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ABSTRACT: GaN nanowires with exceptional lengths are synthesized by vapor—liquid—
solid coupled with near-equilibrium hydride vapor phase epitaxy technique on c-plane
sapphire substrates. Because of the high decomposition frequency of GaCl precursors and
a direct supply of Ga through the catalyst particle, the growth of GaN nanowires with
constant diameters takes place at an exceptional growth rate of 130 gm/h. The chemical
composition of the catalyst droplet is analyzed by energy dispersive X-ray spectroscopy.
High-resolution transmission electron microscopy and selective area diffraction show that

the GaN nanowires crystallize in the hexagonal wurzite structure and are defect-free. GaN
nanowires exhibit bare top facets without any droplet. Microphotoluminescence displays a narrow and intense emission line (1
meV line width) associated to the neutral-donor bound exciton revealing excellent optical properties of GaN nanowires.
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anowires are promising structures for the achievement of

low defect density material systems with potential
applications such as lasers," light-emitting diodes (LED),” and
transistors.” In particular, GaN nanowires have been subject of
extensive interest from the research community during the past
decade. Contrary to bulk material, the latter have intrinsically
very efficient lattice relaxation. Thus, they can be grown
without crystallographic defects; this constitutes the main
benefit with respect to the planar structures for which
photoluminescence emission and carrier lifetime are affected
by these defects. Compared to other III-V nanowires, surface
recombinations, which have a crucial influence on the optical
and electrical properties of nanostructures, are limited because
of the crystalline structure of the GaN material achieved in the
nanowire growth regime.* Specific needs have emerged for
GaN nanowires with a high aspect ratio. Ultralong GaN
nanowires have a high potential for sensor devices. Sheenan et
al® have demonstrated that the sensitivity of the sensors
increases with the length of the nanowires. More particularly,
combined with the robustness and biocompatibility of the
material, high aspect ratio GaN nanowires have great promises
in the field of biosensing. Furthermore, the synthesis of
ultralong GaN nanowires is the first step toward their large
scale integration as nano-FET devices, as it has been
demonstrated for Si nanowires. Finally, the efficiency of
LED devices based on radial heterostructures is increased due
to the high active surface induced by the wire morphology.”
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GaN nanowires are usually obtained through two paths: a
catalyst-free process or a catalyst-assisted process. The catalyst-
free growth of GaN nanowires is well developed by metal
organic vapor phase epitaxy (MOVPE) and molecular beam
epitaxy (MBE) techniques. Nanowires are generally synthesized
on various substrates such as sapphire,”” diamond,'® and
silicon."" In that case, the growth occurs randomly on the
substrate and the nanowire diameters are uncontrolled. This
can be inconvenient for applications when the uniformity of the
nanowires has to be controlled and reproducible because basic
properties such as emission depend on the diameter
distribution.”®> GaN nanowires grown by the plasma-assisted
MBE catalyst-free process exhibit high optical quality that is a
characteristic of strain free nanowires. However, a strong
emission is often observed around 3.45 eV that is attributed to a
defect-associated band.'*'® Moreover, the growth in this
process is mainly governed by the diffusion of the gaseous
precursors along the sidewalls of the nanowires leading to the
growth of NWs of short lengths (<5 um) with long process'
time. Catalyst-free GaN nanowires grown by MOVPE have
generally large diameters: hundreds of nanometers, hindering
the strain relaxation induced by the wire geometry. Only
recently Eymery et al.” have reported the growth of thin GaN
nanowires by MOVPE with a rather low growth rate of 4 ym/h.

Received: October 2, 2013
Revised:  December 6, 2013
Published: January 6, 2014

dx.doi.org/10.1021/nl403687h | Nano Lett. 2014, 14, 559—-562


pubs.acs.org/NanoLett

Nano Letters

(10-10)

—_— Al — Ni — Ga
100 7
|
75 !
1/l
= |
£ 50 I
o
< |
25 Hil
|
0 Distance (nm) 140

(d)
(;::
150 |
,‘Q Ga
5 100/
o
O Ci
50
N Cu Ga
5 10 15
Energy (keV)

Figure 1. (a) SEM image of a GaN nanowire after S min of growth (dark-field STEM mode); (b) chemical composition profile collected along A—B;
(c) HAADF image of a GaN nanowire after 30 min of growth with the corresponding crystallographic planes at the top of the nanowire; (d) EDX
spectrum collected at the top of the nanowire (red spot in Figure 2c).

