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Optical properties of gallium nitride bulk crystals grown by chloride vapor phase
epitaxy
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The optical properties of bulk crystals of gallium nitride grown by chloride vapor-phase epitaxy
are investigated. It is shown that these crystals exhibit exciton luminescence bands.
Analysis of the energy positions of the band maxima imply certain conclusions about the
presence or absence of mechanical stresses in the bulk crystals of GaN obtained. Analysis of the
luminescence spectra also reveals that the temperature dependence of the width of the GaN
band gapEg in the temperature rangeT562600 K is well described by the expression
Eg(T)53.5127.431024 T2(T1600)21 eV. It is estimated that values of the free electron
concentration in these crystals do not exceed 1018cm23 . The optical characteristics of
the bulk GaN crystals are compared analytically with literature data on bulk crystals and epitaxial
layers of GaN grown by various methods. ©1999 American Institute of Physics.
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1. INTRODUCTION

The creation of high-efficiency blue and green ligh
emitting diodes based on gallium nitride1 and the fabrication
of a violet injection laser2 have advanced this material to th
ranks of the most intensely studied semiconductors. At
time, an important factor that retards progress in develop
this material is the lack of an ideal substrate material,
though single crystals of GaAs, ZnO, MgO, MgAl2O4, and
especially Al2O3 and SiC are actively used as substrates
heteroepitaxial growth of GaN.3 The cardinal solution to the
mismatch problem~with regard to crystal lattice paramete
and thermal expansion coefficient! between the epitaxia
layer of GaN and the substrate is obviously to use homo
taxial methods to make device structures based on GaN.
this reason, methods for obtaining GaN substrates have
intensely pursued.3 However, until now only a few publica
tions have addressed the problem of obtaining and chara
izing bulk single crystals of GaN,4–10 a problem which, it
must be asserted, is accompanied by serious technolo
difficulties.

In this paper we discuss the optical properties of b
GaN crystals obtained by the chloride version of hal
vapor-phase epitaxy~HVPE!. We compare the properties o
bulk GaN crystals grown in this way with structurally perfe
epitaxial layers of GaN grown by the same method on s
strates of 6H-SiC, and also published data on gallium n
tride.

2. TEST SAMPLES AND MEASUREMENT PROCEDURE

Samples of GaN were obtained at atmospheric pres
in a horizontal reactor placed in a multizone furnace w
resistive heating. As substrates we used crystals of sili
carbide in its 6H polytype. Growth temperatures were in th
rangeTg595021050 °C. The growth rate, depending on t
1061063-7826/99/33(10)/5/$15.00
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fabrication regime, was varied from 1 to 60mm/h. A descrip-
tion of the distinctive features of this technology can
found in Refs. 6–11. In order to investigate optical propert
we used single crystals of GaN with thicknesses 1002200
mm separated from the substrate by plasma-chemical etc
of the latter,12 and also epitaxial layers of GaN with thick
nesses of 1–3mm. Prior investigations of structural prope
ties of bulk GaN crystals usingx-ray diffraction6 showed that
the samples obtained consist of block single crystals of
wurtzite polytype (2H). Half-widths of rocking curves from
the N-facet @i.e., from the ~0002! plane# obtained in the
v-scanning regime were less than 130 arc-sec. Detailed s
ies of the structural properties of GaN/SiC layers obtained
chloride HVPE and published by us previously13 also
showed that they consist of bulk single crystals.

Photoluminescence~PL! of the samples was investigate
in the temperature rangeT56 – 600 K. At low temperatures
~6–50 K! the PL was excited by a DRSh-250 mercury lam
~with UFS2 and ZhS3 filters!. Comparatively low intensities
were used in order to exclude the effect of concentrat
saturation of the optical transitions with participation of im
purities and defects. The samples were placed in a hel
cryostat, which allowed us to obtain a minimum sample te
perature of 4.2 K. In the high-temperature range we exc
the photoluminescence with a nitrogen laser for convenie
~wavelength 337.1 nm!, and the samples were placed in
nitrogen cryostat, where the sample temperature could
regulated from 77 to 900 K. By defocusing the laser be
we were able to decrease the excitation pulse power den
to 100 W/cm2 ~corresponding to an average pump pow
density of 1024 W/cm2), which also ensured a low level o
excitation. The spectrum of the luminescence was recor
using an MDR-23 monochromator with a dispersion of 1
nm/mm. The spectral resolution of the apparatus was 0.1
or better. In order to obtain absorption spectra in the ult
7 © 1999 American Institute of Physics



ec
n
io
y

in
l

bu
te

nc
ig
o

an
N
m
es
N
r
l-

ctra
ly
m-
ton
the

xial
n
ical
.02
s
by

le
xial
s-

pi-
e

nic

lain
s in

hift,

es
Pa

le
us.

