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Abstract—Highresolution Xray diffraction analysis and scanning confocal Raman spectroscopy are used
to study the spatial distribution of strains in the InxGa1 – xN/GaN layers and structural quality of these layers
in a multilayered lightemitting diode structure produced by metal–organic chemical vapor deposition onto
(0001)oriented sapphire substrates. It is shown that elastic strains almost completely relax at the heteroint
erface between the thick GaN buffer layer and InxGa1 – xN/GaN buffer superlattice. It is established that the
GaN layers in the superlattice are in a stretched state, whereas the alloy layers are in a compressed state. In
magnitude, the stretching strains in the GaN layers are lower than the compressive strains in the InGaN lay
ers. It is shown that, as compared to the buffer layers, the layers of the superlattice contain a smaller number
of dislocations and the distribution of dislocations is more randomly disordered. In microRaman studies on
scanning through the thickness of the multilayered structure, direct evidence is obtained for the asymmetric
gradient distributions of strains and crystal imperfections of the epitaxial nitride layers along the direction of
growth. It is shown that the emission intensity of the InxGa1 – xN quantum well is considerably (more than
30 times) higher than the emission intensity of the GaN barrier layers, suggesting the high efficiency of trap
ping of charge carriers by the quantum well.
DOI: 10.1134/S1063782610090174

1. INTRODUCTION
In recent years, the amount of new data on the
III⎯N nanostructures have increased. This is pro
moted by the improvement of the methods of growth
of nitrides and by the development of new nitride
based device structures. The quantumconfined
InGaN/GaN heterostructures are widely used for
production of visible and ultraviolet light sources [1,
2]. One of the serious problems in production of high
quality III–N heterostructures is that no sufficiently
inexpensive GaN substrates needed for the homoepi
taxial growth are available. Therefore, as a rule, the
III–N compounds are epitaxially deposited onto sub
strates (Al2O3 [3], 6HSiC [4], Si [5]) such that the
resulting layer–substrate system exhibits a large lattice
mismatch between the components and a noticeable
difference between their coefficients of thermal
expansion. As a consequence, considerable elastic
strains are produced in the nitride layers. The epitaxial
growth under high strains is accompanied by the for
mation of a spontaneous piezoelectric field, a column
like layer structure [6, 7], and structural defects (dislo
cations, domain boundaries, etc.) with a high concen
tration [8, 9]. In addition, possible fluctuations of the

process parameters (the temperature and rate of depo
sition, the ratio between the fluxes of elements) during
the growth of the structure, surface segregation of
indium [8], and mixing of the components at the
quantum well–barrier heterointerface [9] have a pro
found effect on the degree of crystalline homogeneity
of the epitaxial film. The abovementioned factors
impede reproducible fabrication of perfect epitaxial
III–N heterostructures with specified physical prop
erties. For this reason, the studies of the effect of irreg
ularities of the crystal structure in the lateral plane and
through the thickness of the nitride layers on their
phonon spectra and emission properties present a top
ical problem. In the case of strained (In, Ga)N struc
tures, only a limited number of attempts were made to
correlate the optical properties of the structures with
their nanoscaled local structural and morphological
features [10]. Specifically, it was shown that the local
ization of excitons and/or charge carriers, when
trapped at deep energy states induced by composi
tional fluctuations in the InxGa1 – xN alloy, resulted in
the efficient suppression of nonradiative recombina
tion centers [11]. Transmission electron microscopy
(TEM) was used for the study of structural defects and

1199

1200

STRELCHUK et al.