However the microphotoluminesence (uPL)-spectra did not
show any luminescence because of the defects or stacking faults
or any yellow luminescence usually observed in MOVPE.

In the catalyst assisted-process, metal particles are formed by
annealing a metal film or simply deposited on the surface of the
substrate before growth by using colloides. Then, GaN
nanowires grow through a vapor—liquid—solid (VLS) mecha-
nism and thereby exhibit diameters and positions correlated to
the diameters and positions of the seed particles.'® This process
can be easily identified through scanning electron microscopy
(SEM) investigations by the presence of a well-defined droplet
located on the top of the nanowire after growth. References
that relate the VLS synthesis of GaN nanowires by MBE or
vapor phase epitaxy (VPE) often report stacking defects and
broadening of the luminescence spectra.'” >° Although the
growth of GaN nanowires is widely developed, catalyst-assisted
growth of GaN nanowires with both high aspect ratio and high
structural and optical qualities are rarely reported.

In this paper, we propose to use the hydride vapor phase
epitaxy (HVPE) process to grow ultralong (>50 ym) free of
crystal defect GaN nanowires with high optical properties on c-
plane sapphire. Because of its intrinsic properties, HVPE is
proved to be very efficient for the synthesis of high-quality free-
standing GaN quasi-substrates. In fact, HVPE is a near
equilibrium growth process that involves rapid kinetics in a
hot wall reactor. The vapor phase composition and the
temperature can be tuned so that GaN growth can occur at a
growth rate up to 100 ym/h. The fast VLS-HVPE process was
previously proved to be an efficient tool for the synthesis of
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ultralong III-V nanowires with perfect crystal purity;u’22

however, good enough optical properties have not been
reported yet for GaN nanowires grown by VLS-HVPE.'*'9*?

GaN nanowires were grown in a 2 in. horizontal home-
designed HVPE reactor at atmospheric pressure, heated by a
six-zones furnace.”* In a first upward zone, GaCl vapor species
are formed by reacting gaseous HCI with liquid gallium at 800
°C. Ammonia, used as the group V flow, is directly introduced
into the central zone. This zone is heated at higher temperature
for mixing the gaseous species and reducing the parasitical
nucleation.”® Samples are heated in the downstream zone of the
reactor. The partial pressures of ammonia and gallium chloride
are set at 4.02 X 107% atm and 5.67 X 107> atm, respectively. A
mixed N,/H, carrier gas with a constant additional HCI
pressure of 1.52 X 1072 atm is chosen. The growth was carried
out at a temperature of 980 °C. Prior to HVPE growth, a S A
thick Nickel layer and a § A thick Au layer were sequentially
deposited on the surface of c-sapphire substrates by thermal
evaporation using a calibrated effusive cell in an UHV chamber
at 107® Torr at a rate of 0.08 ML per minute and 0.11 ML per
minute respectively.

The crystallographic structure and growth direction of the
GaN nanowires were investigated by high resolution trans-
mission electron microscopy (HRTEM) and selective area
electron diffraction (SAED) performed on a JEOL 4000EX
microscope operated at 400 kV and high-angle annular dark-
field imaging (HAADF) obtained on a FEI Titan Probe
Corrected Microscope operated at 300 kV. The nanowires were
scraped oft the substrates and deposited on a holey carbon grid.
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Energy dispersive X-ray spectroscopy (EDX) was used to
estimate the chemical composition of the catalyst droplets.
Microphotoluminescence (uPL) measurements were carried
out on a single nanowire isolated after a mechanical transfer
onto a sapphire substrate.

