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Optical properties of In xGa12xN alloys grown
by metalorganic chemical vapor deposition
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We present the results of optical studies of the properties of InxGa12xN epitaxial layers (0,x
,0.2) grown by metalorganic chemical vapor deposition. The effects of alloying on the
fundamental band gap of InxGa12xN were investigated using a variety of spectroscopic techniques.
The fundamental band-gap energies of the InxGa12xN alloys were determined using
photomodulation spectroscopy measurements and the variation of the fundamental band gap was
measured as a function of temperature. The effects of pressure on the band gap for InxGa12xN
samples with different alloy concentrations were examined by studying the shift of
photoluminescence~PL! emission lines using the diamond-anvil pressure-cell technique. The results
show that PL originates from effective-mass conduction-band states. Anomalous temperature
dependence of the PL peak shift and linewidth as well as the Stokes shift between photoreflectance
and PL lines is explained by composition fluctuations in as-grown InGaN alloys. ©1998
American Institute of Physics.@S0021-8979~98!09520-6#
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I. INTRODUCTION

The InxGa12xN alloy system is attracting much attentio
because of its importance in both scientific and technolog
aspects. The wavelength of radiation emitted fro
InxGa12xN can be tuned over a wide range from visible r
~;610 nm! to ultraviolet ~;365 nm! by changing the alloy
composition and by forming heterostructures such as qu
tum wells. This property makes InxGa12xN one of the most
promising materials for short-wavelength optical applic
tions. As a matter of fact, the importance of InxGa12xN has
been demonstrated by the recent breakthroughs that le
the development of optoelectronic devices such as light e
ting diodes and laser diodes operating in the blue and u
violet spectral regions.1–5

The studies performed so far have been focused on
properties of the InxGa12xN alloy system and on device pe
formance and characterization. The vast majority of the
vestigations have dealt with InGaN/GaN quantum-w
~QW! structures.6–20 Recently, Perlin and coworkers14 re-
ported that the pressure coefficients of PL and EL emiss
from InGaN/GaN/AlGaN QW samples are much smal
than that of the GaN band gap. The results were explaine
assuming that highly localized states, with small press
coefficients, are involved in the emission processes in
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QWs. Also, anomalous blueshifts in the temperatu
dependent luminescence from InGaN QWs based light e
ting devices were observed by Eliseevet al.16 and explained
by a band-tail-filling model with a Gaussian density of sta
distribution. The bulk optical properties of InxGa12xN layers
were studied in a number of papers12,13,16 and several pro-
posals were put forward to explain anomalous features of
light emission processes in this material system. Howe
there is presently no model that can account for all the ch
acteristics of the luminescence emission from InGaN allo

In this article we present the results of a spectrosco
study of the properties of InxGa12xN epitaxial films grown
on top of thick GaN epilayers by metalorganic chemical v
por deposition~MOCVD!. The advantage of studying allo
epilayers is that it allows us to focus on the optical propert
exclusively related to the InxGa12xN alloy system, avoiding
the effects of lattice-mismatch induced strain, quantum c
finement, and layer thickness fluctuations in InGaN/G
QW structures. Photoluminescence~PL! measurements wer
performed to assess the optical properties of samples
different alloy compositions. Photomodulation spectrosco
in both reflection and transmission geometry was used
determine the energy gap of the samples. Further insight
the nature of radiative recombination processes has bee
tained from measurements of the effects of temperature
pressure on the observed optical transitions in the InxGa12xN
samples. By combining several experimental techniques
were able to discriminate between different proposed mec
nisms of luminescence emission. We show that the obse

in-
2 © 1998 American Institute of Physics
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peculiarities of the optical spectra of InGaN alloys can
consistently explained by large fluctuations of the In com
sition without any need to invoke highly localized states
strain induced piezoelectric effects.

