family of semiconducting compounds, which
includes CuIn1−xGaxSe2 (CIGS), has been widely used in
photovoltaics because of its many advantages. For example,
CIGS exhibits a direct bandgap, high absorption coefficients
for visible light with wavelengths of up to approximately 105

cm−1, and long-term optoelectronic stability.1–4 In addition,
the bandgap energy of CIGS can be tuned by varying the com-
positional ratio, Ga/(In + Ga). The direct bandgap energy can
be tuned from around 1.03 eV in the case of CuInSe2 (CIS) to
approximately 2.5 eV in the case of CuGaS2.

5 The performance
of CIS and CIGS-based photovoltaics can be further improved
by exploiting their nanostructures, which are unique. They
have a tuneable bandgap, large specific surface area, well-
defined conducting pathways, and exhibit carrier multiplica-
tion.6 Recently, significant efforts have been devoted to the
fabrication of various CIS and CIGS nanostructures, including
nanocrystals, nanorods, and nanowires (NWs), with a variety
of methods.7–10 CIGS nanocrystals can be synthesized using a
low-cost solution-based method, which allows the production
of large-scale arrays.7,11 However, to enhance their efficiency,
the fabrication of nanocrystals with a high Ga content ratio is
difficult because the standard electrochemical potential of Ga
is much lower than that of the other constituent elements. In
addition, CIGS NWs grown using the template method using
an anodic alumina membrane (AAM) exhibit poor crystallin-
ity.8,12 Therefore, precise control over the defect density, a
high Ga content ratio, and uniform stoichiometry are essen-
tial for producing CIGS NWs that are suitable for photovoltaic
applications. These criteria may be achieved by using the
vapour-phase transport method as the fabrication technique,
which has a few advantages over the solution-based chemical
methods. First, the vapour-phase transport method does not
require a catalyst or seed layer because the NWs can be grown
directly from the substrate. Second, the morphology and size
of the synthesized NWs can be readily controlled by adjusting
the main synthesis parameters, such as the local temperature,
gas deposition flux, and reaction time. However, CIGS NWs
have not yet been synthesized using the vapour-phase trans-
port method because of the difficulty in synthesizing NWs
from quaternary compounds, as well as the large differences
in the vapour pressures of the constituent elements.
CrystEngComm
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Herein, we report the epitaxial growth of single-crystal
CIGS NWs with high Ga contents via the vapour-phase trans-
port method using multiple precursors. The CIGS NWs grown
had an epitaxial relationship with the r-cut Al2O3 substrates
used, which showed a 1.5% lattice mismatch. The CIGS NWs
had high crystallinity, with {112} facets and a (110) growth
direction. They also had a Ga-rich CIGS stoichiometry and
bandgap energy of 1.12 eV. During the growth process, we
observed two types of CIGS NWs, i.e., freestanding and hori-
zontal NWs, on the r-cut Al2O3 substrates depending on the
gas deposition flux. It is well-known that the growth behav-
iour of NWs can be controlled by varying the gas deposition
flux.13 We employed a specially designed alumina boat with
an alumina cap to achieve a high deposition flux around the
substrate.14 A detailed schematic of the chemical vapour
deposition (CVD) process is shown in Fig. S1 in the ESI.† We
were able to fabricate the CIGS NWs with high Ga contents
by using multiple alloy-based precursors to control the mobil-
ity of the constituent elements in the absence of catalysts.

Experimental methods
Synthesis of CIGS NWs

The single-crystal CIGS NWs were grown on Al2O3 substrates
in a horizontal tube furnace equipped with a 3-inch-diameter
quartz tube. After placing the alumina boat containing the
substrate and the In2Se3 (Alfa Aesar, 99.99%), Cu2Se (Alfa
Aesar, 99.5%) and Ga2Se3 (Alfa Aesar, 99.99%) powders in the
reactor, we purged the reactor several times with a mixture of
high-purity H2 and N2 gases. The alumina boat was then
heated to either 900 °C for freestanding growth or 950 °C for
horizontal growth under a reactor pressure of 5 Torr in an
ambient gas mixture. The total flow rate of the gas mixture
was 100 sccm. Additional quantities of In2Se3, Ga2Se3, and
CuI powders (Alfa Aesar, 98%) were placed in a low-
temperature region of the furnace to adjust the concentra-
tions of Cu, In, and Ga in the CIGS NWs. Once the growth
process was complete, the samples were allowed to cool natu-
rally to room temperature in an ambient gas mixture.

