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InxGa1−xN/GaN/Al2O3 �0001� heterostructures with x=10.5%, 13.5%, 19.0%, 19.6%, and 26.5% are stud-
ied, by polarized micro-Raman spectroscopy, under plane and side backscattering geometries. The combination
of both scattering geometries, together with variable excitation wavelengths, enabled the possibility to check
independently strain-vs-depth distribution and selective-resonance effects from In-rich regions. Several Raman
modes have been detected and were attributed to either the GaN or the InGaN films. Particular modes, which
are not permitted in the bulk materials, are activated in the InGaN layers. Shifts of the frequencies relative to
the ones expected in the bulk materials are explained as due to the elastic strains present in the hetero-
structures. The results are evaluated in combination with compositional RBS analysis and the strain values
obtained are compared with high resolution x-ray diffraction results including reciprocal space mapping,
leading to very good consistency between Raman and XRD. Consequent relaxation values are obtained and the
underlying mechanisms are discussed.
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INTRODUCTION

InxGa1−xN structures present much interest in optoelec-
tronic devices,1 since by varying the In concentration, the
band gap of the ternary compound is tuned all the way be-
tween the ultraviolet to the infrared spectral region. How-
ever, due to the large difference of the GaN and InN lattice
constants, the InGaN thick layers with In content higher than
�15% suffer by low quality, revealed by high resolution
transmission electron microscopy and cathodoluminescence
measurements as well as by the width of the photolumines-
cence emission peaks. In-concentration inhomogeneities or
formation of InGaN quantum dots, due to spinodal
decomposition2,3 and strain gradients across the epilayer,4

have been proposed as the reason for the poor quality of the
heterostructures in this In range. The range of In between
15–20% attracts the maximum interest for the commercial-
ized light emitting diodes in the blue-green spectral range.
The problem of phase separation in this region is crucial
from both the basic and the applied research point of view, in
order to obtain devices with lifetime and overall perfor-
mance, which will better match the market requirements.

InGaN is predominantly grown on sapphire substrates.
Due to the large difference between the InGaN film and sap-
phire lattice constants, the film is grown almost relaxed by a
misfit dislocation network.5 This effect is detrimental for the
use of the heterostructure in applications and has been found
that it is severely reduced by the film growth upon a GaN
buffer layer. Although the above method improves structur-
ally the heterostructure, it introduces elastic deformations,
which influence the electronic properties of the system.6

Raman spectroscopy can assess both the elastic deforma-
tions of the epilayer as well as the inhomogeneities of the

concentration. A thorough review on the subject can be
found in Ref. 7. Among the advantages of the technique are
the good scattering efficiency due to the covalent character
of the chemical bonds and the tolerance on the intense laser
power. In particular, the micro-Raman technique has the ad-
vantage of probing on the micrometer scale and the possibil-
ity of performing experiments either in plane or side views
of the structure. The use of different excitation lines is also
favorable, since the penetration depth can be varied and, con-
sequently, top surface or deep layers of the sample are char-
acterized and In content inhomogeneity or strain gradients
over depth can be assessed. Moreover, Raman modes where
resonance conditions are fulfilled are shown enhanced in the
spectra, thus selective excitation of regions with different
compositions can be achieved.

GaN and InN present very rich Raman spectra with six
well defined modes characterized in the past by polarized
Raman spectra.8 Strains in the structure will affect all the
modes, thus Raman spectroscopy gives the possibility of
cross-linking the data and verifying the different underlying
strain mechanisms. The mode frequencies of the ternary In-
GaN compound in real bulk form have not been observed
due to the lack of bulk single crystals. All measurements up
to now have been carried out on epilayers and they access
only the E2

H and A1
LO modes.9–14 These two phonons exhibit

a “one-mode” Raman behavior in the sense that, for InGaN,
each one of them is observed with a frequency in between
the corresponding ones of the binaries. To reduce the influ-
ence of residual strain on the observed Raman modes, one
experimental approach that was applied is the growth of
thick epilayers upon thin GaN buffer layers. This approach
was followed by Harima et al.9 for the E2 mode, the fre-
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quency of which presented ���E2
H� /�In�%�=−0.80 cm−1

and Behr et al.10 for the A1
LO where a ���A1

LO� /�In�%�
=−0.79 cm−1 was proposed. These data are limited to the
low In concentration �below 10%�. A different approach has
been followed by Alexson et al.11 They have used ultraviolet
excitation in order to map the surface of the epilayer, where
it is assumed that the strain has been fully relaxed. In general
aspects, their results ����E2

H� /�In�%�=−1.09 cm−1;
���A1

LO� /�In�%�=−1.38 cm−1� have been independently
confirmed in Ref. 12, as well as by recent works of Correia et
al.,4,13 on well characterized samples in terms of composition
and strain. In the first work,4 they have almost an identical
shift to In mole fraction gradient with Alexson,11 by consid-
ering relaxed samples over a broad In content range up to
30%. In the second paper,13 they have thoroughly examined
an InGaN sample with x=0.24. This sample was character-
ized by high resolution x-ray diffraction and has shown two
distinct areas: a deep one grown coherently to the GaN
buffer layer and a relaxed surface one. This area was ac-
cessed by UV laser and gave E2

H and A1
LO peaks with fre-

quencies that nearly match those of Alexson. Upon etching
the surface of the sample, the frequencies of the peaks were
blueshifted since the deep strained area was then standing on
top.

