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We present the results of optical studies of the properties @adn ,N epitaxial layers (8<x

<0.2) grown by metalorganic chemical vapor deposition. The effects of alloying on the
fundamental band gap of J&a, _,N were investigated using a variety of spectroscopic techniques.
The fundamental band-gap energies of theGia_,N 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 gaér N
samples with different alloy concentrations were examined by studying the shift of
photoluminescenc@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 alloys19€3
American Institute of Physic§S0021-8978)09520-9

I. INTRODUCTION QWs. Also, anomalous blueshifts in the temperature-
dependent luminescence from InGaN QWs based light emit-
The InGa _4N alloy system is attracting much attention ting devices were observed by Eliseetval 1® and explained
because of its importance in both scientific and technologicaby a band-tail-filling model with a Gaussian density of state
aspects. The wavelength of radiation emitted fromdistribution. The bulk optical properties of J@a _,N layers
In,Ga,_,N can be tuned over a wide range from visible redwere studied in a number of pap&$>'®and several pro-
(~610 nm to ultraviolet(~365 nm by changing the alloy posals were put forward to explain anomalous features of the
composition and by forming heterostructures such as quariight emission processes in this material system. However,
tum wells. This property makes j6&_,N one of the most there is presently no model that can account for all the char-
promising materials for short-wavelength optical applica-acteristics of the luminescence emission from InGaN alloys.
tions. As a matter of fact, the importance of@Gg _,N has In this article we present the results of a spectroscopic
been demonstrated by the recent breakthroughs that led study of the properties of y&a _,N epitaxial films grown
the development of optoelectronic devices such as light emiten top of thick GaN epilayers by metalorganic chemical va-
ting diodes and laser diodes operating in the blue and ultrgpor deposition(MOCVD). The advantage of studying alloy
violet spectral region$:® epilayers is that it allows us to focus on the optical properties
The studies performed so far have been focused on thexclusively related to the J&a _,N alloy system, avoiding
properties of the lfGa, N alloy system and on device per- the effects of lattice-mismatch induced strain, quantum con-
formance and characterization. The vast majority of the infinement, and layer thickness fluctuations in InGaN/GaN
vestigations have dealt with InGaN/GaN quantum-wellQW structures. Photoluminescen@d.) measurements were
(QW) structure$-2° Recently, Perlin and coworkéfsre-  performed to assess the optical properties of samples with
ported that the pressure coefficients of PL and EL emissiondifferent alloy compositions. Photomodulation spectroscopy
from InGaN/GaN/AlGaN QW samples are much smallerin both reflection and transmission geometry was used to
than that of the GaN band gap. The results were explained bgetermine the energy gap of the samples. Further insight into
assuming that highly localized states, with small pressur¢he nature of radiative recombination processes has been at-
coefficients, are involved in the emission processes in théained from measurements of the effects of temperature and
pressure on the observed optical transitions in th&#&_,N
9Electronic mail: weishan@ux8.Ibl.gov samples. By cpmpinjng several exp.erimental techniques we
bpresent address: Institute of Materials Research and Engineering, Sifvere able to discriminate between different proposed mecha-
gapore, 119260. nisms of luminescence emission. We show that the observed
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peculiarities of the optical spectra of InGaN alloys can be
consistently explained by large fluctuations of the In compo-
sition without any need to invoke highly localized states or
strain induced piezoelectric effects.

295K

InO. 1 5G aO.BSN

Il. EXPERIMENTAL DETAILS

The InGaN alloy samples used in this work were nomi-
nally undoped single-crystal epitaxial films grown by
MOCVD. Before the deposition of alloys, thick GaN layers
were grown on sapphire substrates at a temperature of
~1050 °C with~20 nm GaN buffers. The layers were de-
posited at a temperature around 800 °C. The thickness of the
In,Ga _«N epitaxial layers ranges from several hundred to a
few thousand A. The alloy composition of the samples were
initially estimated based on the growth conditions and x-ray
diffraction (XRD) measurement$?! However, as reported
recently by several grougé;2*InGaN epitaxial layers were In, 4sGa, g,N
found to be pseudomorphically strained to the underlying 00870
GaN layers. For this reason, XRD could systematically over-
estimate InN alloy fration since it typically measures the
axis lattice constant. Therefore, Rutherford backscattering
spectrometry was used to verify In concentrations for the
samples.

