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Photoluminescence and reflectance studies of exciton transitions in wurtzite GaN under pressur
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We have measured photoluminescence~PL! and reflectance spectra of high-quality wurtzite GaN on sap-
phire at pressures up to 8 GPa (T510 K). All three intrinsic exciton transitions arising from theA, B, andC
interband transitions were observed in reflectance measurements. The PL spectra are dominated by theA and
B free exciton transitions and the recombination of an exciton bound to a neutral donor. Transitions due to the
excitedn52 state of theA exciton and the first- and second-order LO phonon replicas of theA free exciton
were also resolved. The pressure dependence of theA band gap and exciton binding energy is obtained from
the intrinsic exciton energies. The experimental results clearly reveal a sample-dependent change of the biaxial
strain in the GaN layers with increasing hydrostatic pressure.@S0163-1829~98!02635-6#
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The recent breakthrough and success in the fabricatio
GaN-based blue-light emitting devices1 has generated muc
interest in the investigation of the intrinsic properties
wurtzite GaN. Most optical studies have been concer
with the donor-acceptor bound exciton recombination,
shallow donor-acceptor pair emission, and the origin of
deep yellow band emission.2–4 Recently, progress has bee
made on the epitaxial growth of GaN on different substra
with GaN or AlN as a buffer layer. The availability of hig
optical quality GaN films makes possible the study ofintrin-
sic free exciton transitions by photoluminescence~PL! and
reflectance measurements.5

The pressure dependence of PL emission yields valu
information on the electronic band structure and opti
properties. Several groups have performed high-pres
measurements on wurtzite GaN.6–9 The main emphasis o
these studies was on the extrinsic optical transitions. H
we present PL and reflectance measurements of high-qu
wurtzite GaN under high pressure up to 8 GPa. The pres
dependences of the free and bound excitons, the LO pho
replicas of theA exciton, as well as the excitedA exciton
energies are determined.

Two nominally undoped GaN epilayers studied in th
work were grown on~0001! sapphire substrates. Sample
was grown by molecular-beam epitaxy with a 200-nm A
buffer layer. The thickness of the GaN layer is 6mm. Sample
2 was grown by low-pressure metal-organic chemical-va
deposition. The deposition sequence consists of a thin~50–
100 nm! AlN buffer layer followed by a 3.8-mm GaN epil-
ayer. High-pressure reflectance and PL measurements
performed at 10 K by using a diamond-anvil cell~DAC! in
combination with a helium-flow cryostat. To fit into th
DAC gasket hole, the samples were mechanically thinne
a total thickness of about 30mm ~sample 1! and 50 mm
~sample 2! and then cleaved into pieces of about 1
PRB 580163-1829/98/58~11!/6696~4!/$15.00
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3100 mm2. Condensed helium was used as a press
transmitting medium. The PL was excited by the 325-n
line of a He-Cd laser and collected in backscattering confi
ration. Both reflected light and PL emission were dispers
by a 0.6-m single-grating spectrometer and detected b
GaAs photomultiplier operating in fast photon-countin
mode. For the reflectance measurements, the light from
xenon arc lamp was focused on a pinhole 100mm in diam-
eter, which was imaged with about unity magnification on
the sample surface.

Figure 1 shows representative reflectance and PL spe
for sample 1 measured at 10 K and at ambient press

FIG. 1. Photoluminescence and reflectance spectra of wur
GaN ~sample 1! at 10 K and ambient pressure.
6696 © 1998 The American Physical Society
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Three well-resolved structures, labeled asAn51, Bn51, and
Cn51, can be observed in the reflectance spectrum. The s
line passing through the experimental points represents
result of a least-squares fit based on a four-branches p
iton dispersion taking into account spatial dispersion and
kar boundary conditions.10 Using the notation of Ref. 10, we
obtain the following fitted parameters:EA53.4865, EB

53.4953, andEC53.5185 eV for the exciton energie
4paA52.04231023, 4paB51.66731023, and 4paC

52.07931023 for the polarizabilities, andGA52.44, GB

52.14, andGC522.3 meV for the linewidths. Here we as
sume the effective mass of the excitons to be equal to
electron mass. We observe four PL peaks in the same en
range of the reflectance spectrum. The peak energies in
PL areEA53.4867 andEB53.4951 eV, which are very con
sistent with the fit results of the reflectance spectrum
show no Stokes shift.