It is generally accepted, in the literature,14,15 that the criti-
cal thickness of InxGa1−xN, grown on GaN, for 0.1�x
�0.4, varies in the range of �150–5 nm. For higher thick-
ness values, the strain is gradually relaxed and, consequently,
all the above argumentation on the true phonon frequencies
for the real bulk InxGa1−xN alloys suffer from the ambiguity
of the possible residual strains. Towards the clarification of
this issue, it would be necessary to study a set of samples
covering, on the one hand, a broad composition range,
which, on the other hand, should be examined by more than
two independent experimental methods, regarding their com-
position and strain states, for an, as extended as possible,
consistency check. In this work, we propose such a study,
based on Rutherford backscattering �RBS�, x-ray diffraction
�XRD�, and micro-Raman scattering �MR� of InxGa1−xN lay-
ers, with x up to 0.27.

In our composite InxGa1−xN/GaN/Al2O3 heterostructure,
a GaN layer �2.5 �m� was grown upon Al2O3 with epitaxial
orientation that exhibits a misfit of 14.8%; thus the misfit
strain of GaN is anticipated to be completely relaxed through
several mechanisms �like, e.g., misfit dislocations5,6�. The

only source of strain in this case is the thermal component.
The thermal strain is formed during the cooling of the struc-
ture from the growth to the room temperature, due to the
different thermal expansion coefficients �parallel to the
growth plane� of GaN and Al2O3, with values ath=5.59
�10−6 K−1 and 7.5�10−6 K−1, respectively. Then,
InxGa1−xN �x=0.10–0.27� epilayers with a typical thickness
of about 700 nm were grown. These films are expected, ac-
cording to Vegard’s law, to have a lattice constant of
3.22–3.28 Å, parallel to the growth plane, which is compa-
rable to the GaN one. Therefore, there is a lattice misfit strain
component present. Consequently, the epilayers have to be
examined for the percentage of strain relaxation due to misfit
dislocations in the interface to the underlying GaN layer.

EXPERIMENT

Five InxGa1−xN/GaN/Al2O3 �0001� heterostructures,
named hereafter as samples 1–5, were prepared with x
=10.5–26.5% �see Table I�. The above compositional analy-
sis, apart from sample 2, was done by Rutherford back-
scattering measurements �error in the In-content determina-
tion is about 0.5%�. The commercial 2500 nm GaN buffer
layer was grown between �800–1000 °C by metallorganic
chemical vapor epitaxy. Then, InGaN epilayers with thick-
ness of 600–700 nm �apart from sample 5 that has a thick-
ness of 350 nm� were grown by molecular beam epitaxy at
640 °C.

Photoluminescence �PL� measurements were carried out
at 20 K. Excitation was done with the fourth harmonic,
266 nm line, of a Nd:YAG laser.

Structural properties of the InGaN layers were studied by
means of high resolution x-ray diffraction measurements
�HRXRD�. The system is equipped with a four bound mono-
chromator and a two bound analyzer in front of the detector.
Measurements were taken using the Cu Ka radiation. Note
that X-ray measurements are averaged over 5�5 mm2.

MR measurements were carried out at room temperature
and in backscattering geometry from the plane and side
views of the heterostructure. The samples were excited by
the 457.9, 488.0, and 514.5 nm lines of an Ar+ laser,
476.2 nm of a Kr+ laser, the 531.2 nm of a frequency-
doubled Nd:YAG laser, and the 632.8 nm line of a He-Ne
laser. The laser spot on the surface of the sample was about
1 �m in diameter and the laser power was approximately

TABLE I. Sample number, In-molar composition, thickness, PL-emission wavelength, and XRD-
measured c-axis values for the various samples. Calculated perpendicular strain, ����, compliance ratios,
in-plane strains ����, and relaxation factors �R� are included. R in parenthesis for sample 5 was deduced from
the reciprocal space map.

Sample
xRBS

�%�
Thickness

�nm�
�PL

�nm�
c

�Å�
��

�%�
2C13/C33

�vs x�
��,XRD

�%�
R

�%�

1 10.5 700 407 5.260 0.40 0.631 −0.63 45

2 13.5 700 452 5.282 0.52 0.640 −0.82 44

3 19.0 640 514 5.307 0.46 0.657 −0.70 66

4 19.6 670 488 5.321 0.66 0.659 −1.01 52

5 26.5 350 498 5.362 0.76 0.679 −1.12 60 �44�
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1 mW. The scattered light was analyzed by a triple Jobin-
Yvon spectrometer in the subtractive mode and the recorded
spectra were fitted with mixed Lorenzian-Gaussian line
shapes. In order to limit the uncertainty in the determination
of the frequency of the observed Raman modes we have
worked in two ways: First, a Si spectrum was recorded be-
fore and after each measurement. In this way, all spectra
were calibrated and the frequency shifts due to instrumental
instability were taken into account. Secondly, each sample
was examined by multiple spectra from different spots and
the errors in the frequency values were estimated by statisti-
cal analysis. However, even with the above precautions, the
uncertainty of the estimated phonon frequencies was occa-
sionally high, depending on the sample, the mode, and the
excitation wavelength.

