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Comparison study of photoluminescence from InGaN/GaN multiple
quantum wells and InGaN epitaxial layers under large hydrostatic pressure
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We report the results of a comparison study of photoluminescence~PL! from an In0.15Ga0.85N/GaN
multiple-quantum-well~MQW! sample and an In0.11Ga0.89N thick epitaxial-layer sample, which
have very similar band-gap energies. Large hydrostatic pressures were used for our investigations.
The PL emissions in both samples were found to shift linearly to higher energy with applied
pressure. In the MQW sample, the pressure response of the InGaN is dominated by the GaN layers,
which leads to a significantly weaker pressure dependence as compared to the epilayer sample. Our
results yield a pressure coefficient of 2.831023 eV/kbar for the In0.15Ga0.85N/GaN MQW sample
and 4.031023 eV/kbar for the In0.11Ga0.89N epilayer. An abrupt decrease of PL intensity in both
samples was observed at pressures above 100 kbar, indicating the carriers involved in the radiative
recombination processes in the samples originate primarily from the adjacent GaN layers. ©1998
American Institute of Physics.@S0003-6951~98!01638-6#
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The InxGa12xN alloy system and related heterostructur
such as quantum wells~QWs! are attracting much attentio
because of their importance in both scientific and technolo
cal aspects. This has been manifested by recent br
throughs in the development of high-efficiency blue ligh
emitting diodes and laser diodes using InxGa12xN/GaN QW
structures as active media materials.1–5 A large number of
studies on the optical properties of InGaN epilayers a
InGaN/GaN QW structures have been reported. In particu
recent pressure-dependent photoluminescence~PL! studies
on bulk-like InxGa12xN epitaxial layers have found that th
pressure coefficients of the PL emission from InGaN epil
ers do not substantially differ from that of GaN.6,7 In addi-
tion, the pressure coefficient of GaN grown epitaxially
sapphire does not differ from that of bulk GaN,8 suggesting
that the highly defective region near the GaN/sapphire in
face plastically deforms under applied pressure. T
pressure-dependent measurements are consistent with
retical predictions.9 However, pressure-dependent studies
the optical properties of InxGa12xN/GaN QWs showed tha
the pressure coefficient of the PL emission is highly variab
depending on the QW structures and In concentrations.7,10,11

In this letter we provide evidence that the pressure
sponse of InGaN QWs is dominated by the GaN laye
whereas thick InGaN epilayers behave like bulk material
comparison study was performed, using two specially p
pared samples@In0.15Ga0.85N/GaN multiple quantum wells
~MQWs! and a thick In0.11Ga0.89N epitaxial layer# with ap-
proximately the same band gaps. PL measurements were
tained as a function of hydrostatic pressure using a diam
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anvil cell ~DAC!. The effects of applied pressure on the ph
toluminescence transitions in the MQW sample and the bu
like InGaN epilayer were examined and compared.

The samples used in this work were grown on sapph
substrates by metalorganic chemical vapor deposition.
MQW sample has a ten-period InGaN/GaN superlattice o
4-mm-thick GaN layer. The thicknesses of the well and b
rier are 18 and 62 Å, respectively. These values were der
from the x-ray diffraction~XRD! measurements of the supe
lattice period~80 Å! and the ratio of the well/barrier growth
times ~35/120!. Rutherford backscattering spectromet
~RBS! indicates an average In concentration of 3.4% in
MQW region. If one assumes that all the In resides in
wells, then the wells have an In concentration of 15%. T
In0.11Ga0.89N epilayer thickness is around 2500 Å, and
pseudomorphically strained to the underlying 4-mm-thick
GaN.12 Its In concentration was determined by RBS a
XRD measurements.

PL signals resulted from excitation by the 3250-Å line
a HeCd laser and were dispersed by a 1-M double-gra
monochromator. The pressure-dependent measurem
were conducted using gasketed DACs. In order to accom
date the dimensions of the DAC, small sample chips w
sizes of;2003200mm2 were prepared by mechanical po
ishing and cutting. A small ruby chip was mounted into t
DAC for pressure calibration. All the spectra reported in th
work were recorded at room temperature~295 K!.

Photomodulated transmission~PT! spectra of the
In0.15Ga0.89N/GaN MQW sample and the thick In0.11Ga0.89N
epilayer sample are shown in Fig. 1. The derivative-li
spectral signatures denoted asE0 in both spectra are assoc
ated with the optical transitions across the band gap of
3 © 1998 American Institute of Physics
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respective samples. Note that the quantum confinemen
fects on the electron and hole states in the MQW h
shifted the band gap of In0.15Ga0.85N to an energy approxi-
mately equal to that of bulk In0.11Ga0.89N. The second
derivative-like spectral feature~denoted asE1) in the PT
spectrum of the MQW is due to transitions from ionized M
acceptor states to the conduction-band edge in thep-type
GaN cladding layer. The band gaps of these two sample
almost identical energy positions allow us to make an una
biguous comparison study of the PL emission and its p
sure dependence from the samples.

Figure 2 shows PL spectra of the two samples at amb
pressure. The oscillatory features on the PL spectra are
terference effects primarily caused by the heterointerface
tween the thick GaN layers and sapphire substrates. As c
pared to the thick InGaN epilayer, the PL emission from
MQW sample exhibits a much stronger intensity and sma
redshift ~Stokes! relative to its band gap. This can be attri
uted to the merits of quantum confinement effects. Un
hydrostatic pressure, the emissions from both samples
to higher energy, but at different rates, as shown in Fig
The inset of Fig. 3 shows the change of PL intensities w
pressure. The energy position of the emission was de
mined by fitting its line shape to a Gaussian profile. The
emission of the MQW sample shows a much weaker p
sure dependence than that of the thick epilayer sample. F
the pressure dependence of the energy change of the
peaks~Fig. 3!, we derived the pressure coefficients of the
transitions for the samples. The solid lines in Fig. 3 are
least-squares fits to the experimental data using the linea
function

E~P!5E~0!1aP, ~1!