A SEM image of nanowires grown for 5 min is reported in
Figure la. After the first S min of growth, GaN nanowires
present droplets on their top facets, showing that the nanowires
growth is actually driven by a catalyst-assisted process. Figure
1b displays the chemical composition profile along the dotted
line plotted in Figure la. It indicates that the droplet is made of
a heterogeneous Au—Ni alloy, and it is worth to mention that
Ga is not found in the droplet after growth. This result differs
from (i) in situ reflection high energy electron diffraction
RHEED experiments coupled to quadripole mass spectroscopy
(QMS) analysis performed by Chéze et al.?® in MBE, and (ii)
ex situ XEDS performed by Redwing et al.”” in MOVPE in
which the authors found the Ga element in the catalyst droplet.
A brutal change in the Ga composition is pointed out at the
droplet—nanowire interface (highlighted by dashed lines in
Figure 1b). Neither Au nor Ni are detected in the nanowire.
This confirms the low incorporation, at least below the EDX
detection limit that is about 0.5% of the metallic element, in the
nanowire during growth which induces the very good crystal
purity found by HRTEM. For growth time of 30 min, as shown
in Figure lc,d, neither gold nor nickel are detected in the
nanowires, GaN nanowires exhibit bare top facets without any
droplet (Figure 1c) and the growth stops. Only two groups
reported the absence of the catalyst particle. The absence of the
catalyst particle was also observed in VLS-HVPE' where
authors suggest that the catalyst droplet has been consumed
during the reaction and in VLS-MOVPE.*®

SEM investigations show long nanowires (up to 60 ym for a
growth of 30 min) grown with a record growth rate of 130 pm/
h with constant diameters in the range of 70—200 nm.
Nanowires exhibit an untapered shape along their entire length
(Figure 2a). It should be noted that HRTEM measurements
were conducted on more than 10 nanowires. We present here
results concerning only one nanowire. The results are
reproducible from one nanowire to another.

The SAED patterns (Figure 2b) from the nanowire shown in
Figure 2a,c can be indexed in an hexagonal wurtzite structure
and reveal that the nanowires grow along the [0001] axis. The
HRTEM image of the nanowire sidewall (Figure 2d) does not
show any stacking fault. The measured c-interplanar spacing,
equal to 0.52 nm, corresponds to a fully relaxed crystal. These
results are exceptional since stacking faults are cornmonlg
reported in GaN nanowires synthesized by VLS MOVPE,"
VLS HVPE,"®'?** and VLS MBE.*” The high axial growth rate,
equal to 130 gm/h, and negligible radial growth suggest a direct
supply of the elements from the vapor phase through the
catalyst droplet. Chloride species that are adsorbed on the
surface of the catalyst droplet are quickly decomposed, followed
by Ga fast diffusion to the droplet—nanowire interface. This
mechanism and the high temperature reached in the experi-
ment, 980 °C against 700—800 °C in the aforementioned
studies, could favor the resulting defect-free crystal structure.

The optical properties of single GaN nanowires have then
been analyzed by yPL performed at 10 K by using an excitation
wavelength of 266 nm. The light is focused onto the sample
with a microscope objective (X20) giving a spot about 2 ym in
diameter. The yPL spectrum of a single nanowire reported in
Figure 3 exhibits three peaks located at 3.470S, 3.4767, and
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Figure 3. Microphotoluminescence spectrum of a single GaN
nanowire at 10 K. In inset: microphotoluminescence spectrum of an
ensemble of GaN nanowires at 10 K.

Figure 2. TEM images of GaN nanowires: (a) low-magnification
image on a long GaN nanowire; (b) SAED pattern from the same
nanowire; (c) HRTEM image showing the top of the nanowire; (d)
zoom of (c) nanowire sidewall.
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3.4834 eV. The strong emission at 3.4705 eV is attributed to
the recombination of the neutral-donor bound exciton
associated to A exciton (D°X) and presents a full width at
half-maximum (fwhm) of only 1 meV. This line width is
remarkable for GaN nanowires obtained by VLS- HVPE and
comparable to those obtained by catalyst-free MBE" and
catalyst-free MOVPE® indicating the good crystalline quality.
The fwhm of lines of VLS-HVPE grown GaN nanowires is
generally larger, more than 100 meV; this is due to the poor
crystalline quality or impurity incorporation.'®'*** In VLS-
MOVPE, the studies presenting the optical properties of GaN
nanowires report lar%er spectral widths and energy shifts of the
spectra. Zhou et al."” reported a line width of about 300 meV
due to impurity incorporation. The spectrum shown in Figure 3
can then be judged consistent with the hypothesis of the
nonincorporation of Ni or Au from the droplet in the
nanowires during the growth. At higher energies, the two
peaks at 3.4767 and 3.4834 eV are identified as the
recombination of free A and B excitons. In the case of bulk
strain-free GaN, Torri et al.*° reported the free exciton energies
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as follows: 3.478 eV for X, and 3.484 eV for Xj, close to the
values obtained in this work. This indicates that our VLS-HVPE
grown GaN nanowires are strain-free. It is worth mentioning
that the polarization of the emission has not been studied here;
it is expected that X, line (respectively X line) dominates for &
(respectively ) polarization.®® Peaks at 3.42 and 3.45 eV
attributed to structural defects and surface recombinations
respectively' are not observed and confirm the good crystalline
quality. In addition, it is worth noting that in the luminescence
spectrum of an ensemble of GaN nanowires recorded at 10 K
displayed in the inset of Figure 3, no luminescence signal is
present between 2 and 3 eV. This attests the weak
incorporation of impurities or defects in the GaN nanowires.