RESULTS

The PL spectra, at 20 K, of the five
InxGa1−xN/GaN/Al2O3 samples presented peaks at
407–514 nm, which are due to localized excitons near the
band edge. The c-axis values were determined by HRXRD
from the Bragg angle difference of the �0002� reflection be-
tween the epilayer and the GaN layer. These values, together
with the InGaN layer thickness, In molar composition, and
PL emission wavelength, are summarized in Table I. Know-
ing the In molar fraction from RBS, we estimate the perpen-
dicular strain component as ��= �c−crel� /crel from the mea-
sured c-axis values �c� and the expected ones for unstrained
alloys �crel�, according to Vegard’s law. Assuming bisotropic
approximation, the in-plane strain component is then de-
duced from the equation ��=−�2C13/C33���, where Cij are
elastic stiffness coefficients, which were weight-averaged
over the ones of GaN and InN according to the In composi-
tion of the epilayer. Values used for the 2C13/C33 ratio were
0.60 and 0.90 for GaN and InN, correspondingly.16,17 There-
after, the relaxation factor R was obtained as R=1−�� / f ,
where f is the lattice mismatch strain, defined as f = �aGaN

−arel� /arel, where arel is the a value of the relaxed ternary
compound with the corresponding composition and �� = f im-
plies coherent growth.18

For sample 5 we have also directly calculated the relax-
ation factor from the reciprocal space map around the
�−1015� reflection �see Fig. 1�. From the map it is evident
that the InGaN layer is partially relaxed �R=44% � and is
characterized by a single, even broad, spot excluding the
possibility of distinct areas with different strain condition on
the sample.

In the following, we present the Raman spectra of the
different samples taken in backscattering configuration under
parallel or crossed polarizations of the incident and scattered
beams. The spectra were first recorded from the bare hetero-
structure surface with the incident beam directed along the c
axis, and the incident and scattered light polarizations either
parallel (�c�a-a�c̄�, or �c�b-b�c̄�), or crossed �c�a-b�c̄�, in or-
der to check the corresponding selection rules. All samples
were examined under side backscattering, though only re-
sults of samples 2, 3, and 4 are presented, since these are
ideal for on resonance excitation as they present PL emis-

sions that match the main frequencies of the Ar+ laser lines.
Specifically, the laser beam was focused on the cross section
with its center approximately on the middle of the InGaN
epilayer, i.e., about 350 nm far from the front surface of the
structure. In this case, the beam direction was towards the a
axis and the polarizations were either parallel, �a�c-c�ā� and
�a�b-b�ā�, or crossed �a�c-b�ā�. These last configurations are
applied for the first time, to our knowledge, in InGaN epil-
ayers. Figures 2�a�–2�c� present analytically all the spectra
obtained with the three different excitation lines 459, 488,
and 514.5 nm lines for sample 2. Spectra obtained under the
a�b-b�ā configuration are not presented since �i� no supple-
mentary modes were observed, �ii� the spectra are more com-
plicated, and �iii� the peak separation of the expected modes
�A1

TO and E2
H� is of the order of their overall full width at

half maximum. This overlapping makes their use for strain
characterization less reliable than that of A1

LO and E2
H,

which appear simultaneously under c�a-a�c̄, but with a much
higher peak separation. Figure 3 shows characteristic spectra
for samples 3 and 4 recorded at 514.5 nm under the �c�a
-a�c̄� and �a�c-c�ā� polarization configurations. Figure 4 pre-
sents unpolarized spectra from the plane surface of the five
samples excited with the 632.8 nm line. Analogous spectra
were taken from the cross section plane.

The spectra present several modes, which are numerically
resolved by a least squares fitting method. Whenever re-
quired for clarification purposes, the different fitting compo-
nents are presented on the graphs. Some modes are due to
the GaN buffer layer �marked by dotted lines� while others
are attributed to the InGaN epilayer �solid lines�. Among
them, a Raman mode, which is detected under various exci-

FIG. 1. Reciprocal space map around the �−1015� reflection of
sample 5. For clarity, two gray scales are used: one for the low
intensity peak �InGaN and the diffuse background around the GaN�,
and one for the top of the GaN peak. Vertical and oblique dashed
lines correspond to the fully strained and fully relaxed InGaN epil-
ayers, respectively, of different compositions. For In concentration
x=0.265, as determined by RBS, the pseudomorphic �to GaN� �+�
and the fully relaxed �X� points, are also shown. The InGaN dif-
fraction gives a mean relaxation factor R=44%.
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tation lines and scattering geometries, is observed in the re-
gion of 685–705 cm−1. This mode is hereafter defined as the
S mode and has also been observed in the past.4,13,19 All the
observed modes, with the various scattering geometries used
�apart from the a�b-b�ā� have been listed in Tables II–IV.