Characterization

The macrostructure of the synthesized CIGS nanostructures
was investigated by X-ray diffraction (XRD, Dmax 2500,
Rigaku), which was performed using Cu Kα X-rays. To deter-
mine the chemical composition, growth direction, and crystal
structure of the CIGS NWs, transmission electron microscopy
(TEM, FEI Tecnai G2) was employed. The microstructure and
chemical composition of the CIGS NWs were also analysed
by high-resolution TEM (HR-TEM, which was performed at
200 kV in combination with scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDS). Selected-area electron diffraction (SAED) patterns of
the CIGS NWs were obtained to determine their crystallo-
graphic phases; the cross-sectional CIGS NW specimens were
prepared by the lift-out technique using focused ion beam
(FIB) milling. Pt and a commercial epoxy were used to protect
CrystEngComm
the surface of the CIGS NWs by preventing both the re-
deposition of the removed materials and damage to the NWs
from the ion beam during the sample preparation.

The horizontal CIGS NWs grown on an r-cut Al2O3 sub-
strate were used for the micro-Raman spectroscopy and
photoluminescence (PL) measurements. The micro-Raman
spectroscopy measurements (alpha 300 R, WITec) were
performed using an Nd:YAG laser with a wavelength of 532
nm and a laser power of 15 mW at room temperature. The
alpha 300 R system combines a confocal microscope of
extremely high optical throughput and resolution with a sen-
sitive Raman spectrometer. This instrument is not only able
to collect Raman spectra, but it is also able to take high-
resolution Raman images. The images obtained show the
integral intensities of the Raman modes. PL is widely used to
study the bandgap energy and structural defects of semicon-
ductor materials. The PL spectra of CIGS-based materials are
very sensitive to point defects and deviations from the ideal
stoichiometry. The low-temperature PL spectra of the CIGS
NWs were used to measure the bandgap energy of the NWs
at an average temperature of 10 K. The samples were excited
using a diode-pumped solid-state (DPSS) continuous-wave
laser with a wavelength of 532 nm (SDL-532-300 T,
Dreamlaser) at a pump power of 130 mW. The emission from
the samples was collected with collimation lenses and then
dispersed using a monochromator (SpectraPro 2300i,
Princeton (Acton)) with a focal length of 300 mm and a spec-
tral resolution of 0.1 nm. The dispersed optical signals were
detected with a thermoelectrically (TE) cooled InGaAs photo-
detector (one-stage TE-cooled type, Hamamatsu) and ampli-
fied using a lock-in amplifier.

Results and discussion

For the synthesis of quaternary I–III–VI2 nanostructures, the
balancing of each elemental source's reactivity needs to be
considered to form NWs with a homogeneous stoichiometry.
Therefore, metal selenides were used as the precursors to fab-
ricate various CIGS nanostructures. The CIGS nanostructures
were synthesized using a vapour-phase transport method by
controlling the local temperature, gas deposition flux, and
reaction time. The schematic diagram of the thermal CVD
process is shown in Fig. S1.† We then investigated the epitax-
ial relationship between the individual planes of the Al2O3

substrate and CIGS nanostructures. The morphology of the
CIGS nanostructures grown on the a, c, and r-cut Al2O3 sub-
strates under similar conditions was investigated with a field-
emission scanning electron microscopy (FE-SEM, Nova 600,
FEI) setup equipped with a dual-beam focused ion beam
(FIB) system; the FE-SEM results are shown in Fig. 1(a–c).

As can be seen in the insets in Fig. 1(a) and (b), the CIGS
nanostructures grown on the a and c-cut Al2O3 substrates
have truncated triangular and hexagonal plate morphologies,
respectively. The average sizes of the truncated triangular
and hexagonal CIGS nanostructures are approximately 1.1
μm and 1.5 μm, respectively. As the growth time increased,
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The FE-SEM micrographs of the CIGS nanostructures grown on the (a) a, (b) c, and (c) r-cut Al2O3 substrates. The insets show the high-
magnification images of the individual CIGS nanostructures. The XRD patterns of the CIGS nanostructures on the (d) a, (e) c, and (f) r-cut Al2O3

substrates were obtained to determine the differences between the crystalline structures of the substrates. The “◆” symbols denote the peaks of
the substrates: the (112̄0) plane in (d), the (0006) plane in (e), and the (011̄2), (022̄4), (033̄6) planes in (f).
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the truncated triangular and hexagonal plates became larger,
but NWs were not formed. The CIGS NWs only grew on the
r-cut Al2O3 substrate because of the orientation relation
between the CIGS NWs and the substrate, as shown in Fig.
1(c). This epitaxial relationship between the CIGS NWs and
the r-cut Al2O3 substrate is described in more detail in Fig. 3.
To confirm the differences between the individual planes of
the Al2O3 substrates, we performed XRD measurements.

