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e Physics Faculty, University of Havana, 10400 La Habana, Cuba
a r t i c l e i n f o

Article history:

Received 28 November 2012

Accepted 3 January 2013
Available online 11 January 2013

Keywords:

Gallium nitride

Close space vapor transport

Solar cells

Photoluminescence
7X/$ - see front matter & 2013 Elsevier B.V.

x.doi.org/10.1016/j.matlet.2013.01.011

esponding author. Tel.: þ52 55 56224722.

ail addresses: gsantana@iim.unam.mx,

a1963@yahoo.com.mx (G. Santana-Rodrı́guez
a b s t r a c t

GaN synthesized by close space vapor transport in vacuum using GaN powder as the source material is

reported. According to X-ray diffraction measurements, samples grown onto sapphire substrates are

polycrystalline with the wurzite structure, while those grown onto fused silica substrates are

amorphous. Scanning electron microscope and energy dispersive spectroscopy results show that the

surface of the samples is composed of rounded droplets of GaN. Room temperature photoluminescence

shows near band-edge emission and a broad defect band. Possible mechanisms allowing the deposition

of GaN from the vapors of GaN powder are discussed.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

GaN and its ternary alloy InxGa1�xN are very attractive materials
for applications in optoelectronic devices as light emitting diodes
(LEDs), transistors and lasers [1,2]. Recently, semiconductor nitrides
(III-N) and their ternary alloys have been also considered as candi-
dates for the fabrication of thin film and tandem solar cells due to
their wide range band gap variation (from 0.64 up to 6.14 eV at
300 K) that covers the whole visible range and a large part of the solar
spectrum. Moreover, they have good stability at high temperatures,
excellent electrical and thermal conductivity and can be obtained as
n or p type semiconductors [3,4]. These features make GaN and
related compounds promising materials for production of pin struc-
ture (p-GaN/InxGa1�xN/n-GaN) based solar cells [5].

Different methods have been developed to deposit GaN on
different substrates. The more conventional ones are molecular
beam epitaxy (MBE) and metal–organic chemical vapor deposi-
tion (MOCVD) [6–8] both requiring expensive equipment and/or
reagents. While it is not a limiting obstacle for light emission
devices, in the particular case of solar cells applications, it would
be essential to find inexpensive preparation techniques of III-N
semiconductors.

In this paper we report the use of close space vapor transport
(CSVT) technique to prepare GaN compound in vacuum. Compar-
ing with MBE and MOCVD, CSVT is a low cost preparation
All rights reserved.

).
procedure which has been extensively used for the fabrication
of CdTe/CdS solar cells. However, the use of this technique to
grow GaN represents a challenge due to the characteristic
thermodynamic and kinetic properties of this compound, quite
different from those of CdS or CdTe. As a first issue it can be
pointed out that the vapor phase in the equilibrium phase
diagram of GaN is largely composed of N2 molecules, while the
vapor pressure of Ga is extremely small even for high tempera-
tures. This means that the sublimation of GaN is not congruent
and the composition of the evaporating source can strongly
change during the sublimation process, except if the equilibrium
N2 vapor pressure is provided. At temperatures around 1000 1C, at
which GaN decomposes [9], the equilibrium vapor pressure of N2

is extremely high: 2–6 GPa have been reported between 1200 1C
and the congruent melting temperature of 2215 1C [10]. A second
important issue is that N2 molecules have a very strong binding
energy of around 9 eV/molecule, which makes it impossible to
decompose N2 vapor molecules in the growth chamber by
thermal means. In fact, normally other precursors as ammonia
or atomic nitrogen from an RF source are used to grow GaN films.
For these reasons, the formation of GaN by CSVT without the use
of conventional precursors entails the revision of the thermo-
dynamics and kinetics of the decomposition of GaN.
2. Materials and methods

The sublimation system (CSVT) uses a graphite boat located in
a heated plate at around 900 1C in vacuum. To reduce the
degradation of the GaN powder source as much as possible
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Fig. 1. Semi-closed graphite boat used for the preparation of GaN by close space

vapor transport.

