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Bulk GaN single crystals were grown from cold pressed GaN powder by sublimation in flowing
ammonia. Optical transmission measurements indicated that the absorption coefficient for the
transparent samples is 50 cm21 in the wavelength region from 650 to 400 nm. Optical metastability
in bulk GaN crystals was studied through time dependent photoluminescence both at room and
liquid–nitrogen temperatures. The observation included decreasing output intensity of the
ultraviolet emission attributed to the band edge and increasing output intensity of a new emission
band centered at 378 nm at room temperature. At liquid–nitrogen temperature, the photoinduced
emission band consisted of at least one LO-phonon replica of the zero-phonon line centered at 378
nm. The ratio of output intensities of the photoinduced band to the band edge increased by a factor
of 10 during 27 min of exposure time. The photoinduced effect is attributed to the metastable nature
of traps in bulk GaN. ©1997 American Institute of Physics.@S0003-6951~97!00728-6#
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GaN has a tremendous potential in the field of optoel
tronics and high-power–high-temperature device appl
tions. The first attempt to grow homoepitaxial GaN on p
ished bulk GaN single crystalline platelets resulted in a h
quality epitaxial layer.1,2 The availability of production scale
bulk GaN single crystalline substrates would substantia
accelerate device development.

Metastability and persistent photoconductivity~PPC!
have been extensively studied in bulk GaAs.3,4 In intrinsic
bulk GaAs, the metastable states can be explained by u
tentional oxygen doping and the presence of EL2 defec3

The presence of oxygen in GaAs gives rise to deep level
the material.5,6 The so-called O~or EL2! level is known to
have a metastable nature and is responsible for the ph
electric memory effect in oxygen rich GaAs.7,8 The proper-
ties of light-induced defects in semiconductors were sum
rized recently.6 In particular, donor- and acceptorlike dee
levels in GaAs and ZnSe, respectively, are associated w
large lattice relaxation and are responsible for PPC in th
materials.9 Recently, there has been a report about meta
bility and persistent conductivity inp-10 andn-type11 doped
GaN, where an impurity associated lattice relaxation mec
nism has been suggested to be causing the PPC in thep- and
n-type GaN. Also, an optical memory effect was report
and associated with oxygen impurities in epitaxially grow
GaN and AlN films.12

In this letter, we report observations of optical metas
bility in high quality bulk GaN single crystals. Time
dependent photoluminescence results from the bulk G
single crystals at room@RT 295 K# and liquid–nitrogen~77
K! temperatures are reported. At RT, a new emission p
centered at 378 nm was detected on the long-wavele
shoulder of the output emission spectrum after the sam
was illuminated with the excitation light~280 nm!. At 77 K,
the photoinduced emission peak centered at 388 nm was
served after the sample was illuminated for 27 min.

The bulk GaN crystals were grown by sublimation
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cold pressed GaN pellets in flowing ammonia atmosphere
described elsewhere.13 The crystals are well-faceted hexag
nally shaped rods with thec axis along the length of the
crystal, as shown in Fig. 1. The average samples are 0.2
mm wide and 0.7–1.0 mm long. The crystals are colorl
and transparent to the naked eye. Secondary-ion-mass s
troscopy~SIMS! analysis indicated that the sample had 1,
and 531016 cm23 concentrations of@Si#, @C#, and@H#, and
331018 cm23 of @O#, respectively.

A Cary 5E UV-Vis-NIR spectrophotometer was used
the light source for the optical transmission measureme
Preparation for photoluminescence consisted of pressing
single crystals into indium on a heat-conductive copper pl
The samples were oriented with thec axis parallel to the
indium surface, so that the pump beam was incident on
a plane. The frequency tripled output~lp5280 nm; 250 fs!
of a Ti:sapphire laser was used as the excitation source.
high intensity excitation source can produce a large den
of light-induced effects during a reasonably short time.

The RT transmission curve is plotted versus wavelen
in Fig. 2. The absorption band edge is determined to be
369 nm and to have a 10 nm width. From the transmiss
data, the absorption coefficient was estimated to
50 cm21 over the wavelength region from 650 to 400 nm
Such a small absorption coefficient and narrow width of
absorption band edge imply that the bulk GaN single crys
have a very high optical quality and low optical defect de
sity. The slope of the transmission spectrum in the visi
region is due to the scattering from the rough surface of
crystals. The thickness of the crystal, the presence of e
tons and impurity levels~band-edge tailing! near the band
gap preclude accurate assignment of the band gap by
transmission measurement. Instead, a better estimate o
band-gap energy is given by photoluminescence meas
ments.

The RT photoluminescence from a sample is shown
Fig. 3. The emission associated with the conduction-
4555/3/$10.00 © 1997 American Institute of Physics
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valence-band transition is shown in Fig. 3~a!. The band-edge
attributed emission peak is centered at 365 nm and has a
width at half-maximum~FWHM! of 13 nm~121 meV!. ~The
best RT PL spectrum from a bulk GaN sample has a FWH
of 84 meV; not shown!. No yellow emission attributed to
deep donor-to-acceptor transitions was observed in the o
cal microscope or detected on a scale 500 times more s
tive than that used for the detection of the band edge.
sample was kept illuminated with the excitation light wh
the spectra were recorded approximately 5 min apart.
emission spectra recorded 5, 9, and 36 min after the first
@Fig. 3~a!# were obtained, are shown in curves~b!–~d! of Fig.
3, respectively. A new emission peak was detected at 378
on the long-wavelength shoulder of the original emiss
spectrum after the sample was illuminated for 5 min@Fig.
3~b!#. The ratio of the output emission intensities of the lon
wavelength peak~378 nm! to the band edge~365 nm! in-
creased by a factor of 4 during 36 min of exposure tim
while the integrated output intensity decreased by a facto
20. The final emission spectrum shown in Fig. 3~d! has two

FIG. 1. Bulk GaN single crystals grown by sublimation. The vertical lin
are spaced by 1 mm.