The XRD patterns are shown in Fig. 1(d–f). The substrate
peaks are marked with the “◆” symbol. The XRD peaks were
indexed with the JCPDS file (#35-1101) for CIGS. The cell
parameters of the CIGS NWs are a = 0.568 nm and c = 1.126
nm, and they have a I4̄2d space group, as well as a tetragonal
structure. The XRD patterns indicate the presence of single-
crystal CIGS without any impurities or changes in the crystal
structure. As can be seen in Fig. 1(d–f), the (112) plane of
CIGS is very intense in all of the XRD patterns, which has a
d-spacing of 0.32 nm ± 0.003 nm. According to recent studies,
the polar (112) surface of CIGS is considerably more stable
than the non-polar (110) surface.15 Thus, CIGS-based mate-
rials exhibit the spontaneous formation of micro-facets with
polar surfaces when one attempts to grow them on a non-
polar chalcopyrite surface.15 The changes in the relative
intensities of the XRD peaks, except for the (112) plane, are
dependent on the changes in morphology, e.g., from trun-
cated triangles to truncated hexagons to NWs.

As shown in Fig. S2(a) and (b),† the growth direction of
the NWs can be controlled by adjusting the gas deposition
flux on the r-cut Al2O3 substrate. The freestanding NWs were
grown at 900 °C in the normal alumina boat without the cap.
The high-deposition flux at 950 °C, which was achieved by
This journal is © The Royal Society of Chemistry 2015
using a specially designed alumina boat, led to the horizontal
growth of CIGS NWs and increased their size. Under the low-
deposition flux, the diameters and lengths of the freestand-
ing CIGS NWs are approximately 50–700 nm and 1–20 μm,
respectively, while that of the horizontally grown CIGS NWs
on the r-cut Al2O3 substrate are approximately 500–1500 nm
and 1–100 μm, respectively.

To determine the chemical composition and crystal struc-
ture of the CIGS NWs, we performed STEM/EDS and HR-
TEM/SAED measurements. Fig. 2(a) shows a cross-sectional
TEM micrograph of a horizontally grown CIGS NW with a
diameter of 900 nm and a length of 15 μm, which was pre-
pared by the lift-out technique of FIB milling. We recorded
the STEM/EDS spectrum and elemental mapping of the
CIGS NW, which are displayed in Fig. 2(b) and (c), respec-
tively, with the mapping results clearly showing the spatial
distribution of Cu (orange), In (yellow), Ga (green), and Se
(red). The average contents were estimated to be 23.4 at.%
Cu, 4.8 at.% In, 21.1 at.% Ga, and 50.5 at.% Se, as shown in
Fig. 2(d).

Therefore, the Cu/(In + Ga) and Ga/(In + Ga) ratios of the
horizontally grown CIGS NWs are 0.9 and 0.81, respectively.
In addition, each element in the CIGS NW is uniformly dis-
tributed along the growth direction. The chemical composi-
tion of the freestanding CIGS NW is also uniformly distrib-
uted along the growth direction, but with a Ga-rich phase, as
shown in Fig. S3.† A number of researchers have tried to
increase the Ga content in CIGS to obtain higher cell efficien-
cies in photovoltaic systems because the bandgap of
CIGS increases linearly with an increase in its Ga content.7

However, until now, the concentrations of the different
CrystEngComm
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Fig. 2 (a) The cross-sectional TEM micrograph of a horizontal CIGS NW on an r-cut Al2O3 substrate. Pt and a polymer were used to protect the
surface of the NW during the sample preparation. (b) A typical STEM/EDS spectrum of a horizontal CIGS NW. The “*” symbol denotes the detector
peak. (c) The STEM image of the CIGS NW (top image). The elemental maps of Cu, In, Ga, and Se (bottom images) were obtained by STEM/EDS. (d)
A graph showing the average elemental concentrations along the length of a horizontal CIGS NW.