Optical measurements were carried out on the
In,Ga,_«N samples over a temperature rangard K up to
room temperature. Samples were mounted onto the cold fin- , , , s . , . .
ger of either a closed-cycle refrigerator or a continuous-flow 26 27 28 29 30 31 32 33 34 35 36
LHe cryostat and cooled down to the desired temperatures
for the measurements. Photoluminescence spectra were re- Photon Energy (eV)
corded using an .experlmental setup consisting of a. HeCF—lIG. 1. Photomodulated transmission spectra g6 _,N samples taken
laser as the excitation sourcedam 1 M double-grating at room temperatur95 K). The arrows mark the transition energies of the
monochromator connected to a photon-counting system. Themples.
pressure-dependent PL measurements were carried out on
the InGa _,N alloy samples using gasketed diamond anvil

cells(DAC). The pressure medium is a 4:1 methanol/ethano : . o .
. D . . arge difference in transition energies between the samples
mixture. In order to accommodate the limited dimensions o

the DAC sample space, small sample chips with sizes 0?re clearly due to the change of the fundamental band gap

N 3 . .. ~with the composition of InGaN alloys.
200x ZQOX?’O pm- were prepargd by mechanical polishing The transition energies determined by PT measurements
and cutting. For photomodulation spectroscopy measure-

ments, quasimonochromatic light dispersed by a (VP are plotted in Fig. 2 as a function of In concentration. PL
 d 9 P y eak positiong295 K) of the samples are also presented in
monochromator from a xenon lamp and a chopped HeC

: e figure. The dashed line in the figure is a least-squares fit
laser modulating beam were focused on the samples and thg our experimental data using
reflected signals were detected by a UV-enhanced photomuﬁ-
tiplier tube connected to a lock-in amplification and data

acquisition system.

In0.11(380.89N

AT/IT (1074
e—_—

InO.02Ga0.98N

E(x)=E(0)+ax+bx?, (1)

where E(0) is the band gap of GaN at room temperature

IIl. RESULTS (~3.42 eV},*® xis the InN alloy fraction, and energy is given
in eV. The best fit yieldaa= — 3.91 ando=2.39 eV with the
band gap of InN being fixed at 1.9 eV. McCluskeyal?*

Shown in Fig. 1 are photomodulated transmissiBii) reported that the band-gap bowing parameter for the InGaN
spectra taken at room temperatui295 K) from several alloy system is much larger than the value theoretically pre-
In,Ga,_,N epilayer samples. The derivative-like spectraldicted by first-principles calculatiorf§.A linear relation be-
features marked by vertical arrows in the spectra correspontiveen band gap and In concentration for pseudomorphically
to the optical transition associated with the band gap of thetrained InGa, _,N (x<0.12) derived in Ref. 24solid line)
respective samples. The weaker spectral structure at highand the theoretical prediction from Ref. 2dotted ling are
energy seen for the §nGagN sample is caused by the also shown in Fig. 2 for comparison. A large bowing param-
transition from the underlying GaN thick layers. The widths eter indicates that alloy disorder has a strong influence on the
of the PR spectral lines increase with alloy composition. Thelependence of energy gaps on the alloy composition, in ad-

A. Alloying effects
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FIG. 2. Transition energy positions for samples with different alloy compo-
sitions measured by PTO) and PL(¢). The dashed line is the least- F|G. 3. Comparison of photoreflectance spectrum with PL of an

squares fit to the experimental PT data. The dotted line is a theoreticqho OSGQ) oN samp|e_ Both spectra were taken at room temperature.
prediction for the variation of the band-gap energy fofGe _,N alloy ' '

system(Ref. 26, and the solid line is a linear experimental fit to band gaps
of pseudomorphically strained J8a _,N (x<0.12, Ref. 24. . o
shift of about 75 meV between PL and PR peak positions at

low temperatures. This shift decreases to about 40 meV at
room temperature.