Allowed scattering geometries and calculated phonon fre-
quencies of bulk InGaN are marked in bold. The E1

LO mode
is not strictly allowed, however, it is observed under the
�a�c-c�ā� configuration7 with a quasicharacter, mixed with
the A1

LO mode.7 The GaN mode intensities follow well the
Raman selection rules, while the frequencies present a small
positive shift relative to the ones expected in bulk GaN. Not
all the InGaN modes, which could be expected by Raman
from the sample side, were resolved clearly in the spectra. In
order to obtain good quality spectra from the side back-
scattering, a clear cut cleaved face, and a careful alignment
of the center of the excitation spot on the epilayer, is neces-
sary. As a result, apart from the quasi-E1

LO, the A1
TO and

E1
TO modes are also clearly resolved in most of the spectra.

The rest of the expected modes, which show up very weakly,
have not been analyzed quantitatively and have not been
included in Tables II–IV. E2

H and A1
LO frequencies of bulk

InGaN are estimated according to Ref. 11; the other modes

FIG. 2. �Color online� Spectra of sample 2 recorded with vari-
ous excitation lines �a� 457.9, �b� 488.0 and �c� 514.5–531.2 nm,
under various Raman scattering geometries �see text�. Spectra are
shifted for clarity and specific fitting components are shown. Cen-
tral frequencies of the GaN modes are marked by vertical dotted
lines while those of InGaN by vertical solid lines.

FIG. 3. �Color online� Characteristic Raman spectra of samples
3 and 4 obtained by excitation with the 514.5 nm laser line. Specific
modes are marked �see Fig. 2 caption�.

FIG. 4. �Color online� Characteristic backscattering Raman
spectra from the plane side of the heterostructures obtained by ex-
citation with the 632.8 nm laser line. Strong plasma laser lines are
observed near to 650 cm−1 and at 742 cm−1. Specific modes are
marked �see Fig. 2 caption�.
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have been calculated assuming a linear dependence between
the respective GaN and InN modes. The origin of the S mode
is discussed in the following section in relation to the B1
silent mode, which is forbidden for both Raman and infrared
spectra. The B1 frequency of InGaN has been calculated as a
linear interpolation between the B1 frequencies of the bulk
InN and GaN binaries, according to Ref. 20. In the spectra
recorded with the 632.8 nm excitation line, an extra broad
feature at mean frequency 636±1 cm−1 was observed, for all
samples. This feature is attributed to defect activated first
order Raman scattering of GaN �E2

H mode� around K and X
critical points of the Brillouin zone; in this region, the pho-
non density of states shows a broad maximum.20

The E2
H mode presents particular interest since it can be

used for strain determination of the epilayer. Although it is
relatively weak it was resolved quite easily in most of the

spectra under plane backscattering. Moreover, this mode is
well separated from the others and its frequency was esti-
mated with the help of statistical and numerical analysis with
an accuracy better than 1.5 cm−1 in all cases presented in
Tables II–IV, which do not have the �w� notation. Specific
modes �e.g., S mode� presented in Tables II–IV were esti-
mated with smaller accuracy.

A difference in the linewidths of the GaN and InGaN
spectral lines was also found. For example, the linewidth of
the A1

LO mode was measured 6–10 cm−1 and 25–35 cm−1

for the GaN and InGaN modes, respectively. It is worth not-
ing that the width of all the InGaN modes was not changed
remarkably for the different samples apart from the E2

H

mode. The linewidth of this mode, for InGaN, is increasing
from 12 to 30 cm−1, for samples 1–5 �results obtained with
the 632.8 nm laser excitation�, while the corresponding

TABLE II. Raman mode frequencies and symmetry selection rules for the bulk GaN and In0.135Ga0.895N layers. Allowed scattering
geometries and calculated phonon frequencies of bulk InGaN are marked in bold. Experimentally obtained frequencies of the Raman modes
for sample 2 as well as mean values of the GaN modes over all samples are shown, too. �F=fixed position; w=weak intensity.� Configuration
a�b-b�a is not presented analytically �see text�.

Frequency modes,
Scatter. geometry

GaN Sample 2: In0.135Ga0.865N

Bulk 457.9 488.0 514.5 632.8 Bulk 457.9 488.0 514.5–531.2 632.8

A1
TO a(c-c)ā 531.8 533.6 533.1 532.5 531.8 520 520.2 520.0 520.0

E1
TO a(c-b)ā 558.8 560.2 559.9 558.1 547 546.7 548.6 547.9

E2
H c(a-a)c̄ 567.6 569.9 570.0 569.8 569.3 552.9 558.6 w 561.8 561.9 559.8

c(a-b)c̄ 569.9 570.0 569.3 569.3 561.0 w 561.2 559.8

A1
LO c(a-a)c̄ 734 734.4 736.2 735.5 735.9 719.7 725.9 723.7 726.7 726.4

c�a-b�c̄ 727.7 726.0

E1
LO a�c-c�ā 741 740.9 742.8 743.4 721 726.0 718.9 725.5

a�c-b�ā 728.0 718.8 723.8

S c�a-a�c̄ 697 695.3 695.2 692.2

c�a-b�c̄ 696.9 696.8

a�c-c�ā 697.1 688.7 690.3

a�c-b�ā 694.0 691.5 687.9

TABLE III. Frequencies of Raman modes in samples 3 and 4. Description as in Table II.