the distribution of strains in depth in the epitaxial lay
ers of the multilayered (InGa)N/GaN structure [12].
It was shown [13] that, during the growth of the short
period InGaN/GaN superlattice, nanodomains 3–15
nm in dimension can be formed, with the density ≥1011
cm–2 and the periodically modulated ratio between the
components.
Only a few data have been reported on the studies
of the InxGa1 – xN crystals and epitaxial layers by
Raman spectroscopy. Raman studies of the
InGaN/GaN structures excited by ultraviolet radia
tion allowed the observation of irregularities in com
position and strains in the epitaxial InxGa1 – xN layers
[10, 14].
Confocal microRaman spectroscopy has not been
practically used for the studies of structural irregulari
ties in nitride layers. This nondestructive optical
method does not call for special preparation of sam
ples and provides a means for directly analyzing elastic
strains, structural imperfections, and components in
quantumconfined nanoheterostructures at a quanti
tative level with a submicrometer spatial resolution.
Recently, confocal microRaman spectroscopy was
applied to studies of the distribution of strains in depth
for the GaN layer in an AlGaN/GaN/Al2O3 nano
structure by stepbystep scanning from the surface of
the heterostructure to the interface between the epi
taxial layer and the substrate [15].
Xray diffraction (XRD) analysis of multilayered
systems is used to determine their structural parame
ters, such as the composition and thickness of individ
ual layers and the order of their arrangement [7, 16–
20]. Analysis of XRD curves makes it possible to
describe the degree of abruptness of heterointerfaces,
the strains and structural quality of epitaxial layers, the
content of components, the types of defects, etc.
In this paper, we report the results of studies of the
emission properties and the distributions of elastic
strains and structural imperfections in depth in the
heteroepitaxial nitride layers of the InGaN/GaN mul
tilayered structure with the InxGa1 – xN quantum wells
(QWs) by the XRD analysis, confocal microRaman
spectroscopy, and photoluminescence (PL) measure
ments. The structure was grown on a singlecrystal
sapphire substrate. When scanning through the thick
ness of the InGaN/GaN structure, we observe a pro
LO
found enhancement of inelastic scattering at the A 1
LO

phonons of the InxGa1 – xN QWs, a shift of the A 1
mode to lower frequencies, and an asymmetric broad
ening of the phonon line as compared to the highfre
high
quency mode of symmetry E2 (E 2 ). The experimen
tally observed changes in the microRaman spectra
are attributed to the selective resonance excitation of
different local regions of the structure with different In
content in (InGa)N QWs [17]. The gradient distribu
tion of elastic strains and structural imperfections in
depth in the epitaxial nitride layers is established. The

results are of importance for the technology of growth
of epitaxial nitride layers and for prediction of the
physical properties of optoelectronic devices based on
such materials.
2. EXPERIMENTAL
The lightemitting AlGaInN diode structures stud
ied here were fabricated by metal–organic chemical
vapor deposition (MOCVD) onto (0001)oriented sap
phire substrates. On the sapphire surface, we succes
sively formed a lowtemperature GaN nucleation layer,
on which we grew a thick nGaN buffer layer (with the
thickness d ~ 3.5 μm). To reduce the mismatch strains
and the density of misfit dislocations in the layers of the
active region of the InxGa1 – xN/GaN structure, we
grew a fiveperiod InxGa1 – xN(2.5 nm)/GaN(4 nm)
buffer superlattice (SL) with a low In content in the
InxGa1 – xN QWs on the GaN buffer layer. The SL of
the active region consisted also of five InxGa1 – xN lay
ers (with the thickness dInGaN = 2.5 nm) separated by
GaN barriers (with the thickness dGaN = 9 nm). Over
the active region, we grew a thin currentlimiting
pAl0.15Ga0.85N layer with the thickness 15–20 nm. On
this layer, we deposited a pGaN contact layer with the
thickness 0.1 μm and with the concentration of holes
Np > 2 × 1017 cm–3.
The XRD studies of the samples were conducted
with the use of a PANalytical X’Pert PRO MRD high
resolution diffractometer. We studied (000l) symmet
ric and ( 1 1 24) asymmetric reflections. The experi
mental layouts allowed us to study two sections of
reciprocal lattice sites, specifically, the section orthog
onal to the diffraction vector (ω scanning) and the sec
tion parallel to the diffraction vector (ω/2θ scanning).
The threeaxis XRD study makes it possible to sepa
rate the effects associated with changes in the interpla
nar spacing and the effects associated with rotation of
atomic planes; therefore, from analysis of the distribu
tion of the intensity in the system of coordinate axes
(qz, qx) directed, correspondingly, along and perpen
dicularly to the diffraction vector H, it is possible to
determine the contribution of each of the abovemen
tioned effects to the structural changes separately [20,
21]. Macroscopic strains responsible for bending of
the samples were estimated from the radius of curva
ture of the system. The radius of curvature was deter
mined from the changes in the angle of reflection from
sapphire on linear scanning of the sample along the
Xray beam. In the study, we used the following
parameters of the layers: a = (3.1896 ± 0.0003) Å, c =
(5.1855 ± 0.0002) Å, c/a = (1.6258 ± 0.0002), and p =
2c13/c33 = 0.53 for GaN [18] and a = (3.5378 ±
0.0001) Å, c = (5.7033 ± 0.0001) Å, c/a = (1.6121 ±
0.0001), and p = 2c13/c33 = 0.49 for InN [19]. The the
oretical analysis of the diffraction reflectivity spectra
was accomplished in the context of the semicinematic
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Parameters of the layers of SLs

SL1
SL2

εzz

t, nm

c, nm

a, nm

InxGa1 – xN

3.6

0.52987

0.32309

0.01410

GaN

8.9

0.51744

0.31871

–0.00561

InxGa1 – xN

3.5

0.53007

0.32313

0.01560

GaN

3.8

0.51713

0.31887

–0.00645

Layers of structures

x

c/a

0.18

1.6400

–

1.6235

0.07

1.6404

–

1.6217

Note: SL1 is the SL of the active region, and SL2 is the buffer SL.