The results presented in Fig. 5 show that there are also
dition to the change of lattice constants. The good agreemesjgnificant differences observed in the temperature depen-
between our results and Ref. 24 suggests that the InGalencies of the PL and PR spectral linewidths. The PR spec-
epilayers studied in this work are pseudomorphically strainegral feature from the IgogGay 9N sample has a linewidth of
to GaN. about 102 meV at 10 K that slightly increases with tempera-
ture to about 120 meV at 300 K. On the other hand, the line

shape of the PL spectrum is strongly temperature dependent.
As illustrated in Fig. 2, there exists a Stokes shift be-

tween the energy positions determined from PT and PL spec-

B. Temperature dependence

tra for all the samples. The magnitude of the shift increases 3.5 T

with INN mole fraction. A comparison of a photoreflectance 00000,

(PR curve to a PL spectrum taken from any §gGay oN I ¢ ¢

sample at room temperature is shown in Fig. 3. The tempera- | GaN (PL) . P
341 -

ture dependence of the energy positions of PL and PR tran-
sitions for the sample are shown in Fig. 4. The PR transition
energies were determined by fitting PR spectra to a GaussianSs'
line-shape functional form which is appropriate for the opti- £
cal transitions in an inhomogeneously broadened syé$téf. 2
For comparison, the temperature dependence of the peak po- & 2
sition of the PL line from the GaN layer in the same sample uc_,
is also presented in this figure. As expected, the position of
the GaN PL line shifts to lower energy with increasing tem-
perature. The total shift of about 60 meV in the temperature
range from 10 to 300 K is consistent with previous determi-
nations of the temperature dependence of the GaN energy
gap?® As is seen in Fig. 4, a very similar temperature depen-
dence is found for the optical transition measured by PR in
Ing oGy o N. In stark contrast, however, we found that the
position of the PL line in the same sample is practically o N _
independent of temperature in the range from 10 to 200 K::IG. 4. Variation of transition energies meagured by PL and PR for the
. . No.odGay o\ Sample, as well as for the underlying GaN layer. Note that the
Only a small downward shift of about 20 meV is observed atpr transition energy shifts with temperature in the same manner as the GaN
higher temperatures. In addition, we observed a large Stokescitonic transition.
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FIG. 5. Effect of temperature on the PL and PR spectral linewidths mea- 28 L A I BN B T bt
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tensity as a function of temperature.

Pressure (kbar)

A twofold increase of the linewidth is observed in the tem-FIG. 6. Shift of PL peak positions with pressure fof@a, N samples and
perature range from 50 to 300 K. It is important to note that,"® underlying Gan layer.

as is shown in the inset of Fig. 5, the PL intensity is reduced

by about three orders of magnitude in the same temperatug,| yajyes of pressure coefficients in Table | may arise from

range. this effect. Nevertheless, the most important aspect of the
results presented here is that the shift of the luminescence
C. Pressure dependence peak position with pressure follows the direct band gap of

The effects of hydrostatic pressure on the PL transitiond"® IGa-xN epilayers. This indicates that the electronic
in GaN and InGa, N alloys are shown in Fig. 6. The peak states involved in the recombination processes contributing
energies of PL emission structures are plotted as functions ¢f the PL emissions are associated with the conduction and

pressure. The solid lines in the figure are least-squares fits ¥/€nce band edges and can be described within the frame-
the experimental data using the linear-fit function work of the effective mass approximation. Among such
states are the electronic states of the conduction and the va-

E(P)=E(0)+ aP, (2)  lence band extrema and associated excitons as well as shal-

where the energg is in eV and the pressur is in kbar. low donor and acceptor states.
The yielded pressure coefficier{t®) for various samples are
listed in Table I. IV. DISCUSSION

So far, no experimental results have been reported re- o .
. - . One of the most striking features of the optical spectra of
garding the pressure coefficient of InN. Theoretical calcula-

? . . InGaN alloys are large linewidths and very large Stokes
tions by Christensen and Gorczyca arrived at a pressure “hifts between PL and PR transition energies. As is shown in
efficient of 3.3x 102 eV/kbar for the band gap of Inf?. gies.