FIG. 1. Photomodulated transmission spectra of the MQW sample and
epilayer sample at room temperature.
Downloaded 23 Dec 2005 to 134.121.128.99. Redistribution subject to AI
ef-
e

at
-

s-

nt
in-
e-
m-
e
r

r
ift
.

h
r-

L
s-
m
PL

e
fit

where the energyE is in eV and the pressureP is in kbar. A
best fit to the data yields a pressure coefficient of
31023 eV/kbar for the emission from In0.11Ga0.89N. A much
smaller pressure coefficient of 2.831023 eV/kbar was deter-
mined for the In0.15Ga0.85N/GaN MQW. The result obtained
from the thick epilayer sample again suggests that the p
sure coefficient of the band gap of InGaN does not sign
cantly differ from that of GaN, at least for alloys with low I
concentrations.6,7 Therefore, a drastic change of the pressu
coefficient for In0.15Ga0.85N would not be expected.

Several effects, including the increase of the elect
effective mass with pressure, the mixing of QW and barr
wave functions, and the difference in the bulk pressure co
ficients of the band gaps of the barriers and the wells, co
influence the pressure dependence of transitions confine
QWs and give rise to smaller pressure coefficients compa
to those of the well materials in bulk form.13–19 However, a
simple k•p calculation points out that the upper limit o

he

FIG. 2. Comparison of room-temperature PL spectra for the sample

FIG. 3. Shift of the PL emission peak energies for the MQW sample~d!
and the epilayer sample~j! as a function of applied pressure. The sol
lines are the linear fits to the data. The open circles represent the en
shifts as a function of the effective pressure experienced by the In0.15Ga0.85N
well layers in the MQW sample. The inset shows the change of PL inte
ties with pressure.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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these effects can only result in an approximate 10% red
tion, and cannot account for the nearly 30% difference
tween the observed pressure coefficients.

Application of hydrostatic pressure to strained QWs co
sisting of barrier and well materials with very different bu
moduli could produce uniaxial strains that make the barr
and the wells experience different effective hydrostatic a
axial pressure components.20,21 Since the MQW structure
used in this work was grown on a thick GaN layer, and
GaN barriers are much thicker than the In0.15Ga0.85N wells,
the deformation of the well layers should be dominated
the compression of the stiffer GaN under hydrostatic pr
sure. The bulk modulus of InN~;125 GPa!22 is approxi-
mately half of that of GaN~;210–237 GPa!.22–24 A linear
interpolation gives a bulk modulus of In0.15Ga0.85N about 7%
smaller than that of GaN. Under hydrostatic pressure co
tions, a tensile strain will be induced in the compressiv
strained In0.15Ga0.85N well layers in the MQW structure to
compensate the applied hydrostatic pressure bec
In0.15Ga0.85N has a larger compressibility. As a result, t
In0.15Ga0.85N layers effectively experience a smaller hydr
static pressure and an additional~0001! uniaxial stress. The
effective pressure experienced by the well layers is estim
to be only about 74% of applied pressure. A detailed stu
on this will be reported elsewhere. The effect of the str
reduction caused by GaN barrier and cladding layers is
shown in Fig. 3. A pressure coefficient of 3
31023 eV/kbar can be derived from this purely mechanic
correction. Therefore, we attribute the difference in the co
pressibility of In0.15Ga0.85N from that of GaN to be the majo
factor responsible for the significantly weaker pressure
pendence of the PL transition in the MQW sample.

We note that both samples experienced an abrupt dro
PL intensity as the applied pressure rises above 100 k
whereas their luminescence intensities did not change m
at pressures below 100 kbar~Fig. 3!. While the PL intensity
of the epilayer sample was found to decrease by a factor o
the PL signal from the MQW, in fact, was quenched co
pletely at pressures beyond 100 kbar. This observation
vides direct evidence that the PL emission from the MQ
sample is dominated by contributions from the carriers p
togenerated in the GaN cladding, barrier, and underlying
ers. After being generated in the GaN layers, electrons
holes diffuse into the well regions and thermalize down
the lowest confined states, respectively, where they ra
tively recombine to produce PL emissions. At pressures
yond 100 kbar, the band-gap energy of GaN becomes la
than the photon energy of the excitation laser line~;3.81
eV!, so that very few carriers could be generated in the G
layers. At that point, the PL emission from the MQW co
lapsed, indicating that the carriers created directly in
very-thin well layers do not contribute noticeably to the P
signal at room temperature. The residual PL emission in
epilayer sample above 100 kbar is primarily due to its la
thickness.

In conclusion, a comparison study of photoluminesce
as a function of pressure has been performed using
In0.15Ga0.85N/GaN multiple-quantum-well sample and a
In0.11Ga0.89N thick epitaxial-layer sample specially grown
have similar band-gap energies. The MQW sample w
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found to exhibit a significantly weaker pressure depende
as compared to the epilayer sample. An abrupt decreas
PL intensity in both samples was also observed at press
above 100 kbar. The difference in the compressibility
In0.15Ga0.85N and of GaN induces a tensile strain in th
In0.15Ga0.85N well layers compensating the applied hydr
static pressure. This mechanical effect is found to be
major reason for the smaller pressure dependence of the
transition in the MQW sample. The loss of the supply
photocarriers from GaN layers above 100 kbar is respons
for the sudden drop of the PL intensity in the epilayer sam
and the quenching of the PL signal in the MQW sample
room temperature because the band gap of GaN exceed
photon energy of the excitation light source.
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