xci-
ig-

es-
for
ge

d-

an

see
ro-

n
lder

n
ing
g
und

1068 Semiconductors 33 (10), October 1999 Zubrilov et al.
violet range we used the MDR-23 monochromator and
DDS-30 deuterium lamp. Room-temperature infrared refl
tion spectra in the range 2.5–25mm were measured using a
IKS-29 two-beam IR spectrometer and two IPO-22 reflect
attachments. As a reflection reference we used a mirror la
made of aluminum deposited on glass.

3. EXPERIMENTAL RESULTS AND DISCUSSION

During photoexcitation the GaN crystals luminesced
tensely, with a luminescence that was distributed uniform
over the sample area. The luminescence spectrum of
GaN crystals, like that of epitaxial GaN layers, is domina
by the exciton luminescence band~Fig. 1!. In the low-
temperature region, the dominant band of luminesce
arises from excitons bound at a neutral donor, while at h
temperatures the dominant band is from recombination

FIG. 1. Photoluminescence spectra of a bulk GaN crystal~a! and a thin~1.5
mm! epitaxial layer of GaN~b! at a temperature of 77 K~dashed curve! and
300 K ~solid curve!. The excitation light comes from a nitrogen laser.
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free excitons.14,15 The ratio of intensities of the ‘‘yellow’’
band caused by defects, with a maximum at an energy\v
.2.2 eV, to the intensity of the exciton peak was less th
0.01. It is important to note that for our very best Ga
samples the value of the full widths at half-maximu
~FWHM! of the exciton bands agreed closely with valu
quoted in the literature for structurally perfect epitaxial Ga
layers~see, e.g., Ref. 16!, which in turn indicates the rathe
high structural perfection of our bulk crystals. This also fo
lows from Figs. 1a and 1b, where we compare PL spe
from our best bulk GaN crystal with that of a structural
perfect epitaxial GaN layer, also grown by us, at two te
peratures 77 and 300 K. As for the positions of the exci
band maxima, it is obvious from Figs. 1a and 1b that
peaks of the bulk crystal spectra are shifted by; 0.01 eV
towards higher energies compared to those of the epita
GaN layer~for different samples of epitaxial GaN layers o
SiC substrates with different thicknesses and technolog
growth regimes, this shift can have values from 0.01 to 0
eV!. A similar shift in the PL spectra of GaN/SiC layer
compared to bulk GaN crystals was reported previously
Buyanovaet al.,15 where it was explained by residual tensi
mechanical stresses that arise along the axis of the epita
layer ~i.e., along a plane perpendicular to the principal cry
tallographic axisc! when the samples are cooled after e
taxial growth, primarily due to differences in values of th
thermal expansion coefficients of GaN and SiC.3 The GaN
layers used in Ref. 15 were obtained by metallorga
chemical vapor deposition~MOCVD! with a buffer layer, in
contrast to the layers investigated by us, which may exp
the somewhat lower values of residual mechanical stresse
them, and consequently the lower values of the energy s
observed in that study,15 in the position of the exciton lines
within the layer compared to bulk material~;0.008 eV!.
Using the average value of the energy shift of exciton lin
obtained in Ref. 17 for a biaxial mechanical stress of 1 G
in the plane of the GaN epitaxial layer~;24 meV/GPa!, we
can estimate a value of;0.5 GPa for the average tensi
mechanical stress in the best epitaxial layers obtained by