Fig. 3 The HR-TEM micrographs (a–d) and their corresponding SAED
patterns (insets) at various zone axes.
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constituent elements in CIGS thin films and nanostructures
could not be controlled successfully because of the differ-
ences between the vapour pressures of the elements and their
environmental sensitivities during the evaporation process.
In spite of the many difficulties, the synthesis of the Ga-rich
CIGS phases is quite important for various applications.
Therefore, in this study, we have successfully synthesized
CIGS NWs with high Ga contents by using multiple precur-
sors without any catalysts.

To investigate the growth direction and crystal structure of
the CIGS NWs in detail, HR-TEM and SAED measurements
were conducted on a CIGS NW that was placed on a carbon
supporting film with several zone axes parallel to the electron
beam, as shown in Fig. 3(a–d). In Fig. 3(a), the spacing of the
lattice planes parallel and perpendicular to the long axis of
the NW are 0.205 nm and 0.322 nm, which are consistent
with the (11̄0) and (112) planes of the CIGS chalcopyrite
structure, respectively. The corresponding SAED pattern (the
inset in Fig. 3(a)) is indexed along the [111̄] zone axis. As
shown in Fig. 3(b–d), all of the different zone axes show lat-
tice plane spacings of 0.205 ± 0.002 nm and 0.331 ± 0.01 nm
for the planes parallel and perpendicular to the long axis of
the NW, respectively. All of the SAED patterns in the insets in
Fig. 3(a–d) can be assigned to the tetragonal CIGS structure.
The CIGS NW is clearly single crystalline in nature, with a
<110> growth direction and no twins or defects.

Fig. 4 shows a cross-sectional TEM micrograph along the
length of a horizontally grown CIGS NW. As can be seen in
Fig. 4(a) and (b), there are clear, step-like edges on the NW.
These step-like edges are formed by atomic diffusion in the
horizontal direction and are the result of anisotropic growth,
CrystEngComm
with the magnitude of the deposition flux determining the
dominant material-flux direction towards the seed.13

The epitaxial relationship between the CIGS NW and the
r-cut Al2O3 substrate was analysed through HR-TEM and
SAED measurements, as shown in Fig. 4(c–f). The lattice dis-
tance of the planes parallel to the growth direction is 2.08 Å,
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) A cross-sectional TEM micrograph along the length of a horizontally grown CIGS NW, the region of which is marked with the dashed
yellow box in the inset. The inset shows the low-magnification TEM micrograph. (b) A HR-TEM micrograph of the step edge at the tip; the position
is indicated by the white arrow in Fig. 3(a). (c) A HR-TEM micrograph showing clear lattice fringes between the CIGS NW and the substrate. The
corresponding SAED patterns of the (d) CIGS NW and the (f) substrate are also shown. (e) The fast Fourier transform (FFT) of the HR-TEM micro-
graph of the interface region is shown for epitaxial relationship analysis. The dotted yellow circle and red circle are the (004)NW and (011̄2)substrate
peaks, respectively.
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which corresponds well with the inter-planar spacing of the
(220) planes of the CIGS chalcopyrite structure. The
d-spacings of the (004) planes in the CIGS NW and (011̄2)
plane of the r-cut Al2O3 substrate are 2.91 Å and 3.65 Å,
respectively. The (004) planes of the horizontal CIGS
NWs were aligned parallel to the (011̄2) plane of the
Al2O3 substrate. Thus, the epitaxial relationship between the
horizontal CIGS NWs and the r-cut Al2O3 substrate is
Ĳ004)NW||Ĳ011̄2)substrate. When the (004) plane of a NW is par-
allel to the (011̄2) plane of the Al2O3 substrate, the CIGS NWs
grow horizontally. We also evaluated the epitaxial relation-
ship between the CIGS NWs along the radial direction and
the substrate, as shown in Fig. S4.† The CIGS NWs have (112)
facets, except for the (004) bottom and top surfaces. The
angle between the substrate and the side plane of the NWs is
54°, which is consistent with the angle between the (004) bot-
tom plane and the (112) side planes of the truncated triangu-
lar cross section.