II. EXPERIMENTAL DETAILS

The InGaN alloy samples used in this work were nom
nally undoped single-crystal epitaxial films grown b
MOCVD. Before the deposition of alloys, thick GaN laye
were grown on sapphire substrates at a temperature
;1050 °C with;20 nm GaN buffers. The layers were d
posited at a temperature around 800 °C. The thickness o
InxGa12xN epitaxial layers ranges from several hundred t
few thousand Å. The alloy composition of the samples w
initially estimated based on the growth conditions and x-
diffraction ~XRD! measurements.8,21 However, as reported
recently by several groups,22–24 InGaN epitaxial layers were
found to be pseudomorphically strained to the underly
GaN layers. For this reason, XRD could systematically ov
estimate InN alloy fration since it typically measures thec-
axis lattice constant. Therefore, Rutherford backscatte
spectrometry was used to verify In concentrations for
samples.

Optical measurements were carried out on
InxGa12xN samples over a temperature range from 3 K up to
room temperature. Samples were mounted onto the cold
ger of either a closed-cycle refrigerator or a continuous-fl
LHe cryostat and cooled down to the desired temperatu
for the measurements. Photoluminescence spectra wer
corded using an experimental setup consisting of a He
laser as the excitation source and a 1 M double-grating
monochromator connected to a photon-counting system.
pressure-dependent PL measurements were carried ou
the InxGa12xN alloy samples using gasketed diamond an
cells ~DAC!. The pressure medium is a 4:1 methanol/etha
mixture. In order to accommodate the limited dimensions
the DAC sample space, small sample chips with sizes
;2003200330 mm3 were prepared by mechanical polishin
and cutting. For photomodulation spectroscopy meas
ments, quasimonochromatic light dispersed by a 1/2~M!
monochromator from a xenon lamp and a chopped He
laser modulating beam were focused on the samples and
reflected signals were detected by a UV-enhanced photo
tiplier tube connected to a lock-in amplification and da
acquisition system.

III. RESULTS

A. Alloying effects

Shown in Fig. 1 are photomodulated transmission~PT!
spectra taken at room temperature~295 K! from several
InxGa12xN epilayer samples. The derivative-like spect
features marked by vertical arrows in the spectra corresp
to the optical transition associated with the band gap of
respective samples. The weaker spectral structure at hi
energy seen for the In0.15Ga0.85N sample is caused by th
transition from the underlying GaN thick layers. The widt
of the PR spectral lines increase with alloy composition. T
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large difference in transition energies between the sam
are clearly due to the change of the fundamental band
with the composition of InGaN alloys.

The transition energies determined by PT measurem
are plotted in Fig. 2 as a function of In concentration. P
peak positions~295 K! of the samples are also presented
the figure. The dashed line in the figure is a least-square
to our experimental data using

E~x!5E~0!1ax1bx2, ~1!

where E(0) is the band gap of GaN at room temperatu
~;3.42 eV!,25 x is the InN alloy fraction, and energy is give
in eV. The best fit yieldsa523.91 andb52.39 eV with the
band gap of InN being fixed at 1.9 eV. McCluskeyet al.24

reported that the band-gap bowing parameter for the InG
alloy system is much larger than the value theoretically p
dicted by first-principles calculations.26 A linear relation be-
tween band gap and In concentration for pseudomorphic
strained InxGa12xN (x<0.12) derived in Ref. 24~solid line!
and the theoretical prediction from Ref. 26~dotted line! are
also shown in Fig. 2 for comparison. A large bowing para
eter indicates that alloy disorder has a strong influence on
dependence of energy gaps on the alloy composition, in

FIG. 1. Photomodulated transmission spectra of InxGa12xN samples taken
at room temperature~295 K!. The arrows mark the transition energies of th
samples.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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dition to the change of lattice constants. The good agreem
between our results and Ref. 24 suggests that the InG
epilayers studied in this work are pseudomorphically strai
to GaN.