In conclusion, the growth of GaN nanowires by VLS-HVPE
has been performed using the Au—Ni alloy as the catalyst. TEM
analysis shows tens of micrometers long wurtzite [0001]-
oriented nanowires free of stacking faults along their entire
length. It appears that after 5 min of growth, an Au—Ni droplet
is located at the tops of the nanowires, indicating that the
growth is driven by a VLS mechanism. After 30 min of growth,
the nanowires exhibit remarkable pure wurtzite structure.
Furthermore, they are free of catalyst droplet. Micro-
photoluminescence spectroscopy analysis reveals the high
optical quality of the GaN nanowires attested by a narrow
line width (1 meV at 10 K) of the neutral-donor bound exciton
recombination; the absence of other emission lines, usually
attributed to defects, seems to indicate the nonincorporation of
Au or Ni during the growth. This work proves that the VLS-
HVPE process leads to the growth of ultralong nanowires with
a constant diameter, a high aspect ratio, a great crystalline
quality and good optical properties, which was hitherto
unreported by VLS-HVPE. High crystal and optical properties
GaN nanowires grown by VLS-HVPE are thus high potential
candidates for optoelectronic applications.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: agnes.trassoudaine@udamail fr.

Present Address
I(K.L.) CNRS-CRHEA, rue Bernard Grégory, 06560 VAL-
BONNE.

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank CASIMIR, Aubiére (63173), France for scanning
electron microscopy measurements.

B REFERENCES

(1) Choi, H,; Johnson, J. C.; He, R;; Lee, S.; Kim, F.; Pauzauskie, P.;
Goldberger, J.; Saykally, R. J.; Yang, P. J. Phys. Chem. B 2003, 107 (34),
8721-8725.

(2) Guo, Wei,; Zhang, M.; Banerjee, A.; Bhattacharya, P. Nano Lett.
2010, 10 (9), 3355-9.

(3) Li, Y; Xiang, J.; Qian, F.; Gradecak, S.; Wy, Y.; Yan, H.; Blom, D.
A.; Lieber, C. M. Nano Lett. 2006, 6 (7), 1468—1473.

(4) Parkinson, P.; Dodson, C.; Joyce, H. J.; Bertness, K. A.; Sanford,
N. A; Herz, L. M.; Johnston, M. B. Nano Lett. 2012, 12 (9), 4600—4.

(5) Sheenan, P. E.; Whitman, L. J. Nano Lett. 2005, 5 (4), 803.

562

(6) Park, W.; Zheng, G.; Jiang, X,; Tian, B.; Lieber, C. M. Nano Lett.
2008, 8 (9), 3004.

(7) Waag, A; et al. Phys. Status Solidi C 2011, 8, 2296.

(8) Koester, R; Hwang, J. S.; Durand, C.; Le Si Dang, D.; Eymery, J.
Nanotechnology 2010, 21, 015602.

(9) Chen, X. J.; Gayral, B.; Sam-Giao, D.; Bougerol, C.; Durand, C.;
Eymery. J. Appl. Phys. Lett. 2011, 99, 251910.