We investigated the long-range lattice-matching relation-
ship between the (004) plane of the CIGS NWs and the (011̄2)
plane of the Al2O3, as shown in Fig. S5.† The [110] zone axis
of the CIGS NW is parallel to the [213̄0] zone axis of the
Al2O3 substrate. In addition, the lattice mismatch between
This journal is © The Royal Society of Chemistry 2015
the [110] direction of the CIGS NW and the [213̄0] direction
of the r-cut Al2O3 substrate is approximately 1.5%, as shown
in Fig. S5.† This indicates that CIGS NWs with a <110>
growth direction are preferentially grown with the (112) side
facets, which have low-index crystallographic planes and low-
energy surfaces, on the basal, r-cut Al2O3 substrates. This is
strong evidence for the epitaxial growth associated with a lat-
tice mismatch between CIGS NWs and the substrate.

Other groups have tried to synthesize chalcopyrite NWs by
catalyst-based methods.6,9,10 It has been reported that CIS
NWs synthesized by the vapour–liquid–solid (VLS) and solu-
tion–liquid–solid (SLS) methods grow along the [11̄0] and
[112] directions, respectively.9,10 It was suggested that the
NWs grow in different directions because of the different syn-
thesis methods used. For example, VLS-based NW growth is
strongly affected by the catalytic reactions, while SLS-based
growth is highly influenced by the ligands. We have found
that the atomic structure of the substrate determines the
geometry and orientation of the self-seeds, as well as the for-
mation of low-energy crystal planes, which in turn directs the
growth patterns of the CIGS NWs. We suggest that lattice
mismatching is one of the most critical factors for growing
NWs. To investigate the physical properties of the grown
CrystEngComm
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NWs, we performed micro-Raman spectroscopy and PL
measurements.

Fig. 5(a) shows a typical Raman spectrum of the CIGS
NWs. In keeping with the selection rules for Raman scatter-
ing in CIGS materials, only the A1 and B2/E modes are
present.

The peak position and line shape of the A1 mode, which
represents the vibration of Se anions in the x–y plane with
cations at the end, are dependent on the chemical composi-
tion and crystallinity of the NWs, respectively. The B2/E
modes represent the in-phase vibrations of the anions and
the cations. To determine the lateral distributions of these
phases with precision, we scanned a 9 × 7 μm2 area of a CIGS
NW and recorded a full Raman spectrum at each position.
According to the relationship between the Raman spectra
and locally developed stresses, the increase in peak frequency
corresponds to the compressive stress in a sample. The fre-
quency of the A1 mode increases as the Cu/(In + Ga) content
ratio decreases, e.g., shifting the peak from 173 cm−1 (Cu/(In
+ Ga) = 1.17) to 176 cm−1 (Cu/(In + Ga) = 0.78). It also
increases as the Ga/(In + Ga) content ratio increases, e.g.,
shifting from 173 cm−1 (for CIS) to 181 cm−1 (for
CuGaSe2).

16–19 As shown in Fig. 4(a), the frequency of the
chalcopyrite A1 mode for the CIGS NW with content ratios of
Ga/(In + Ga) = 0.8 and Cu/(In + Ga) = 0.9 is approximately
178 cm−1. This value is higher than that of CIS thin films
(173 cm−1), which indicates lattice compression because the
Ga content of the CIGS NWs is significantly higher than that
of the thin films. The A1 mode, which has a sharp, line-like
shape and is marked with a red dotted box in Fig. 5(a),
reflects the high crystallinity of the CIGS NWs, which were
uniformly grown, as shown in the bright image in Fig. 5(b).
The bright areas signify regions of high Raman intensity in
the frequency region of an individual mode. The dark areas
represent regions without an individual mode. The two peaks
corresponding to the B2/E modes are also present at 218
cm−1 and 254 cm−1, respectively, and are indicated with a
blue dotted box. As can be seen in Fig. 5(c), their modes are
absent from the middle region of the NW. Based on the
CrystEngComm

Fig. 5 (a) A typical Raman spectrum of a horizontal CIGS NW recorded at
Raman spectrum. The original Raman spectrum is fitted to the red line of
254 cm−1 of the B2/E modes, respectively. (b) and (c) are high-resolution R
the B2/E mode, as indicated by the blue dotted box in Fig. 5(a), respectively.
results of the Raman analysis, we have confirmed that the
CIGS NWs grown on the r-cut Al2O3 substrate have a chalco-
pyrite structure, are Ga rich, and have a high crystallinity.