Freq. modes,
Scatter. geom.

Sample 3: In0.19Ga0.81N Sample 4: In0.196Ga0.804N

Bulk 457.9 488.0 514.5 632.8 Bulk 457.9 488.0 514.5 632.8

A1
TO a(c-c)ā 516 511.4 511.5 515 509.5 511.3

E1
TO a(c-b)ā 543 547.5 543

E2
H c(a-a)c̄ 547.0 554.5 w 555.0 w 555.0 546.3 556.6 w 556.8

c(a-b)c̄

A1
LO c(a-a)c̄ 712.1 725.8 723.5 720.4 713.6 711.3 724.1 723.1 719.0 714.3

c�a-b�c̄ 725.6 723.9 719.8 723.7 720.7 718.3

E1
LO a�c-c�ā 713 718.0 717.1 712.0 717.8 712 719.6 717.9 710.3

a�c-b�ā 718.5 716.6 713.5 719.2 720.3 714.2

S c�a-a�c̄ 688 703.7 702.9 697.5 687 697.1 696.2 690.2

c�a-b�c̄ 698.1 704.7 698.8 696.7 692.2 690.7

a�c-c�ā 698.3 698.5 697.7 685.5 697 F 689.1 686.2

a�c-b�ā 704.1 701.2 698.8 697 F 690.7 689.4
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width, for GaN buffer, exhibits a constant width as low as
2.5 cm−1. The increased linewidth can be related to increased
inhomogeneities in the In content and the local elastic defor-
mation.

DISCUSSION

As shown in Figs. 2–5 and Tables II–IV, the InGaN epil-
ayers present all the Raman modes that have also been ob-
served for GaN, as well as the phonon feature �S� in the
range of about 685–705 cm−1. This band has been attributed
in Ref. 4 to a critical point of the phonon density of states of
the ternary alloy, which is defect activated. Alternatively, this
band may be attributed to the silent B1 mode, which lies in
this region of the spectrum.20 According to the latter assign-
ment, its Raman activation is attributed to the stoichiometric
disorder in the microscopic level, in analogy with a similar
behavior observed in AlGaN.21 The stoichiometric disorder
is also responsible for the observation of specific modes
�A1

LO and E1
LO� for various polarization configurations, al-

though they are not always allowed by the Raman selection
rules �see Tables II–IV�.

In the wurtzite GaN structure, whenever the incident and
scattered radiation is not strictly parallel or perpendicular to
the optical axis, the E1 mode presents a mixed character,
appearing at a frequency intermediate between the E1 and the

A1 mode. This so-called leakage effect is attributed to the
large solid angle of the objective lens of the Raman
microscope.7 In our spectra we have suppressed this effect by
using a long focal distance microscopic lens, which collects
a smaller solid angle of scattered light. The experimentally
observed, almost pure E1

LO character of the relevant GaN
mode, independently of the excitation wavelength, verifies
the minimization of the polarization leakage effects.

Regarding the following discussion, on the excitation de-
pendence of the various modes detected, we should take into
account a basic difference between the A1

LO and E1
LO

modes, on the one hand, and the E2
H mode, on the other. The

former, as longitudinal modes are more sensitive to excita-
tion resonance effects by means of the Fröhlich interaction,22

while the latter is insensitive to resonance effects. As a result,
by increasing the excitation wavelength, In-rich regions, with
a lower band-gap energy, are increasingly contributing to the
scattering from the A1

LO and E1
LO modes, while the E2-mode

scattering is more representative of the ternary material, on
average.

As it is obvious from Figs. 2�a�–2�c�, there is a systematic
behavior, common for both the A1

LO and E1
LO modes, which

consists in an increase of their relative intensities, �with re-
spect, e.g., to the GaN peaks, which is far from its reso-
nance�, upon decreasing the excitation wavelength. This
should be correlated with the approach to the band-gap en-
ergy of the ternary compound, and the consequent resonance
effects. In order to study quantitatively this effect we have
measured, by photoreflectance �PR�, the energy gap of
samples 2 and 4. Then we have plotted in Fig. 5 the intensity
ratio of A1

LO/E2
H peaks vs the difference between the band

gap and the excitation energies �Eg-Eexc� for measurements
carried out with below-bandgap excitation. The same has
been done by plotting the E1

LO/A1
TO intensity ratio vs Eg

-Eexc upon the same graph. In both cases the longitudinal
modes A1

LO and E1
LO are resonance sensitive while the oth-

ers are not. Moreover, a redshift tendency of the A1
LO, E1

LO

Raman peaks of InGaN, with increasing excitation wave-
length, is also observed for most of the samples, as it is
shown in Fig. 6. Exceptions, such as for sample 2, are ex-
plained as due to sub-bandgap excitation, and are utilized for
a reliable strain estimation �see discussion below, two para-
graphs after Eq. �1��. The frequency shifts vs excitation
wavelength have been observed by other research groups as
well,22,4 and they are attributed either to selective resonant

TABLE IV. Frequencies of Raman modes for samples 1 and 5. Limited Raman results with side backscattering are not listed. Description
is given in Table II.