(10) Schuster, F.; Furtmayr, F.; Zamani, R.; Magén, C.; Morante, J.
R.; Arbiol, J.; Garrido, J. A,; Stutzmann, M. Nano Lett. 2012, 12 (5),
2199-2204.

(11) Ko, S. M; Kim, J. H; Ko, Y. H; Chang, Y. H; Kim, Y. H,;
Yoon, J.; Lee, J. Y.; Cho, Y. H. Cryst. Growth. Des. 2012, 12 (8), 3838—
3844.

(12) Hestroffer, K; Leclere, C.; Cantelli, V.; Bougerol, C.; Renevier,
H.; Daudin, B. Appl. Phys. Lett. 2012, 100, 212107.

(13) Armitage, R.; Tsubaki, K. Nanotechnology 2010, 21, 195202.

(14) Sam-Giao, D.; Mata, R.; Tourbot, G.; Renard, J.; Wysmolek, A.;
Daudin, B.; Gayral, B. J. Appl. Phys. 2013, 113, 043102.

(15) Brandt, O.; Pfiiller, C.; Chéze, C,; Geelhaar, L.; Riechert, H.
Phys. Rev. B 2010, 81, 045302.

(16) Tang, Y. B,; Bo, X.-H,; Lee, C. S.; Cong, H. T.; Cheng, H. M,;
Chen, Z. H.; Zhang, W. J; Bello, L; Lee, S. T. Adv. Funct. Mater. 2008,
18, 3515—3522.

(17) Zhou, X.; Chesin, J.; Crawford, S.; Gradecak, S. Nanotechnology
2012, 23, 285603.

(18) Liu, Z. H.; Xiu, X. Q; YAN, H. Y,; Zhang, R;; Xie, Z. L.; Han, P,;
Shi, Y.; Zheng, Y. D. Chin. Phys. Lett. 2011, 28 (S), 057804.

(19) Seryogin, G.; Shaliish, I.; Moberlychan, W.; Narayanamurti, V.
Nanotechnology 2008, 16, 2342—S.

(20) Torii, K; Deguchi, T.; Sota, T.; Suzuki, K; Chichibu, S,;
Nakamura, S. Phys. Rev. B 1999, 60, 4723—4730.

(21) Lekhal, K; Avit, G.; Andre, Y.; Trassoudaine, A; Gil, E.;
Varenne, C.; Bougerol, C.; Monier, G.; Castelluci, D. Nanotechnology
2012, 23, 405601.

(22) Ramdani, M. R;; Gil, E.; Leroux, C.; Andre, Y.; Trassoudaine, A.;
Castelluci, D.; Bideux, L.; Monier, G.; Robert-Goumet, C.; Kupka, R.
Nano Lett. 2010, 10 (5), 1836—1841.

(23) Byeun, Y. K; Han, K. S;; Choi, S. C. J. Electroceram. 2006, 17,
903—-907.

(24) Tourret, J.; Gourmala, O.; André, Y.; Trassoudaine, A.; Gil, E.;
Castelluci, D.; Cadoret, R. J. Cryst. Growth 2009, 311, 1460—S.

(25) Andre, Y.; Trassoudaine, A.; Tourret, J.; Cadoret, R; Gil, E.;
Castelluci, D.; Aoude, O.; Disseix, P. J. Cryst. Growth 2007, 306, 86—
93.

(26) Chéze, C.; Geelhaar, L.; Trampert, A; Brandt, O.; Riechert, H.
Nano Lett. 2010, 10 (9), 3426—3431.

(27) Weng, X; Burke, R. A.; Redwing, J. M. Nanotechnology 2009, 20,
085610.

(28) Kuykendall, T.; Pauzauskie, P.; Lee, S.; Zhang, Y.; Goldberger,
J;; Yang, P. Nano Lett. 2003, 3 (8), 1063—1066.

(29) Cheéze, C.; et al. Nano. Res. 2010, 3, 528.

(30) Schlager, J. B,; Sanford, N. A.; Bertness, K. A;; Barker, J. M,;
Roshko, A,; Blanchard, P. T. Appl. Phys. Lett. 2006, 88, 213106.

dx.doi.org/10.1021/nl403687h | Nano Lett. 2014, 14, 559—562


mailto:agnes.trassoudaine@udamail.fr