We observed the presence of both free and bound e
tonic states in the low-temperature luminescence shifts. F
ure 2 shows an example of low-temperature photolumin
cence spectra containing the largest number of features
one of our samples of bulk GaN in the temperature ran
6–45 K. AtT 5 6 K this sample exhibits a peak correspon
ing to an exciton bound to a neutral donor~DBE! with an
energy maximum\v5 3.472 eV. In addition, it is easy to
see two other exciton peaks, which we assume are from
exciton bound to an acceptor~ABE! with energies\v
53.449 and 3.421 eV. On the long-wavelength side we
the first two donor-acceptor recombination peaks—a ze
phonon peak~3.263 eV! and its LO-phonon ~energy;92
meV! replica ~3.171 eV!. On the short-wavelength side, i
the region 3.48–3.49 eV we see a weakly expressed shou
whose energy position corresponds to the free excitonA (n
51).14,15It is clear from Fig. 2 that the donor-bound excito
line at 3.472 eV, which corresponds to the lowest bind
energy~; 4 meV!, quenches most rapidly with increasin
temperature. The two emission lines of the acceptor-bo
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exciton at \v5 3.449 and 3.421 eV quench much mo
slowly, so that atT545 K the predominant line for this
sample is still the emission line at 3.449 eV, the most inte
line in the spectrum. The emission peaks due to don
acceptor pairs shift towards shorter wavelengths as the
perature increases, which corresponds to the decay of p
with the lowest binding energy~i.e., the most distant pairs!.
The transition from donor-acceptor emission to emission
band-acceptor transitions occurs at a temperatureT.80 K,
since atT.80 K the observed emission is no longer d
scribed by the donor-acceptor mechanism. The energy p
tion of an exciton bound to a neutral donor is in rather go
agreement with the energy position of the donor-bound
citon published in Refs. 14 and 15 for bulk GaN witho
mechanical stresses~Table I!. On the other hand, the dono
bound exciton appears at an energy position that is; 10
meV lower in the PL spectra of thin~;1mm! epitaxial layers
of GaN grown by the same method in our apparatus, and
detached from a SiC substrate.18 The energy positions o
excitons bound at an acceptor~Fig. 2! are likewise close to
the numbers published in Ref. 19 for mechanically u

FIG. 2. Low-temperature photoluminescence spectra of a sample of
GaN crystal at temperatures~from top to bottom! of 6, 10, 15, 20, 30, and 45
K. Excitation light comes from a DRSh- 250 lamp.
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stressed bulk GaN crystals. In our view, all these res
point to the absence, or at least weakness, of mechan
stresses in our samples after their removal from the subst
At the same time, the ratio of intensities of lines from bou
excitons for our samples differ somewhat from those
ported in Ref. 19, e.g., for the sample in Fig. 2, the accep
bound exciton lines are rather intense and broad. A poss
explanation for this could be stoichiometric nonuniformity
our sample, and also local electric fields which cause fl
tuations in charged impurities leading to Stark shifts. W
note that the more structually perfect the samples of G
are, the weaker are the inhomogeneous broadening
acceptor-bound exciton lines and the narrower the exc
spectrum~for example, even at high temperatures the valu
of the FWHM for the bulk sample of GaN shown in Fig. 1
are considerably smaller— 0.033 eV at 77 K and 0.068 eV
300 K— than for the sample shown in Fig. 2, i.e., 0.086
at 6 K!. The temperature broadening of the exciton spectr
we obtained for the highest-quality samples of bulk GaN
well described by a linear law with a slope of 1.831024

eV/K in the temperature range 77–600 K.
When we increased the temperature to 300 K, we

served an additional temperature- induced quenching of
luminescence spectrum for all the bands, with the bou
exciton bands decaying more rapidly than the free-exci
bands due to the considerably larger binding energy of
latter~;30 meV for the ground state of theA-exciton14,20,21!.
At higher temperatures (T5 500– 600K) the temperature-
induced quenching of the exciton luminescence bands oc
more rapidly than we would expect, starting from values
the binding energy for freeA-excitons mentioned above
therefore, we assume that nonradiative recombination p
cesses play a dominant role.

Figure 3 shows the temperature dependence of the w
of the bandgapEg obtained by analyzing the position of th
free-exciton luminescence band for bulk crystals of GaN a
epitaxial GaN layers.22 There we plot data from Ref. 23 o
the temperature dependence of the band gap calculated
the optical absorption spectra of bulk crystals of GaN o
tained at high pressure~Fig. 3, curve2!. Using the standard
empirical expression for the temperature dependence of
band gap of semiconductors to approximate the experime
data shown in Fig. 3~Ref. 24!.