Frequency modes,
Scatter. geometry

Sample 1: In0.105Ga0.895N Sample 5: In0.265Ga0.735N

Bulk 457.9 514.5 632.8 Bulk 457.9 514.5 632.8

E2
H c(a-a)c̄ 556.2 560.6 561.9 564.7 538.8 553.22

c(a-b)c̄ 561.1 563.4 564.2 551.96

A1
LO c(a-a)c̄ 723.8 728.8 w 701.7 720.1 721.9

c�a-b�c̄ 720.9 721.1

S c�a-a�c̄ 701 694.1 676 697.7

c�a-b�c̄ 687.9

FIG. 5. Intensity ratio of the E1
LO/E2

H modes �filled squares for
sample 2 and filled circles for sample 4� and E1

LO/A1
TO modes

�open squares for sample 2 and open circles for sample 4� vs dif-
ference between bandgap and excitation energies.
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excitation of regions with higher In content22 or to strain and
In gradients along the depth of the sample.4 The second ex-
planation cannot justify the frequency shift vs excitation
wavelength of E1

LO, which was observed by the cross sec-
tional micro-Raman measurements in our samples �mainly
samples 3 and 4�; in these measurements, the whole thick-
ness of the InGaN epilayer is probed for all excitation wave-
lengths. Therefore, the frequency shift, observed for the A1

LO

and E1
LO modes, is mainly related to the level of In inhomo-

geneity for each sample. Furthermore, the wavelength depen-
dence of the LO modes is also followed by the S mode �see
Fig. 6�. The fact that this mode also shows a resonance be-
havior suggests that it is, most probably, related to
stoichiometric-disorder activated B1 silent mode rather than
to a defect activated critical point of the phonon density of
states.

On the other hand, the E2
H InGaN mode, observed under

backscattering geometry, perpendicular to the growth plane
�i.e., c�a−b�c̄, does not show any systematic shift upon
changing the excitation wavelength. This is in apparent con-
trast to Refs. 4 and 13, where Raman measurements under
UV excitation were carried out, probing a topmost InGaN
thickness of 40 nm or less, and large shifts of the E2

H mode
were observed. Their results were interpreted as due to large
compositional and strain gradients across the epilayers.
However, in Ref. 19, the same authors were not able to de-
tect these effects by laser excitation in the blue-green spec-
tral range, where the entire layer is accessed. In our work, the
E2

H mode was clearly observed only with above band gap
excitation, where the laser beam was not strongly absorbed
from the epilayer. Nevertheless, the absorbance for near and
far resonance changes considerably, hence Raman either
probes the upper part of the sample or the entire thickness.
Because of the transverse character of E2

H, this mode is quite
insensitive to selective-resonance effects, due to possible In-
content inhomogeneities. Therefore, the observed indepen-
dency of the frequency on the probing depth verifies that any
strain and In gradients along the corresponding weighted-

averaged Raman-probed areas is of the order of statistical
deviation. It is possible, however, that the first few surface
layers of our InGaN heterostructures present such gradient
effects, as well as a high relaxation factor, but this range is
not accessible by our techniques and the Raman experimen-
tal conditions.

The shifts �� of the observed Raman modes, relative to
those expected in the bulk materials, are attributed to strain
effects. The strain induced phonon shift of GaN and InGaN
can be calculated23 according to Eq. �1�.

��� = �2a��x� −
2C13�x�
C33�x�

b��x���� = ���x��� , �1�

where a� and b� are phonon deformation potentials. For
GaN, the following values were used:8,24 a��E2

H�=−850,
b��E2

H�=−920, a��A1
LO�=−782, and b��A1

LO�=−1181 in
cm−1. For the E2

H mode of InGaN, the above parameters
were calculated by the composition-weighted average of the
experimentally obtained ones in the binaries. Corresponding
parameters used for InN are25 a��E2

H�=−610 and b��E2
H�=

−857 in cm−1. Because the phonon deformation potentials of
InN for the A1

LO mode are not known in the literature, the
corresponding ones of GaN have been used. Taking into ac-
count the variation of the deformation potential, between the
two binaries, for the E2

H mode, we expect that the last sim-
plification, regarding A1

LO, may induce typical errors, which,
in the worst case �In concentration up to 25%�, are not ex-
pected to be more than 10%.

For GaN, a positive Raman shift of all modes was ob-
served, with respect to the corresponding values of the free
standing ones. Calculating the strain according to Eq. �1� we
find a mean in-plane strain �� equal to −0.15%, which is
justified by the thermal deformation of the layer with esti-
mated value equal to �ath�GaN�−ath�sapphire���Tg-TRT�
	−0.10%, where ath is the corresponding linear thermal ex-
pansion coefficient.