B. Temperature dependence

As illustrated in Fig. 2, there exists a Stokes shift b
tween the energy positions determined from PT and PL sp
tra for all the samples. The magnitude of the shift increa
with InN mole fraction. A comparison of a photoreflectan
~PR! curve to a PL spectrum taken from an In0.08Ga0.92N
sample at room temperature is shown in Fig. 3. The temp
ture dependence of the energy positions of PL and PR t
sitions for the sample are shown in Fig. 4. The PR transit
energies were determined by fitting PR spectra to a Gaus
line-shape functional form which is appropriate for the op
cal transitions in an inhomogeneously broadened system27,28

For comparison, the temperature dependence of the pea
sition of the PL line from the GaN layer in the same sam
is also presented in this figure. As expected, the position
the GaN PL line shifts to lower energy with increasing te
perature. The total shift of about 60 meV in the temperat
range from 10 to 300 K is consistent with previous determ
nations of the temperature dependence of the GaN en
gap.25 As is seen in Fig. 4, a very similar temperature dep
dence is found for the optical transition measured by PR
In0.08Ga0.92N. In stark contrast, however, we found that t
position of the PL line in the same sample is practica
independent of temperature in the range from 10 to 200
Only a small downward shift of about 20 meV is observed
higher temperatures. In addition, we observed a large Sto

FIG. 2. Transition energy positions for samples with different alloy com
sitions measured by PT~s! and PL ~L!. The dashed line is the leas
squares fit to the experimental PT data. The dotted line is a theore
prediction for the variation of the band-gap energy for InxGa12xN alloy
system~Ref. 26!, and the solid line is a linear experimental fit to band ga
of pseudomorphically strained InxGa12xN ~x<0.12, Ref. 24!.
Downloaded 23 Dec 2005 to 134.121.128.99. Redistribution subject to AI
nt
N
d

-
c-
s

a-
n-
n
an
-

po-
e
of
-
e
-
gy
-
n

.
t
es

shift of about 75 meV between PL and PR peak positions
low temperatures. This shift decreases to about 40 meV
room temperature.

The results presented in Fig. 5 show that there are a
significant differences observed in the temperature dep
dencies of the PL and PR spectral linewidths. The PR sp
tral feature from the In0.08Ga0.92N sample has a linewidth o
about 102 meV at 10 K that slightly increases with tempe
ture to about 120 meV at 300 K. On the other hand, the l
shape of the PL spectrum is strongly temperature depend

-

al
FIG. 3. Comparison of photoreflectance spectrum with PL of
In0.08Ga0.92N sample. Both spectra were taken at room temperature.

FIG. 4. Variation of transition energies measured by PL and PR for
In0.08Ga0.92N sample, as well as for the underlying GaN layer. Note that
PR transition energy shifts with temperature in the same manner as the
excitonic transition.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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A twofold increase of the linewidth is observed in the te
perature range from 50 to 300 K. It is important to note th
as is shown in the inset of Fig. 5, the PL intensity is reduc
by about three orders of magnitude in the same tempera
range.

C. Pressure dependence

The effects of hydrostatic pressure on the PL transiti
in GaN and InxGa12xN alloys are shown in Fig. 6. The pea
energies of PL emission structures are plotted as function
pressure. The solid lines in the figure are least-squares fi
the experimental data using the linear-fit function

E~P!5E~0!1aP, ~2!

where the energyE is in eV and the pressureP is in kbar.
The yielded pressure coefficients~a! for various samples are
listed in Table I.