Eg5Eg~0!2gT2~T1b!21, ~1!

whereEg(0) is the band gap at 0 K, andb and g are em-

lk
TABLE I. Parameters of low-temperature exciton luminescence from epitaxial layers and bulk single crystals of GaN.

Thickness, FE DBE ABE Mechanical
mm Substrate Tg ,°C Method \v, eV ~T, K! \v, eV (T, K) \v, eV (T, K) stress Literature

1002200 None ;1000 HVPE 3.4823.49~6! 3.472~6! 3.449~6! None Data from Refs.
3.421~6!

.500 None ;1000 HVPE 3.47923.480~2! 3.47323.474~2! None 14,15,19
2 6H-SiC ;1000 HVPE 3.472~6! 3.464~6! Tension 18

along layer
,10 6H- SiC ;1000 MOCVD 3.472~2! 3.466~2! Tension 14 and 15

along layer
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1070 Semiconductors 33 (10), October 1999 Zubrilov et al.
pirical constants~here the parameterb is often connected
with the Debye temperature!, we obtain the following values
for the coefficients in Eq.~1! that give us the best agreeme
with the experimental data~Fig. 3, curve1!: Eg(0)53.51
eV, g57.431024 eV/K, andb5600 K. It is clear from Fig.
3 that, ignoring the effect of residual mechanical stresses
agreement between the curves for our bulk crystals and
taxial layers of GaN is good. On the other hand, the b
crystals of GaN grown in Ref. 23 at high pressure~Fig. 3,
curve2! exhibit a considerably larger value for the band g
compared to our samples of GaN. This is most likely due
the Burstein–Moss effect,25 given the high concentration o
free electrons in these crystals@on the order of 1020cm23

~Ref. 23!#. In contrast, the concentration of free electrons
relatively low in the samples of GaN we investigated; in fa
it never exceeds the Mott limit26 ~this is confirmed by the
existence of an excitonic luminescence band!, an estimate for
which is nM5(0.26/aB)35731017cm23 ~here aB52.9 nm
is the Bohr radius of an exciton!. The values reported abov
for the nonlinear coefficients in the temperature depende
of Eg are in satisfactory agreement with those obtained p
viously for epitaxial GaN layers22 ~Table II!. The difference
in values of the nonlinear coefficientsb andg for bulk crys-
tals of GaN obtained at high pressure~Table II! can be quali-
tatively explained23 by the temperature dependence of t
Burstein-Moss effect.

The most structurally perfect of all the GaN crystals o
tained by us was visually colorless and in the visible reg
possessed a rather high optical transparency~around 60% for
a thickness of 100mm!. The value of the band gap obtaine
by measuring the optical absorption edge atT5 300 K ~as-

FIG. 3. Temperature dependence of the width of the optical band gapEg(T)
for bulk crystals of GaN grown by chloride HVPE~1!. For comparison we
show the dependence of the energy position of the optical absorption
for bulk crystals of GaN obtained at high pressure~Ref. 23! ~2! and the
function Eg(T) obtained from the exciton luminescence data of Ref. 22
thin ~;1mm! epitaxial layers of GaN grown by MOCVD on a 6 H-SiC
substrate~3!.
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suming a classical parabolic band and ignoring exciton
fects! lies in the range 3.31–3.32 eV for various samples
GaN, which is roughly 0.13 eV lower in energy than th
value expected from the photoluminescence results@as indi-
cated by the data shown in Fig. 1a, the value of the band
at T5 300 K should beEg(300 K)5 3.436 eV#.

In the infrared reflection spectrum, the lattice resonan
~reststrahl band!, which extends from 13.7 to 18.9mm and
whose boundaries correspond to energies for the transv
(TO) and longitudinal (LO) optical phonons,3 is quite in-
tense, which also attests to the relatively high structural qu
ity of the crystals obtained~Fig. 4!. In Fig. 4 we show for
comparison the reflection spectrum of a structurally perf
epitaxial GaN layer on a SiC substrate~dashed curve!. We
note the good agreement between the two spectra in Fig.
the lattice resonance~reststrahl band! of GaN, and also the
appearance in the spectrum of the epitaxial layer of an a
tional resonance in the region 10.3212.8 mm, which corre-
sponds to the silicon carbide substrate.27 Estimates of the
values of theTO- and LO-phonon frequencies~560 and
730–749 cm21, respectively! from the IR reflection spectra
of the bulk GaN crystals are in good agreement with res
obtained previously by Raman spectroscopy,6 and for the

ge

r

TABLE II. Nonlinear coefficients of the temperature dependenceEg(T)
obtained for bulk crystals and epitaxial layers of gallium nitride.