Fig. 6(a) shows the micro-PL spectrum of a CIGS NW that
was measured at 10 K and an excitation power intensity of
100 mW; the spectrum is similar to the typical PL spectrum
of a CIGS thin film. The CIGS NW exhibits a dominant near-
band-edge (NBE) PL peak at 1.12 eV, which could be attrib-
uted to a donor–acceptor pair (DAP) transition.20 The PL peak
at 0.98 eV is attributed to defect-related free-to-bound (F–B)
transitions. Thus, the defect level is approximately 140 meV
and too deep for an isolated copper vacancy (VCu). However,
it may be related to a defect complex that includes VCu. To
determine whether the PL peaks were related to F–B or DAP
transitions, the temperature dependence of the peak energy
was investigated. Fig. 6(b) shows the temperature depen-
dence of the macro-PL spectrum of the CIGS NWs.

A DAP transition at 1.12 eV is the dominant peak in the
PL spectrum of the CIGS NWs. As the temperature increases,
the PL intensity of the DAP decreases until it is completely
absent at temperatures above 150 K. The PL peak at 1.12 eV
is attributed to a DAP transition because a distant DAP tran-
sition with a long radiative lifetime becomes ionized at
higher temperatures. To confirm the origin of the peaks, the
dependence of the PL spectrum on the excitation intensity
was measured. The blue shift of the PL energy as a function
of the excitation power is a well-known phenomenon in the
case of DAP transitions.21 Fig. 6(c) shows the low-
temperature macro-PL spectra (measured at 12 K) of the CIGS
NWs at various excitation intensities. As can be seen in
Fig. 6(d), at 12 K, the DAP peak exhibits a blue shift of 10
meV as the excitation intensity increases. This asymmetric PL
peak has a steep high-energy slope and a gentle low-energy
slope under high excitation intensities, but these slopes are
reversed under low excitation intensities. This change in the
PL line shape with the applied excitation intensity is a char-
acteristic of broad DAP peaks.22,23 Thus, the CIGS NWs with
high Ga contents have a bandgap of 1.12 eV. As a result, it
may be possible to enhance solar cells with the application of
This journal is © The Royal Society of Chemistry 2015

room temperature. The black line in the upper part of the figure is the
the A1 mode at 178 cm−1, and the blue and pink lines at 218 cm−1 and
aman images of the A1 mode, as indicated by the red dotted box, and
These images show the integral intensities of the Raman modes.

http://dx.doi.org/10.1039/C5CE00752F


Fig. 6 (a) A micro-PL spectrum of a horizontal CIGS NW, which was recorded at approximately 10 K. (b) Temperature dependence of the macro-
PL spectrum. The excitation energy was fixed at 130 mW. (c) Excitation power intensity dependence of the macro-PL spectrum. These measure-
ments were performed at 12 K. (d) Excitation power intensity dependence of the peak position.
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single-crystal CIGS NWs with a uniform composition and a
high absorption coefficient. Furthermore, it should be possi-
ble to produce new device architectures that make use of
CIGS NWs in photodetectors and photovoltaic systems.

Conclusions

In conclusion, we synthesized epitaxially grown single-crystal
CIGS NWs with a vapour-phase transport process that does
not require any catalysts. We were able to control the growth
mode of the single-crystal CIGS NWs by adjusting the gas
deposition flux of the evaporated sources with a specially
designed alumina boat. The freestanding CIGS NWs ranged
approximately 50–700 nm in diameter and 1–20 μm in
length, while the horizontally grown CIGS NWs ranged
approximately 500–1500 nm in diameter and 1–100 μm in
length. The Cu/(In + Ga) ratios of the freestanding and hori-
zontally grown CIGS NWs were 1.1 and 0.9, respectively, while
their Ga/(In + Ga) ratios were 0.78 and 0.81, respectively.
Each constituent element in the CIGS NWs was uniformly
distributed along the growth direction of the NWs. CIGS NWs
with a <110> growth direction were preferentially grown
with the (112) side facets, which have low-index crystallo-
graphic planes and low-energy surfaces, on the r-cut Al2O3

substrate. The bandgap energy of the CIGS NWs with a high
Ga content was 1.12 eV. We believe that the single-crystal
CIGS NWs are suitable for manufacturing new devices and
can be fabricated by controlling the carrier mobilities of their
This journal is © The Royal Society of Chemistry 2015
constituent elements. These CIGS NWs could be used in a
wide range of nanodevice-based applications, such as photo-
detectors and photovoltaic systems.
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