For wurtzite GaN, the bottom of the conduction band
mainly constructed from thes states of Ga while the uppe
valence band is essentially obtained from the threep states
of N.11 At the center of the Brillouin zone, GaN transform
under the point groupC6y . For backscattering configuratio
whereEW'c, the A exciton (G7↔G9), and theB andC ex-
citons (G7↔G7) are optically active transitions according
the selection rules.12 Therefore, we assign the featuresAn51,
Bn51, andCn51 to be the intrinsic exciton transitions ass
ciated with theA, B, and C bands andAn52 as the first
excited state of theA exciton. We also assign the emission
3.48 eV to be the bound excitonI 2 peak. This assignment i
confirmed by our study of the PL at different temperatu
and excitation densities. The intensity of theI 2 peak quickly
decreases with increasing temperature or laser power de
relative to that of the other exciton transitions. Thus,I 2 can
be attributed to the transition of an exciton bound to a neu
donor.8

Figure 2 shows reflectance and PL spectra for sample
10 K and different pressures. After the substrate was thin
for pressure measurements, all optical transition energie
sample 1 decreased by about 7 meV. This effect was ab
in sample 2. Sample 1 had the thicker GaN layer and thin
sapphire substrate compared to sample 2. Thus, the red
of transition energies is attributed to a partial relaxation
the residual biaxial strain in the GaN layer, which, accord
to empirical data of Refs. 13 and 14, decreases from 0.06
to 0.025%. The strain relaxation in sample 1 may involv
bending due to thinning below some critical thickness. T
PL and reflectance line shapes are independent of pres
which enables us to determine the pressure dependenc
the exciton energies quite accurately. In addition to the f
and bound exciton transitions, two additional PL peaks,
beled as LO and 2LO in Fig. 2~b!, are observed. Energ
differences between these two peaks and theA exciton are
close to integer multiples of the LO phonon energy. Th
we assign the LO and 2LO peaks to be the first- and seco
order phonon replicas of theA exciton. The pressure depen
dence of the energy difference@inset of Fig. 2~b!# observed
here is in agreement with the LO phonon shift obtained
high pressure Raman scattering15 ~solid lines!. In Fig. 2 we
observe a continuous blueshift for all exciton transitions
both reflectance and PL with increasing pressure. The in
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sities essentially remain constant with pressure, ruling ou
degradation of the sample quality with increasing pressu

The ground and excitedA exciton energies vs pressure fo
sample 1 are plotted in Fig. 3. The solid lines represent
results of least-squares fits to the experimental data u
quadratic relations. The fitted results for theA exciton as
well as theB,C,I 2, and excitedA excitons are listed in Table
I. For all observed exciton transitions, the quadratic coe

FIG. 2. PL and reflectance spectra of GaN~sample 1! at 10 K
and several pressures. The inset shows the pressure depende
the energy difference between the LO phonon replicas and thA
exciton.

FIG. 3. Free exciton energies of GaN~sample 1! as a function of
pressure. The dashed line represents the pressure dependence
A band gap. The inset shows theA free-exciton binding energy as
function of pressure. Solid lines represent results of least-squ
fits.
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cients are very small. For sample 2, we measured only
10-K PL spectra under pressure up to 8 GPa. Optical tra
tions related toA and B excitons and the neutral dono
bound exciton were resolved. The pressure dependenc
these exciton energies shows a blueshift similar to tha
sample 1. The results for sample 2 are also listed in Tab

The observation of theAn51 andAn52 transitions enables
us to determine theA exciton binding energy. In the frame
work of the effective-mass approximation and under the
sumption of a hydrogenlike model the energy levelsEn of
the exciton states and the exciton binding energyR can be
written as

En5Eg2
R

n2
, ~1!

R5
RH

m0e0
2S 1

me
1

1

mh
D 21

, ~2!

whereEg is the direct band gap,n is the principal quantum
number,RH513.61 eV is the 1s binding energy of hydro-
gen,m0 is the free electron mass,me andmh are the effective
electron and hole masses, ande0 is the low-frequency dielec
tric constant. In the case of wurtzite GaN these equati
should be modified because the reduced effective mass
well as the dielectric constant are anisotropic. However
has been demonstrated that, to a good approximation,
isotropic reduced spherical masses and dielectric cons
still can be used to estimate the exciton binding energy.16

Using Eq.~1! and the experimentalAn51 andAn52 ener-
gies, we obtain theA free-exciton binding energies as repr
sented by the data points in the inset of Fig. 3. The fit
solid line corresponds toRP50525.5(15) meV and
dR/dP50.6(4) meV/GPa. For comparison, from Eq.~2!
we calculate RP50524 meV using me50.2m0 , mh
50.8m0 , ande059.5.17 GaN has a large band gap and sm
spin-orbit splitting;18 therefore the changes of the effectiv
masses under pressure can be determined by the three
k•p model.19 The corresponding effect on the binding ener
is dR/dP50.2 meV/GPa. In addition, the dielectric con

TABLE I. Energies and pressure coefficients of exciton tran
tions in wurtzite GaN layers as obtained from fitting a quadra
relation E(P)5E(0)1a1P1a2P2 to the experimental data. Th
numbers in parentheses give the experimental error in units o
last decimal place. Results of theA band gap and its binding energ
are also listed.