Sample type Experimental methodg, 1024 eV/K b, K Literature

Layer GaN/Al2O3 Luminescence 7.2 600 ~Ref. 30!
Layer GaN/Al2O3 Optical absorption 9.39 772 ~Ref. 23!
Layer GaN/SiC Luminescence 7.7 600~Ref. 22!
Bulk GaN crystal Optical absorption 10.8 745~Ref. 23!
Bulk GaN crystal Luminescence 7.4 600 This wo

FIG. 4. IR reflection spectra for a bulk crystal of GaN~solid curve! and an
epitaxial layer of GaN with thickness 3.3mm on a SiC substrate~dashed
curve!. T 5 300 K.
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1071Semiconductors 33 (10), October 1999 Zubrilov et al.
LO-phonon there is good agreement with the photolumin
cence data~see the text above and Fig. 2!. The location of the
minimum in the reflection near the resonance, which is s
sitive to the concentration of free carriers,28 corresponds to a
relatively low concentration of free electrons~less than
1018cm23; see Ref. 29!, which again agrees with lumines
cence data.

Thus, we have investigated several features of the o
cal properties of bulk GaN crystals obtained by using
chloride version of HVPE. We have established that th
crystals have a bright excitonic luminescence, and that t
spectra are similar to those of structurally perfect thin e
taxial layers of GaN. What differences there are primar
involve exact energy positions of excitonic bands, which
the case of bulk crystals correspond to mechanically
stressed states of gallium nitride. We have shown that
temperature dependence of the band gap for these GaN
tals in the temperature range 6–600 K can be described
the expressionEg(T)53.5127.431024 T2(T1600)21, eV.
Using photoluminescence and IR reflection, we have es
lished that, in contrast with bulk crystals of GaN grown
high pressure, the concentration of free electrons in the b
crystals is no more than 1018cm23, i.e., far from degeneracy
We found that the band gap determined from the opt
absorption edge for our bulk crystals is shifted~by about 0.1
eV towards lower energies! relative to the value obtaine
from photoluminescence measurements.
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zona, USA.

We wish to thank N. V. Seredova for technical help
these investigations.

1S. Nakamura, T. Mukai, and M. Senoh, Appl. Phys. Lett.64, 13 ~1994!.
2S. Nakamura, M. Senoh, S. Naganama, N. Iwasa, T. Yamaba, T.
sushita, H. Kiyoku, and Y. Sugimoto, Jpn. J. Appl. Phys.35 ~1B!, L74
~1996!.

3S. Strite and H. Morkoc¸, J. Vac. Sci. Technol. B10 ~4!, 1237~1992!.
4S. Porowski, J. Cryst. Growth166, 583 ~1996!.
5T. Detchprohm, K. Hiramatsu, A. Amano, and I. Akasaki, Appl. Ph
Lett. 61, 2688~1992!.

6Yu. V. Melnik, K. V. Vassilevski, I. P. Nikitina, A. I. Babanin, V. Yu.
Davydov, and V. A. Dmitriev, MRS Internet J. Nitride Semicond. Res.2,
39 ~1997!.

7V. V. Belkov, V. M. Botnaryuk, L. M. Fedorov, I. I. Diakonu, V. V.
s-

n-

ti-
e
e
ir

i-

-
e

ys-
by

b-
t
lk

l

r

t-

.

Krivolapchyuk, M. P. Scheglov, and Yu. V. Zhilyaev, Inst. Phys. Con
Ser.155, 191 ~1997!.

8E. N. Mokhov and Y. A. Vodakov, Inst. Phys. Conf. Ser.155, 177~1997!.
9R. J. Molnar, P. Maki, R. Aggarwal, Z. L. Liau, E. R. Brown, I. Meln
gailis, W. Gotz, L. T. Romano, and N. M. Johnson, Mater. Res. S
Symp. Proc.423, 221 ~1996!.