Fig. 2. Diffractograms of samples grown on fused silica (A) and sapphire

(B) substrates.
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(Aldrich 99.999%) due to the very incongruent sublimation of
GaN, a semi-closed graphite crucible was used. As shown in Fig. 1,
it has a screw cap (left) that can be threaded onto the lower part
containing the GaN source powder and the substrate (right).
Growth experiments were performed in vacuum using a pump
that provides a base pressure of around 1 Pa. The deposition was
carried out on sapphire or fused silica substrates.

For structural characterization, a PANalytical XPert PRO dif-
fractometer using Cu Ka radiation (l¼1.5418 Å) was employed.
Measurements were carried out at 11 grazing incidence from 151
to 801 in steps of 0.031 and a time step of 5000 s. Images of the
surface of the samples were taken using a scanning electron
microscope (SEM) Jeol JSM-6300 while atomic concentration
measurements by energy dispersive spectroscopy (EDS) were
obtained with an XFlash detector 5010 from Bruker with an
acceleration voltage of 20 kV installed in the microscope. Photo-
luminescence (PL) spectra were obtained using a He–Cd laser
with excitation wavelength of 325 nm and output power of
16 mW, at room temperature. The sample emission was focused
into an Acton SpectraPro 2500i Spectrograph and detected by a
photomultiplier tube. All the spectra were corrected taking into
account the spectral response of the system.
3. Result and discussion

Fig. 2 shows the diffractograms of samples grown on fused
silica (A) and sapphire (B) substrates at a temperature of the
heated plate of 900 1C for 10 min. In sample B, almost all the
peaks can be indexed as corresponding with wurzite GaN (pdf
number 897522) with lattice parameters a¼b¼3.189 and
c¼5.185 Å. For comparison, a reference diffractogram of GaN is
shown. There are two small peaks that do not correspond to GaN
at 2y¼331 and 621. They presumably can be assigned to any
crystalline phase of gallium oxide. Samples grown on fused silica
substrate did not show peaks but only wide bands probably due
to amorphous material. But in both kinds of substrates, EDS
analysis indicates the presence of N and Ga onto the surface of
the substrates. The morphology of the sample B is shown in Fig. 3.
As can be seen, the surface is covered by small spheres of around
4 mm diameter.

The fact that GaN has been formed from the sublimation of the
GaN powder has some implications related with the kinetics of this
process. As mentioned earlier, it is impossible to decompose N2

vapor molecules in the growth chamber by thermal means, because
of their very strong binding energy of around 9 eV/molecule.
Then, assuming that the decomposition of GaN occurs following
the reaction

2GaNsolid-2Gagas
þN2 ð1Þ

it would be necessary to invoke an alternative mechanism for the
dissociation of N2 to explain the formation of GaN by CSVT.

It has been proposed that liquid Ga can catalyze the N2

decomposition [11]; this process is controlled also by a kinetic
barrier that has been evaluated to be around 3 eV [12]. Then, it
could be thought that GaN formation by CSVT proceeds through a
sequence of Ga liquid droplets deposition and further Ga nitridation
under the high flux of N2 atoms. The presence of the spheres in the
surface seems to support the presence of Ga droplets as precursors
of GaN. However, the barrier of 3 eV for Ga catalyzed decomposi-
tion of N2 is still very high and it leads to a Ga catalyzed dissociation
probability e�3 eV/kT (k is the Boltzmann constant and T the
absolute temperature) that at 1273 K results in 1.3�10�12. This
is a very small number even if the pre-exponential factor, i.e. the N2

molecules flux impinging the Ga surface, is very high. The vapor
pressure P of N2 in GaN at the same temperature is near 2�106 Pa;
then the flux of N2 molecules impinging the Ga surface can be
calculated (using the well known expression P/(2pkTm)1/2) to be
2.8�1024 cm�2 s�1. Taking into account the probability of disso-
ciation calculated above, the flux of dissociated N atoms in the
liquid Ga drops would be approximately 7.3�1012 cm�2 s�1. This
is a very small flux to be considered as the reason for the formation
of GaN. For example, the amount of N atoms in one monolayer of
GaN is in the order of 1014 cm�2; then with the above calculated
flux, 100 s would be necessary to grow only a monolayer of GaN.
For this reason, the mechanism of Ga catalysis (at least considering
activation energy of 3 eV) should be withdrawn.

Another possible reason for the formation of GaN in CSVT is
related with the vapor species produced by GaN during



Fig. 3. SEM micrograph of a sapphire substrate surface after the growth of GaN

by CSVT.