FIG. 2. Room-temperature transmission spectrum from a bulk GaN si
crystal. The absorption coefficient is calculated to be 50 cm21 over the
wavelength region from 650 to 400 nm.
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well-defined emission peaks, one at 365 nm associated
the band edge and the other centered at 378 nm. The ou
intensity of the 378 nm emission peak is higher in magnitu
than the band-edge emission@curve 3~d!#. It is possible that
the emission band at 378 nm consists of several overlap
peaks, which are not resolved at RT. The gradual increas
the output emission intensity with longer exposure to
excitation light indicates that the creation and/or filling
trap levels occurs. Traps are metastable energy levels
can capture the carriers and keep them from participatin
the radiative recombination process for a significantly lo
time.14

The phenomenon was also studied at liquid-nitrog
temperature. Right after a bulk GaN single crystal was ta
to 77 K, the output photoluminescence was usually cente
at 359 nm, as shown in Fig. 4~a!. It is redshifted 1 nm rela-
tive to the emission-peak wavelength from epitaxially grow
GaN onc-plane sapphire, where a peak position of 358 nm
usually observed. The shift to longer wavelengths for th
samples is attributed to a significant reabsorption due to
large thickness of the sample~0.2 mm!. It also could be
caused by the lack of stress, which is always presen
chemical-vapor-deposition-grown GaN.

After the sample was illuminated for some time, th
emission color gradually changed from colorless to brig
blue, indicating that the output emission spectrum h
changed. The change in spectra of the bulk GaN single c
tals is illustrated in Fig. 4. The measurements started w
the band-edge emission peak centered at 359 nm~FWHM
55 nm; 48 meV!. The spectrum showed a new emissi
peak centered at 378 nm after 10 min of exposure time.
long-wavelength shoulder of the emission peak expand
the visible region and is responsible for the blue color of
output emission. After 27 min of excitation, the blue em
sion band is centered at 388 nm and consists of at least
LO-phonon assisted replica of the zero-phonon~378 nm!
line. The energy separation between the peaks is 85 m
which is close to the reported value of 90 meV for a L

le

FIG. 3. Time-dependent room-temperature photoluminescence spectra
a bulk GaN single crystal. The output intensity of the photoinduced em
sion band~378 nm! increases with the exposure time relative to the ba
edge~365 nm!.
Shmagin et al.
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phonon in GaN.15,16 The FWHM of the blue emission wa
measured to be 249 meV. The significant spectral width
the phonon assisted recombination implies a strong lat
interaction. No decrease in the total output emission inten
was detected at 77 K, while the ratio of blue~388 nm! to UV
~359 nm! output intensities increased by a factor of 10 duri
27 min of exposure. After the last spectrum was record
the excitation was terminated and the sample was left in
the cryogenic dewar at 77 K in a dark room for 45 min mo
Then, the excitation source was opened again and ano
spectrum was taken and found to be the same as the sp
of Fig. 4~d!.

No physical damage was introduced to the surface of
sample as observed under the optical microscope. To ve
that the change in the optical properties was indeed m
stable, the room-temperature emission spectrum was ta
from the sample two weeks after the initial results were
tained. The integrated output emission was restored to
original intensity, but the blue emission band was still clea
observed. Such a long recovery time indicates that the ph
induced levels have a large thermal activation energy or
the process is not reversible.

The PL results presented above are consistent with
creation and/or filling of a metastable state in the bulk G
single crystals due to the high intensity irradiation by t
pump source. The 77 K PL data indicate that the photo
duced radiative recombination is assisted by LO phono
The energy of the LO phonons was estimated to be 85 m
from the 77 K PL results. It is possible that the photoinduc
emission band consists of several overlapping peaks of
ferent origin, which are not resolved in the present meas

FIG. 4. Time-dependent 77 K photoluminescence spectra from a bulk
single crystal. The photoinduced emission band consists of a zero-ph
line ~378 nm! and a LO-phonon replica of the main peak, as shown in~d!.
The ratio of blue/UV emission increased by factor 10 during 27 min
exposure.
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ments. Inn-type GaN, effects originating from the presen
of Ga vacancies should be predominant.17 We propose that
the photoinduced emission band reported above is forme
a superposition of LO-phonon assisted radiative transiti
from the conduction band to the acceptor and from a shal
donor formed by oxygen to the same acceptor. Our exp
mental results are consistent with a presence of nonradia
metastable levels in the GaN forbidden gap. These lev
compete with the band-edge recombination and prevent
observation of the donor-related emission in the unchar
state. After the metastable levels are filled, they do not p
ticipate in the recombination process, which results in
increase in the integrated output emission intensity.

In summary, we report a photoluminescence study
optical metastability in bulk GaN single crystals. The obs
vations included time dependent PL in which a photoinduc
emission band was observed on the long-wavelength sh
der of the emission peak at RT and 77 K. The photoindu
emission band is attributed to a superposition of the L
phonon assisted free-electron-to-bound-hole and dono
deep-acceptor radiative transitions. The increase in the i
grated output emission intensity as a function of expos
time to the excitation light indicated the presence of tra
inside the material.
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