These calculations appear to be consistent with our results i'rzllg' 5 at 10 K, the PL linewidth of about 54 meV is much

that the pressure coefficients of,@e,_N with small alloy narrower than the PR linewidth of 102 meV. The PL peak
S : o X broadens with increasing temperature and approaches the PR

composition do not differ significantly from that of GaN. It 9 P P

should be pointed out that the application of hydrostatic pres-

sure to a sample such as an InGaN epitaxial layer grown OMABLE I. Pressure coefficients of PL emissions in®a_,N samples.

GaN produces an anisotropic strain due to the difference of

compressibility between the two materials. The total strain E(0) V)  a=dE/dP (10°° eVikbar)

on the InGaN layer under a given amount of pressure is the Gan (10 K) 3.481 3.9

sum of the strain initially induced by lattice mismatch and  IngoGa g\ (10 K) 3.250 3.9

the strain induced by applying hydrostatic pressure. Thus the MoodGa.eN (10 K)* 3.085 35

measured pressure coefficients may be slightly affected by o 032 6N (295 K)* 3.043 3.6
INg.1:Ga sN (295 K) 2.862 4.0

contributions from the uniaxial components of the pressure:
induced strain tensaf:3! The small variation in the numeri- 2Samples were from two different wafers.
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linewidth of 120 meV at room temperature. It is important to 80 T T T
note a very distinct correlation between the temperature de- ' InGaN %
pendence of the PL linewidth and the PL intensity shown in r 10K ]
the inset of Fig. 5. At temperatures below 50 K, both the I 7
linewidth and the intensity are almost constant. At higher ___ €0}
temperatures the gradually increasing linewidth is accompa- % I
nied by a dramatic decrease in the intensity. Previous studies £ 50|
have shown that such a decrease in the PL intensity can bez 1
attributed to a large reduction of the carrier lifetiffe. B

It has been proposed recently that piezoelectric fields 'S
induced by built-in strain are responsible for large PL line- 8 0F
widths observed in InGaN/GaN QW structures and in i
In,Ga _N epilayerst® To examine the importance of piezo- 20r - — — Exciton
electric fields in our samples we have measured the depen- i // —  El-hole
dence of PL spectra on the excitation intensity. It was ex- 10 O Exp. data -
pected that the screenitfpf the internal piezoelectric fields L _'
by the photoexcited carriers would result in a blueshift of the ‘3,.00 0.05 0.10 0.15 0.20 0.25
PL peak. We have found that changing the excitation inten-
sity by three orders of magnitude does not produce any no- Indium Composition

ticeable shift of the PL line. This result demonstrates that

piezoelectric effects do not play any significant role in ourFIG. 7. Comparison of measured and calculated PL linewidths. The calcu-
samples lated linewidth takes into account the statistical alloy fluctuations only. The

. . . . _electron-hole and the excitonic transitions are represented by the solid and
Another interesting characteristic of the InGaN alloys iStne proken lines, respectively.

a very weak temperature dependence of the PL peak posi-

tion. As is shown in Fig. 4 the PL peak position is practically

temperature independent in the temperature range up to 200

K At higher temperatures the peak shifts to slightly lower ~ o=[3a3x(1—x)/167r3]dE,/dX, 4

ene_rgies. Thi_s is in cpntrast to the PR line, which Show%NheredEg/dx is the change of the band-gap energy with
typical behavior reflecting the temperature dependence of th&lloy compositionay is the lattice constant, amds the Bohr

energy gap. Also shown in Fig. 4 is the temperature depery, ;s for the charge carriefslectron and holeor excitons,
dence of the PL line in GaN. Again in this case we find thatdepending on the nature of recombination. The PL line-
the peak follows the temperature dependence of the enerqyijins calculated from Eq¢3) and(4) is shown in Fig. 7. It
gap. is clear that the observed PL linewidths are much larger than