In Table V we present, for the five different InxGa1−xN
samples, Raman shifts of the E2

H mode, relative to the fre-
quencies of the corresponding composition, according to
Ref. 11, which are assumed almost relaxed. Mean values of
shifts, over all spectra recorded with excitation below band
gap, have been used. Corresponding values of the in-plane
strain, calculated according to Eq. �1�, and relaxation factors,
are presented too. Results for the A1

LO mode are only given
for samples 1 and 2, which present relatively small In inho-
mogeneity and are safely excited below band gap. Particu-
larly for sample 2, the frequency of the mode was shown to
be almost independent of the excitation wavelength �Fig. 6�.
The shifts were again calculated relative to the values of Ref.
11. In this way, values of �� are obtained through Eq. �1� and
presented in Table V in parentheses. Uncertainties in the es-
timation of the in-plane strain are 0.05% as measured by
XRD, 0.15% for the values deduced by the E2

H Raman
mode, and 0.25% from the A1

LO mode, by neglecting errors
in the values of Cijs, PDPs, and ��x�.

Strains of the InGaN epilayers, determined by XRD
�Table I� and Raman E2

H and A1
LO modes �Table II�, are in

very good agreement. In this case, the thermal strain compo-

FIG. 6. �Color online� Raman shifts �in cm−1� of several phonon
modes for samples 2 �in triangles�, 3 �in squares�, and 4 �in circles�,
as a function of the excitation wavelength. Shifts of the frequencies
are calculated relative to the frequency values expected for un-
strained films with the same In molar fraction. Errors, shown in-
dicatively upon specific points, apply to all other points of each
subgraph. Lines are to assist the eye.
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nent is expected to be rather low since the thermal expansion
coefficients of InGaN and the underlying GaN are not very
different and the MBE growth temperature is low. For the In
composition presented in this work the in-plane lattice mis-
match, with respect to the GaN substrate, goes from −1.14%
�for 10.5% In� to −2.83% �for 26.5% In�. In the case of
nitrides, these values are generally high compared to other
materials, but due to the lack of gliding planes only part of
this strain is relaxed through a mechanism of progressive
introduction of misfit dislocations.26 In the case of AlN on
Al2O3 or InN on GaN, the lattice mismatch is over 10%. In
such a case, most of the strain is relaxed by a network of
misfit dislocation at the interface.5,6,26

The above quite strong strain relaxation is anticipated
since the thickness of our layers is well above the critical one
for coherent growth.5,14,15 However, the strain is not com-
pletely relieved even for the epilayer with In content up to
26.5%, in accordance with Ref. 3, where a sample with com-
parable thickness and composition to ours was examined.
These results show that samples 1, 2, and 4 have similar
relaxation factors, while sample 3 is more relaxed. This is
related to the significant redshift of the PL emission for this
sample compared to sample 4 of similar composition �see
Table I� in accordance with Ref. 14. The quite small relax-
ation of sample 5, even though it has the higher In content, is
combined with a PL emission peak at a shorter wavelength
than sample 3 and it is explained by its smaller relative thick-
ness.

The above strain analysis, which relies on the frequency
shifts of the Raman modes, shows self-consistency and very
good agreement with the RBS composition and the XRD
strain analysis. It explains, moreover, the characteristics of
the PL emission of the samples. Furthermore, preliminary PR
data of samples 2 and 4, interpreted in terms of strain-
induced splitting of valence sub-bands, confirm with less
than 20% error the strain values obtained through our analy-
sis. Nevertheless, the results need further confirmation since
generally accepted values, for the mode frequencies of the
relaxed InGaN alloy, do not exist in the literature.

The relaxation factor of the investigated InGaN samples is
lower than what could be expected according to results
reported27,28 for samples used in Refs. 4 and 13. Provided
that RBS measurements have accurately determined the In-
GaN composition in these references, we may anticipate few
reasons for the observed discrepancy. Basically, the different

amount of strain relaxation may be related to the growth
technique used; MOVPE in the case of Refs. 4 and 13 and
radiofrequency plasma source MBE �RF-MBE�29 in this
work. Typical InGaN growth temperatures in RF-MBE29 are
about 100–200 °C lower compared to MOVPE. This will
affect the kinetics of the thermally activated strain relaxation
processes and a smaller relaxation factor is expected for RF-
MBE. It must also be taken into account that strain relaxation
in the �0001� wurtzite layers is particularly limited by the
lack of proper gliding planes.26 Alloy clustering in the ter-
nary InGaN alloys may also have an additional crystal-
“hardening” effect compared to binary III nitrides, reducing
the mobility and multiplication of nucleated dislocations. In
RF-MBE growth of III nitrides, it is possible to preserve a
two-dimensional �2D� growth mode even during highly
lattice-mismatched heteroepitaxial growth,26,29–31 using a
III/V flux ratio resulting in metal-stabilized surface condi-
tions during growth. Under 2D growth conditions, strain re-
laxation can be further delayed.26,30,32 It is expected that a
3D-growth mode would facilitate InGaN strain relaxation by
allowing the nucleation of misfit dislocations at the island
edges33 and a 3D-growth mode has been reported for the
relaxed InGaN layers in Ref. 4

The similarity of the strain relaxation factors in most of
the investigated InGaN samples is considered as a good in-
dication for reproducible control of the RF-MBE growth
conditions and substrate preparation. However, experimental
process variations cannot be excluded and these should be
correlated with the noticed deviation of the relaxation factor
of sample 3 �Table I�. The increased relaxation factor may be
related to a higher dislocation density and/or surface rough-
ness in the underlying GaN/Al2O3 substrate, the presence of
unintentional contamination impurities on the substrate sur-
face, and unintentional variations of the RF-MBE growth
conditions at critical stages of the InGaN/GaN heteroepit-
axy. All these may have favored the nucleation of misfit dis-
locations.