So far, no experimental results have been reported
garding the pressure coefficient of InN. Theoretical calcu
tions by Christensen and Gorczyca arrived at a pressure
efficient of 3.331023 eV/kbar for the band gap of InN.29

These calculations appear to be consistent with our resul
that the pressure coefficients of InxGa12xN with small alloy
composition do not differ significantly from that of GaN.
should be pointed out that the application of hydrostatic pr
sure to a sample such as an InGaN epitaxial layer grown
GaN produces an anisotropic strain due to the differenc
compressibility between the two materials. The total str
on the InGaN layer under a given amount of pressure is
sum of the strain initially induced by lattice mismatch a
the strain induced by applying hydrostatic pressure. Thus
measured pressure coefficients may be slightly affected
contributions from the uniaxial components of the pressu
induced strain tensor.30,31 The small variation in the numeri

FIG. 5. Effect of temperature on the PL and PR spectral linewidths m
sured from an In0.08Ga0.92N sample. The inset shows the change of PL
tensity as a function of temperature.
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cal values of pressure coefficients in Table I may arise fr
this effect. Nevertheless, the most important aspect of
results presented here is that the shift of the luminesce
peak position with pressure follows the direct band gap
the InxGa12xN epilayers. This indicates that the electron
states involved in the recombination processes contribu
to the PL emissions are associated with the conduction
valence band edges and can be described within the fra
work of the effective mass approximation. Among su
states are the electronic states of the conduction and the
lence band extrema and associated excitons as well as
low donor and acceptor states.

IV. DISCUSSION

One of the most striking features of the optical spectra
InGaN alloys are large linewidths and very large Stok
shifts between PL and PR transition energies. As is show
Fig. 5 at 10 K, the PL linewidth of about 54 meV is muc
narrower than the PR linewidth of 102 meV. The PL pe
broadens with increasing temperature and approaches th

a-

FIG. 6. Shift of PL peak positions with pressure for InxGa12xN samples and
the underlying GaN layer.

TABLE I. Pressure coefficients of PL emissions in InxGa12xN samples.

E(0) ~eV! a5dE/dP (1023 eV/kbar)

GaN ~10 K! 3.481 3.9
In0.04Ga0.96N ~10 K! 3.250 3.9
In0.08Ga0.92N ~10 K!a 3.085 3.5
In0.08Ga0.92N ~295 K!a 3.043 3.6
In0.11Ga0.89N ~295 K! 2.862 4.0

aSamples were from two different wafers.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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linewidth of 120 meV at room temperature. It is important
note a very distinct correlation between the temperature
pendence of the PL linewidth and the PL intensity shown
the inset of Fig. 5. At temperatures below 50 K, both t
linewidth and the intensity are almost constant. At high
temperatures the gradually increasing linewidth is accom
nied by a dramatic decrease in the intensity. Previous stu
have shown that such a decrease in the PL intensity ca
attributed to a large reduction of the carrier lifetime.7,8

It has been proposed recently that piezoelectric fie
induced by built-in strain are responsible for large PL lin
widths observed in InGaN/GaN QW structures and
InxGa12xN epilayers.13 To examine the importance of piezo
electric fields in our samples we have measured the de
dence of PL spectra on the excitation intensity. It was
pected that the screening32 of the internal piezoelectric field
by the photoexcited carriers would result in a blueshift of
PL peak. We have found that changing the excitation int
sity by three orders of magnitude does not produce any
ticeable shift of the PL line. This result demonstrates t
piezoelectric effects do not play any significant role in o
samples.

Another interesting characteristic of the InGaN alloys
a very weak temperature dependence of the PL peak p
tion. As is shown in Fig. 4 the PL peak position is practica
temperature independent in the temperature range up to
K At higher temperatures the peak shifts to slightly low
energies. This is in contrast to the PR line, which sho
typical behavior reflecting the temperature dependence o
energy gap. Also shown in Fig. 4 is the temperature dep
dence of the PL line in GaN. Again in this case we find th
the peak follows the temperature dependence of the en
gap.

A similar weak dependence of the PL peak position
temperature in InGaN alloys was reported by Chich
et al.12 They assigned the observed luminescence emis
to bound, localized states in their InGaN samples. It is w
known that localized states have pressure depend
smaller, in most instances, than the band edge states. H
ever, our pressure-dependent PL results shown in Fig. 6
dicate that the pressure coefficient of the PL line is the sa
as that of the conduction-band edge. This is strongly sug
tive that the near-band-edge PL signal results from radia
decay between effective-mass states and that no highly lo
ized states are involved in the process.