A similar weak dependence of the PL peak position ony,ose calculated assuming a statistically random distribution
temperature in InGaN alloys was reported by Chichibups |y | fact, more recent work has shown that E4). over-

et all? They assigned the observed luminescence emissiofsiimates the linewidth by a factor ef2.453 making the
to bound, Iocalizec_l states in their InGaN samples. It is We"disagreement between theory and experiment even more ob-
known that localized states have pressure dependencg, s This supports the inference that the shape of the emis-

smaller, in most instances, than the band edge states. HoWyp, jine cannot be explained by statistically random alloy
ever, our pressure-dependent PL results shown in Fig. 6 ingisorder.

dicate that the pressure coefficient of the PL line is the same 5 might wonder whether the effects of compressive

as that of the conduction-band edge. This is strongly sUgg€Sgrain, as in the case of InGaN pseudomorphically strained to
tive that the near-band-edge PL signal results from radiatives 5\ may broaden the lineshape of an optical transition

decay between effective-mass states and that no highly locaj,ce the strain induces, in addition to a net increase of band-
ized states are involved in the process. _ gap energy, further splitting of the top of the valence bands.

_ All the above results indicate that the alloying of INN ¢ e proadening of the PR and PL spectral features are
with GaN produces drastic changes in the material opticaleqominantly due to this splitting, the temperature depen-
characteristics. The effects of alloying on the PL linewidth yonce of PR and PL transition energies should be expected to
were previously extensively studied in other Ill-V semicon-pq yery similar to each other. However, the observed anoma-

ductors. The broadening of the emission lines in AlGaAs|q g temperature-dependent PL peak shift rules out the sig-
semiconductor alloys was attributed to the random fluctuaiticance of strain on the PR and PL linewidth broadening.

tions of the alloy compositioifﬁ“ Assuming a completely Several recent studies have suggested that a strong im-
disordered alloy and neglecting any charge localization efiiscipjlity of InN in a nitride ternary alloy leads to a phase

fects one obtains the following expression for the emissionyenaration resulting in compositional inhomogeneities much

i it 3335
linewidth: larger than would be expected from statistical
|(E)=(2m) Y2 1or)expl — [ (E— Eq) 2013, 3) _randomnes%?*?o Here we show that the existence of such

inhomogeneities can provide a basis for a qualitative expla-

whereEj, is the transition energy and is the standard de- nation of the optical spectra in InGaN alloys. Positions of the

viation of band-gap energy given by conduction and valence band edges in InGaN with spatial
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width. This rough estimate is in a good agreement with the
ggg?j“:égg A R\ A experimental results shown in Fig. 5, whétgz=102 meV
________ A AU\ U andWp, =54 meV were found.

The position of the maximum PL peak is approximately
; Nt A/ given by
Shallow PR ”
donor level PR Ep=Epr—Wp1/2— Eq, (©)
PL : average . " .
' i{ PL energygap whereEpg is the energy position of the band-to-band transi-

tion determined by PR anB, is the shallow donor binding
energy. Adopting a value of 30 meV for the binding energy
E, (effective-mass hydrogenic modi@ve obtain 57 meV for

——M\—-yi e NG AT - the Stokes shift between PR and PL lines. Considering the
;g':g‘;f,ge very crude nature of our estimates, this value is in reasonably
good agreement with the experimentally observed low-
FIG. 8. Schematic representation of PL and PR transitions in inhomogetemperature shift of about 75 meV.
neous InGaN alloys. The solid vertical lines qualitatively indicate the lower P e .
and upper limits of the energy range involved in the PL transition. The So far we have assumed that the nonradlatlve,“f_etlme 1S
vertical broken lines mark the limits of the energy range which contribute tolONg enough for electrons to diffuse to the local minima be-