Next we discuss the apparent anomaly of the E1
LO phonon

of the ternary compound, which is observed in a frequency
lower than that of below the A1

LO one, even though the op-
posite is observed in the bulk GaN. This is justified by con-
sidering that �i� the predicted frequencies of the two modes
for the unstrained epilayers come close together �see values
in bold in Tables II–IV�, �ii� the PDPs of the E1

LO mode have
not been measured, thus the shift vs strain may be smaller

TABLE V. Sample number, In-molar composition, �� factors vs x, and mean phonon shifts �exp of the
E2

H mode, for below-band-gap excitation, as obtained in this work for five different samples. Calculated
phonon shifts ��, in-plane elastic strains ��, and relaxation factors R are also given. Results in parentheses
refer to the A1

LO mode.

Sample
xRBS

�%�
��

�cm−1�
�exp

�cm−1�
��

�cm−1�
��,Raman

�%�
Rmean

�%�

1 10.5 −1074 �−857� 562.7 �728.8� 6.5 �5.0� −0.61 �−0.58� 47

2 13.5 −1053 �−857� 560.6 �726.9� 7.7 �7.2� −0.73 �−0.84� 46

3 19.0 −1014 555 8.0 −0.79 61

4 19.6 −1009 557.7 11.4 −1.13 47

5 26.5 −960 552.6 13.8 −1.43 49
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than that of the A1
LO mode, and �iii� cutting of the samples

for performing the side backscattering experiments may in-
fluence the strain condition of the Raman probed epilayer
area.

Finally, we would like to point out that the MR experi-
ments, under side backscattering, permitted the observation
of the A1

TO and E1
TO non-resonance-sensitive modes, in sev-

eral cases �some results are given in Tables II–IV and in
Figs. 2 and 3�. These frequency data are useful as a refer-
ence, and their dependence on the In concentration of the
various samples �experimental slope� can be compared with
those expected for the bulk material assuming a linear inter-
polation in between the GaN and InN corresponding modes
�theoretical slope�. The deduced experimental slope of
���E1

TO� /�In�%�=−0.76 cm−1 almost coincides with the
theoretically predicted 0.80 cm−1 one, while the experimen-
tal ���A1

TO� /�In�%�=−0.99 cm−1 is considerably higher
than the theoretical −0.84 cm−1. This behavior is in contrast
to that observed for the E2

H and the A1
LO modes, where the

observed frequency is over that given in the literature for
relaxed layers with the same In content; the frequency shift is
attributed to the compressive strain of the epilayer. This ap-
parent discrepancy may be justified by considering that �i�
the ��x� dependence of this mode for fully relaxed layers is
not known and possibly deviates significantly from the linear
extrapolation of the corresponding modes in the binaries and
�ii� side edges of the samples may be relaxed influencing the
frequency of this mode.

CONCLUSIONS

InxGa1−xN/GaN/Al2O3�0001� heterostructures, with x
=10–27%, were studied by room temperature micro-Raman
spectroscopy, at different scattering geometries and various
excitation lines, while their composition �x� and the normal-
to-the-plane lattice constant �c� are measured by Rutherford
backscattering and HRXRD, respectively. Applying, on In-
GaN layers, plane and side backscattering micro-Raman
spectroscopy, in combination with variable excitation wave-
lengths, it was possible to check selective-resonance effects,
from In-rich regions, independently of potential depth distri-
bution of strains.

Several GaN and InGaN Raman modes were detected,
including a band assigned to the B1 silent mode of InGaN,
which is proposed, on the basis of selective resonance indi-
cations, to be interpreted as activated by stoichiometric dis-
order. The Raman shifts of the GaN modes from the buffer
layer are attributed to small compressive thermal strain, due
to the difference of the thermal expansion coefficients, with
the substrate. The InGaN epilayer presents much stronger
compressive strains than the ones in GaN. These strains are
explained as due to the lattice mismatch of InGaN relative to
the underlying GaN buffer layer, partially relaxed by dislo-
cations. Accordingly, the photoluminescence emission of the
strained structures is shifted to shorter wavelengths relative
to that of relaxed ones with comparable composition.

The A1
LO and E1

LO modes presented a blueshifting upon
decreasing the excitation wavelength. This effect is attributed
to resonance with selective excitation of regions with differ-
ent In content. The shifts of the E1

LO mode were observed by
cross sectional micro-Raman measurements in InGaN epil-
ayers, and their interpretation excludes the possibility of
strong in-depth strain-field gradients across our epilayers.
Measured Raman shifts of the E2

H and A1
LO modes, in com-

bination with published data, permitted the characterization
of the elastic deformation of the heterostructure, resulting in
strain values, which are in very good agreement with those
determined by HRXRD �0002� reflections and reciprocal
space mapping. It is worth noting that the consequent relax-
ation factors, of the order of �50% ±10%, are expected due
to the overcritical layer thickness, and they are varying con-
sistently with the composition, the thickness, and the PL ex-
citation of the various samples.
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