All the above results indicate that the alloying of In
with GaN produces drastic changes in the material opt
characteristics. The effects of alloying on the PL linewid
were previously extensively studied in other III–V semico
ductors. The broadening of the emission lines in AlGa
semiconductor alloys was attributed to the random fluct
tions of the alloy composition.33,34 Assuming a completely
disordered alloy and neglecting any charge localization
fects one obtains the following expression for the emiss
linewidth:33–35

I ~E!5~2p!21/2~1/s!exp$2@~E2E0!/2s#2%, ~3!

whereE0 is the transition energy ands is the standard de
viation of band-gap energy given by
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e-
n

r
a-
es
be

s
-

n-
-

e
-

o-
t

r

si-

00
r
s
he
n-
t
gy

n

on
ll
ce
w-
n-
e
s-
e
al-

al

-
s
-

f-
n

s5@3a0
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where dEg /dx is the change of the band-gap energy w
alloy composition,a0 is the lattice constant, andr is the Bohr
radius for the charge carriers~electron and hole! or excitons,
depending on the nature of recombination. The PL lin
widths calculated from Eqs.~3! and~4! is shown in Fig. 7. It
is clear that the observed PL linewidths are much larger t
those calculated assuming a statistically random distribu
of In. In fact, more recent work has shown that Eq.~4! over-
estimates the linewidth by a factor of;2.45,36 making the
disagreement between theory and experiment even more
vious. This supports the inference that the shape of the e
sion line cannot be explained by statistically random al
disorder.

One might wonder whether the effects of compress
strain, as in the case of InGaN pseudomorphically straine
GaN, may broaden the lineshape of an optical transit
since the strain induces, in addition to a net increase of ba
gap energy, further splitting of the top of the valence ban
If the broadening of the PR and PL spectral features
predominantly due to this splitting, the temperature dep
dence of PR and PL transition energies should be expecte
be very similar to each other. However, the observed ano
lous temperature-dependent PL peak shift rules out the
nificance of strain on the PR and PL linewidth broadenin

Several recent studies have suggested that a strong
miscibility of InN in a nitride ternary alloy leads to a phas
separation resulting in compositional inhomogeneities m
larger than would be expected from statistic
randomness.19,20 Here we show that the existence of su
inhomogeneities can provide a basis for a qualitative exp
nation of the optical spectra in InGaN alloys. Positions of t
conduction and valence band edges in InGaN with spa

FIG. 7. Comparison of measured and calculated PL linewidths. The ca
lated linewidth takes into account the statistical alloy fluctuations only. T
electron-hole and the excitonic transitions are represented by the solid
the broken lines, respectively.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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variations of the alloy composition are schematically sho
in Fig. 8. Because of the large ratio of the conduction to
valence band offsets (DEc /DEv55),37 most of the change
in the band gap is accommodated by the variation in
conduction-band edge energy. Also, since as-grown InG
is alwaysn type, we expect a significant density of stat
below the conduction-band edge. The effective-mass sha
donor states are delocalized and therefore they closely fo
the conduction band edge.

The optical transitions contributing to the PR spectru
involve both the valence and conduction-band edge sta
The contribution from the transitions between the valen
band and the shallow donor states is much smaller than
band-to-band contribution and therefore can be safely
nored. Assuming a Gaussian distribution for the band e
energies:

D~E!5~2p!21/2E D~E2E8!~1/s!

3exp$2@~E2E0!/2s#2%dE8, ~5!

the value ofs can be obtained fromWPR52.35s, the line-
width of the PR spectrum. This leads tos543 meV for the
results shown in Fig. 5 with the low temperatu
WPR5102 meV. Using Eq.~1! that relates the energy gap
the alloy composition in InGaN we found that the standa
deviation of s543 meV in the band gap corresponds
about 2.9% standard deviation in the alloy composition.