the PR signal. fore recombining with holes. This is true at low temperatures
when PL lifetimes in excess of a few hundred picoseconds
(ps are typically observed in these materiafsHowever, it

variations of the alloy composition are schematically shownhas been reported that the PL lifetime decreases very rapidly
- : . ith increasing temperature. Lifetimes of less than 20 ps
in Fig. 8. Because of the large ratio of the conduction to theWI ! g peratu e P

o\ 37 ere measured at room temperattifEnis behavior is indi-
yalence band Offs.etSA(EC/AE”_S)’ most of thg ghaqge rectly evident in our samples where, as shown in Fig. 5, a
in the band gap is accommodated by the variation in th

. . ery rapid reduction of the PL intensity is observed for tem-
conduction-band edge energy. Also, since as-grown InGa . . L
. A : peratures higher than 50 K. Shortening of the nonradiative
is alwaysn type, we expect a significant density of states

below the conduction-band edge. The effective-mass ShalloIn‘etlme changes the kinetics of the PL process. The diffusion

Yength of photoexcit rriers is redu nd th re not
donor states are delocalized and therefore they closely fO||OWe gih of pnofoexc ed ca ers 1S educed and they are no

. able to diffuse to a local minimum. Thus more and more
the conduction band edge.

. iy I electrons with energies exceeding the average conduction-
The optical transitions contributing to the PR spectrum g 9 g

. . band edge contribute to the PL signal. This obviously leads
involve both the valence and conduction-band edge statet%0 a broadening and a shift to higher energy of the PL spec-
The contribution from the transitions between the Valencqrum In the limit of very short lifetime the PL linewidth

band and the shallqw o_lonor states is much smaller than .thsenould approach that of the PR spectrum. The results in Fig.
band-to-band contribution and therefore can be safely ig; o . .
: . S 5 show that this is exactly what is observed in our samples.
nored. Assuming a Gaussian distribution for the band edge . . . .
It is now quite easy to understand the differences in the

energies: temperature dependence of the PR and PL energy positions
shown in Fig. 4. The PR energy position is defined by the

D(E):(ZW)_”ZJ D(E—-E') (/o) average energy gap that has a very similar temperature de-

pendence to an energy gap in a homogenous material such as

X exp{ —[(E—Eg)/20]7}dE, (5 GaN. On the other hand, as we have argued above, the PL

the value ofc can be obtained frorVps=2.35s, the line- peak position shifts to higher energy with _incre_asing tem-
width of the PR spectrum. This leads ¢&=43 meV for the perature. At temperatureg below 200 K this shift compen-
results shown in Fig. 5 with the low temperature sates for a qownward shift of the band gap rgsultmg n a
Wipr=102 meV. Using Eq(1) that relates the energy gap to temperature mdependence of the PL' peak position. A small
the alloy composition in InGaN we found that the standarddowm’vard shift of the PL _peak position |s_observedTat
deviation of c=43 meV in the band gap corresponds t0>200 K when the change in the band gap is more strongly
about 2.9% standard deviation in the alloy composition. dependent on temperature.

Within this picture we can also qualitatively understand
the origin of the Ia_rge Stokes shift of the EL Iine. In the PLV. CONCLUSIONS
process, photoexcited electrons relax by diffusing to the low-
est available energy state. Then they recombine with holes in  Pressure and temperature dependencies of the optical
the valence band. As is shown in Fig. 8, we assume that theroperties of InGa, N alloys have been studied using pho-
low energy states are shallow impurity states associated wittoluminescence measurements and photomodulation spec-
local minima in the conduction band. By definition the local troscopy. Highly sensitive photomodulation spectroscopy al-
minima are mostly located below the average conductiontowed us to determine the average band-gap energy as a
band edge that corresponds to the transition energy for thieinction of In content. The pressure-dependent PL measure-
PR spectral feature. Therefore one expects that the PL linanents indicate that the low-energy states contributing to the
width will be approximately equal to half of the PR line- low temperature PL signal follow the band edges and there-
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