10V. A. Ivantsov, V. A. Sukhoveev, V. I. Nikolaev, I. P. Nikolaev, and V. A
Dmitriev, Fiz. Tverd. Tela~St. Petersburg! 39, 858 ~1997! @Phys. Solid
State39, 946 ~1997!#.

11Yu. V. Melnik, I. P. Nikitina, A. S. Zubrilov, A. A. Sitnikova, Yu. G.
Musikhin, and V. A. Dmitriev, Inst. Phys. Conf. Ser.142, 863 ~1996!.

12V. E. Sizov and K. V. Vassilevski, NATO ASI, Ser. 3. High Technolog
Wide Bandgap Electronic Materials,edited by M. A. Prelaset al. ~Kluwer
Academic Publishers, 1995! 1, p. 427.

13Yu. V. Melnik, I. P. Nikitina, A. E. Nikolaev, D. V. Tsvetkov, A. A.
Sitnikova, and V. A. Dmitriev, Abstracts 1st Europ. Conf. on Silico
Carbide and Related Mater.~Heraklion, Greece, 1996!, p. 79.

14B. Monemar, J. P. Bergman, I. A. Buyanova, W. Li, H. Amano, a
I. Akasaki, MRS Internet J. Nitride Semicond. Res.1, 2 ~1996!.

15I. A. Buyanova, J. P. Bergman, and B. Monemar, Appl. Phys. Lett.69 ~9!,
1 ~1996!.

16A. S. Zubrilov, Yu. V. Melnik, D. V. Tsvetkov, V. E. Bugrov, A. E.
Nikolaev, S. I. Stepanov, and V. A. Dmitriev, Fiz. Tekh. Poluprovodn.31,
616 ~1997! @Sov. Phys. Semicond.31, 755 ~1997!#.

17W. Rieger, T. Metzger, H. Angerer, R. Dimitrov, O. Ambacher, and
Stutzmann, Appl. Phys. Lett.68, 970 ~1996!.

18D. K. Nelson, Yu. V. Melnik, A. V. Sel’kin, M. A. Jacobson, V. A.
Dmitriev, K. G. Irvine, and C. H. Carter, Jr., Fiz. Tverd. Tela~St. Peters-
burg! 38, 822 ~1996! @Phys. Solid State38, 940 ~1996!#.

19B. Monemar, J. P. Bergman, H. Amano, I. Akasaki, T. Detchproh
K. Hiramatsu, and N. Sawaki,International Symposium on Blue Laser an
Light Emitting Diodes~Chiba Univ., Japan, 1996!.

20S. Chichibu, T. Azurata, T. Sota, and S. Nakamura, J. Appl. Phys.79 ~5!,
2784 ~1996!.

21M. A. Jacobson, V. D. Kagan, E. V. Kalinina, D. K. Nelson, A. V. Selki
V. A. Dmitriev, K. G. Irvine, J. A. Edmond, and C. H. Carter, Jr., i
Proceedings of the 23rd International Conference Phys. Semicond.~Ber-
lin, Germany, 1996! p. 569.

22A. S. Zubrilov, V. I. Nikolaev, D. V. Tsvetkov, V. A. Dmitriev, K. G.
Irvine, J. A. Edmond, and C. H. Carter, Jr., Appl. Phys. Lett.67, 521
~1995!.

23H. Teisseyere, P. Perlin, T. Suski, I. Grzegory, S. Porowski, J. J
A. Pietraszko, and T. D. Moustakas, J. Appl. Phys.76, 2429~1994!.

24Y. P. Varshni, Physica~Amsterdam! 34, 149 ~1967!.
25E. Burstein, Phys. Rev.93, 632 ~1954!.
26P. P. Edwards and M. J. Sienko, Phys. Rev. B17, 2575~1978!.
27M. F. MacMillan, R. P. Devaty, and W. J. Choyke, Appl. Phys. Lett.62,

750 ~1993!.
28A. S. Barker and M. Ilegems, Phys. Rev. B7, 743 ~1973!.
29C. Wetzel, D. Voim, B. K. Meyer, K. Pessel, S. Nilsson, E. N. Mokho

and P. G. Baranov, Appl. Phys. Lett.65 ~8!, 1033~1994!.
30M. Ilegems, R. Dingle, and R. A. Cogan, J. Appl. Phys.43, 3797~1972!.

Translated by Frank J. Crowne