Within this picture we can also qualitatively understa
the origin of the large Stokes shift of the PL line. In the P
process, photoexcited electrons relax by diffusing to the lo
est available energy state. Then they recombine with hole
the valence band. As is shown in Fig. 8, we assume that
low energy states are shallow impurity states associated
local minima in the conduction band. By definition the loc
minima are mostly located below the average conducti
band edge that corresponds to the transition energy for
PR spectral feature. Therefore one expects that the PL
width will be approximately equal to half of the PR line

FIG. 8. Schematic representation of PL and PR transitions in inhom
neous InGaN alloys. The solid vertical lines qualitatively indicate the low
and upper limits of the energy range involved in the PL transition. T
vertical broken lines mark the limits of the energy range which contribut
the PR signal.
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width. This rough estimate is in a good agreement with
experimental results shown in Fig. 5, whereWPR5102 meV
andWPL554 meV were found.

The position of the maximum PL peak is approximate
given by

EPL5EPR2WPL/22Ed , ~6!

whereEPR is the energy position of the band-to-band tran
tion determined by PR andEd is the shallow donor binding
energy. Adopting a value of 30 meV for the binding ener
Ed ~effective-mass hydrogenic model! we obtain 57 meV for
the Stokes shift between PR and PL lines. Considering
very crude nature of our estimates, this value is in reasona
good agreement with the experimentally observed lo
temperature shift of about 75 meV.

So far we have assumed that the nonradiative lifetime
long enough for electrons to diffuse to the local minima b
fore recombining with holes. This is true at low temperatu
when PL lifetimes in excess of a few hundred picoseco
~ps! are typically observed in these materials.7,8 However, it
has been reported that the PL lifetime decreases very rap
with increasing temperature. Lifetimes of less than 20
were measured at room temperature.8 This behavior is indi-
rectly evident in our samples where, as shown in Fig. 5
very rapid reduction of the PL intensity is observed for te
peratures higher than 50 K. Shortening of the nonradia
lifetime changes the kinetics of the PL process. The diffus
length of photoexcited carriers is reduced and they are
able to diffuse to a local minimum. Thus more and mo
electrons with energies exceeding the average conduc
band edge contribute to the PL signal. This obviously lea
to a broadening and a shift to higher energy of the PL sp
trum. In the limit of very short lifetime the PL linewidth
should approach that of the PR spectrum. The results in
5 show that this is exactly what is observed in our samp

It is now quite easy to understand the differences in
temperature dependence of the PR and PL energy posi
shown in Fig. 4. The PR energy position is defined by
average energy gap that has a very similar temperature
pendence to an energy gap in a homogenous material su
GaN. On the other hand, as we have argued above, the
peak position shifts to higher energy with increasing te
perature. At temperatures below 200 K this shift compe
sates for a downward shift of the band gap resulting in
temperature independence of the PL peak position. A sm
downward shift of the PL peak position is observed atT
.200 K when the change in the band gap is more stron
dependent on temperature.

V. CONCLUSIONS

Pressure and temperature dependencies of the op
properties of InxGa12xN alloys have been studied using ph
toluminescence measurements and photomodulation s
troscopy. Highly sensitive photomodulation spectroscopy
lowed us to determine the average band-gap energy
function of In content. The pressure-dependent PL meas
ments indicate that the low-energy states contributing to
low temperature PL signal follow the band edges and the
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fore can be treated within the effective mass approximat
The pressure coefficients of the direct band gaps of sev
InxGa12xN samples with 0,x,0.2 were deduced from th
pressure dependencies of the radiative decay of the ch
carriers localized in those tail states. The anomalous t
perature dependence of the PL peak shifts and the linew
have been qualitatively explained in terms of spatial fluct
tions of In content. The fluctuations are much larger th
predicted for completely random alloys indicating a pha
separation in as grown InGaN alloys.
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