Fig. 4. PL spectra of GaN thin films grown on different substrates.
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decomposition. After a comparison of literature data with thermo-
dynamic calculations, a decomposition reaction different from
(1) has been suggested [13]:

0:75GaNsolid-0:75Gagas
þ0:25Nþ0:25N2

gas
ð2Þ

According to this reaction, during GaN decomposition, a part of
the nitrogen would evolve as atomic nitrogen. This atomic nitrogen
would be unstable and will recombine to form N2 molecules during
collisions in the vapor or with the walls of the container. This
hypothesis could explain the deposition of GaN by CSVT. In fact, in
this technique, the distance from the source to the substrate is very
small; this could help a large fraction of the nitrogen atoms,
emerging from the source, to reach the substrate surface. Also in
this case, Ga droplets can play a catalytic role.

Room temperature PL spectra of GaN films grown on different
substrates are shown in Fig. 4. An intense near-band-gap-edge
(NBE) luminescence centered at around 3.25 eV can be remark-
ably seen in the spectrum of the sample grown on the sapphire
substrate. This emission, with reduced intensity, is also observed
in the sample grown on the fused silica substrate. In both samples
a broad defect band that can be composed of the well known blue,
green and yellow luminescence (BL, GL, YL) is observed as well.
Normally these bands have been ascribed to the presence of
Ga and N vacancies, and oxygen or deep level impurities, as well
as amorphous phases [8,14,15]. This is consistent with the non-
stoichiometric composition in these GaN thin films, which was
confirmed by EDS measurements. The presence of the GL and BL
bands could also be explained by the combination of gallium
vacancy clusters and oxygen impurities denoted as VGa–ON com-
plexes, which are preferably bound to dislocations [16–18].
On the other hand the PL spectrum of the GaN films deposited
on fused silica exhibited a stronger green–blue emission peak
centered at 2.34 eV.
4. Conclusions

GaN compound was prepared using a CSVT configuration in
vacuum by the sublimation of GaN powder. As revealed by XRD,
samples grown onto sapphire substrates present the wurzite
phase of GaN while the morphology of the substrate surface
suggests that the formation of GaN is mediated by liquid Ga.
However, only the catalytic effect of liquid gallium in the
decomposition of the N2 molecules does not seem to explain
the formation of GaN in these conditions. A previous suggestion of
the formation of N atoms during the decomposition of GaN seems
to be a more realistic explanation. Intense luminescence in these
GaN thin films was enough to be observed with the naked eye in
an illuminated room. This paper opens a route to obtain GaN
using a simple and not expensive method.
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References

[1] Waltereit P, Brandt O, Trampert A, Grahn HT, Menniger J, Ramsteiner M, et al.
Nature 2000;406:865.

[2] Min Z, Jun-jie S. J Lumin 2011;131:1908.
[3] Asgari A, Khalili K. Sol Energy Mater Sol Cells 2011;95:3124.
[4] Tinh Tran B, Yi Chang E, Dang Trinh H, Ting Lee C, Chandra Sahoo K, Liang Lin K,

et al. Sol Energ Matter Sol Cells 2012;102:208.



G. Santana-Rodrı́guez et al. / Materials Letters 96 (2013) 34–37 37
[5] Brown GF, Ager JW, Walukiewicz W, Wu J. Sol Energ Mat Sol C 2010;94:478.
[6] Kumar M, Rajpalke MK, Roul B, Bhat T, Misra P, Kukreja LM, et al. J Lumin

2011;131:614.
[7] Honda T, Inao Y, Konno K, Mineo K, Kumabe S, Kawanishi H. Phys Status

Solidi A: Appl Res 2002;192:461.
[8] Rangel-Kuoppa VT, Guarneros Aguilar C, Sánchez-Reséndiz V. Thin Solid

Films 2011;519:2255.
[9] Porowski S, Grzegory I. J Cryst Growth 1997;178:174.

[10] Utsumi W, Saitoh H, Kaneko H, Watanuki T, Aoki K, Simomura O. Nat Mater
2002;2:735.

[11] Krukowski S, Romanowski Z, Grzegory I, Porowski S. J Cryst Growth
1998;189/190:159.
[12] Grzegory I, Bockowski M, Łucznik B, Krukowski S, Romanowski Z,
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