Sample Peak E(0) a1 a2

~eV! ~meV/GPa! (meV/GPa2)

1 I 2 3.473~3! 41.5~15! 20.3(2)
An51 3.479~2! 41.4~10! 20.3(1)
Bn51 3.487~3! 41.0~16! 20.2(2)
Cn51 3.507~5! 40.5~28! 20.2(3)
An52 3.497~2! 43.4~11! 20.5(2)
Eg(A) 3.503~2! 43.8~14! 20.5(2)

2 I 2 3.482~2! 38.3~9! 20.3(1)
An51 3.489~2! 38.6~9! 20.3(1)
Bn51 3.499~2! 37.8~15! 20.2(2)
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stant is expected to decrease under pressure.6 Thus, although
the experimental pressure coefficient ofR has a large error
bar, its value appears to be consistent with model pre
tions.

The exciton energies of GaN epilayers depend on the
sidual biaxial strain. Under biaxial compression bothA and
B exciton energies increase linearly with identical slo
while the C exciton energy shows a larger blueshift.13,14

Therefore, it can be expected that a change of the lat
mismatch between the GaN and buffer layers induced by
external hydrostatic pressure affects the exciton energies
the samples we studied are grown on the sapphire/AlN bu
layers, the GaN epilayer is initially subjected to a compr
sive biaxial strain. The hydrostatic compression behavior
bulk AlN and GaN has been studied,20 but the results of the
ambient pressure bulk moduli (B0) are somewhat scattered
Considering a systematic trend within the group-III nitrid
and the fact that the zero pressure molar volume of AlN
about 8% smaller compared to that of GaN, we can exp
that theB0 of AlN is larger than that of GaN~about 200
GPa!, but smaller than that of sapphire (B05254 GPa, Ref.
21!. Thus, an external hydrostatic pressure is expected
induce a net decrease of the nonisotropic strain compone
the GaN epilayer.

In order to show more clearly the small but perceivab
effects of nonisotropic strain on the hydrostatic pressure
pendencies, we plot the energy differences between the
and bound excitons and theAn51 exciton of sample 1 agains
pressure in Fig. 4. Solid symbols represent the experime
data, and solid lines correspond to results of least-squ
fits. Also shown is the energy difference of theAn51 exciton
energy in sample 2 relative to that of sample 1.

According to Fig. 4, several specific behaviors can

-
c

he

FIG. 4. Pressure dependence of the energy splitting between
free ~bound! excitons of sample 1~closed symbols!. The A free-
exciton energy is taken as reference energy. The curve labeleEA

~#2! refers to theA free-exciton energy of sample 2 relative to th
of sample 1. The dotted and dash-dotted lines indicate experime
and theoretical results, respectively, taken from the literature~see
text!.
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observed. The energy differencesEI 2A is essentially indepen

dent on pressure. Also the splittingEBA for sample 1 change
very little with pressure, which is in agreement with th
strain independence of theB and A exciton splitting under
compressive strain.13,14 The very weak pressure dependen
of ECA would suggest that there is no significant change
the biaxial strain in sample 1 with increasing hydrosta
pressure. However, in such reasoning we would have to
sume that we can neglect pressure-dependent bending o
sample and a change of the internal positional parameteu,
which at ambient pressure is very close to the ideal value
3/8. The difference between theAn51 free-exciton energies
in samples 2 and 1 is 12 meV at ambient and decrea
noticeably with pressure, even reverses sign. An epila
with similar thickness of the AlN buffer layer and GaN lay
to that of sample 2 has been studied by Shanet al.7 ~dashed
line in Fig. 4!. Their results are intermediate between tho
for samples 1 and 2, as shown by the dashed line in Fig
At zero pressure the compressive strain in sample 2 is o
ously larger than that in sample 1. The change of theAn51
exciton energy of sample 2 with respect to that of sampl
indicates a different evolution under pressure of the bia
strain. We consider a pressure dependence of bending ef
in sample 1 as a possible reason.

For comparison, a theoretical result22 is shown by the
dash-dotted line in the same figure. A rigid energy shift
the theoretical results has been applied to account for
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so-called gap error inherent in calculations based on
local-density approximation.23 The energy differences show
in Fig. 4 are very small compared to the overall shift of t
band-gap energy with pressure. Thus, the theoretical ca
lation can be considered to be in very good agreement w
the various experimental data.

In summary, we have studied PL and reflectance spe
of high-quality wurtzite GaN layers on sapphire as a funct
of pressure at 10 K. The pressure dependence of theA band
gap and exciton binding energy is obtained from the grou
and first excitedA exciton energies. Within the effective
mass approximation, the increase of theA exciton binding
energy can be accounted for in terms of the increasing e
tron effective mass and decreasing dielectric constant w
pressure. The exciton energies as a function of pres
clearly reveal that the application of hydrostatic pressure
sults in a change of the biaxial strain in the GaN laye
which differs for samples characterized by different thic
nesses of GaN layer, AlN buffer layer, and sapphire s
strate. In order to determine the true hydrostatic press
dependence of exciton energies in GaN, it would be v
useful to study epitaxial layers of GaN grown on bulk Ga
substrates.
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