3. RESULTS AND DISCUSSION
3.1 XRD Data for Multilayered Structures
Figure 1 shows the experimental diffraction reflec
tivity curves (DRCs) for the 0002 symmetric reflection
in the InGaN/GaN multilayered structure as obtained
in the two (curve 1) and threecrystal (curve 2)
schemes of measurements and the theoretically calcu
lated DRC (curve 3). The DRCs present two sets of
satellites, of which the morepronounced set (Sn) cor
responds to the basic SL and the set of a smaller num
ber of satellites with a lower intensity ( S 'n ) to the buffer
SL. In Fig. 1, the position of the zero satellite is
masked by the peak of the GaN buffer layer with a
highintensity diffuse component.
In the DRCs of the SLs, we can see two systems of
oscillations, i.e., two periodical distributions of the
intensity as a function of the angle of incidence; spe
cifically, we can see “fast” oscillations typical of reflec
tion from a thin layer or from the entire structure and
periodically arranged satellites (Sn) of up to the second
order, which are indicative of the good periodicity of
the structures. In the experimental DRC, we can see
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the splitting of the zero satellite, which is impossible to
attribute to oscillations of the thickness. As shown by
the results of simulation, the splitting is the effect of
the coating layer responsible for reflection in the
region of the zero satellite of the basic SL. It is impos
sible to determine the In content in the QWs of the
buffer SL from the experimental spectra, since this
spectrum falls within the region of the effect of both
the zero satellite of the basic SL and the reflection
peaks of the coating layer and GaN buffer layer. The
issue concerning the In content in the QW of the buffer
SL can be clarified only by simulating the spectra of
the structure. The simulation yields the In content at a
level of ~(8–10)%.
Using the DRC curves for the SLs, we can directly
determine the SL period T from the angular separation
between satellites δθ:
γh λ
T = 
.
sin ( 2θ B )δθ

(1)

Here, λ = 1.54056 Å is the Xray wavelength. We can
also directly determine the average interplanar spacing

1
2
3

S0
Reflectivity, arb. units

approximation [20] and the procedure described else
where [21].
The microRaman spectra were obtained at room
temperature in the backscattering layout of measure
ments with the use of a Horiba Jobin Yvon T64000
spectrometer with a confocal microscope (the 100×
lens, the 0.90 aperture). The spectra were recorded
with a cooled CCD detector. The Raman and PL
spectra were excited with Ar–Kr laser radiation (at the
excitation wavelength λexc = 488.0 nm) and He–Cd
laser radiation (at λexc = 325.0 nm), respectively. In the
Raman measurements, the laser beam was focused
into a spot of diameter <1 μm at the sample. The spa
tial (lateral and indepth) mapping of phonon spectra
of the epitaxial layers of the structure was accom
plished by moving the piezoelectrically controlled
objective table with a step of ~0.1 μm. The accuracy of
determining the phonon line frequency was 0.15 cm–1.
To avoid heating or degradation of the sample, we var
ied the laser radiation power from 0.5 to 2 mW corre
sponding to the power density 50–200 kW cm–2 at the
sample surface.

S'−2
S−4

S'−1
S−1

S1

S−2

S2

S−3

−6000 −4000

−2000
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0

S'2
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4000
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Fig. 1. Experimental ω–2θ scans obtained in (1) the two
and (2) threecrystal schemes for the symmetric 0002
reflection of the InxGa1 – xN/GaN SL grown on the GaN
buffer layer and (3) the calculated spectrum. Sn are the sat
ellites of the active SL, and S 'n are the satellites of the
buffer SL.
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Tensile

InGaN

Layers

Compressed GaN
Tensile
Buffer

InGaN
GaN

0.516 0.518 0.520 0.522 0.524 0.526 0.528 0.530
c, nm
Fig. 2. Schematic diagram of the distribution of the lattice
parameter c in depth for the strained InxGa1 – xN/GaN SL
on the GaN buffer layer. Dashed lines mark the parameter
c for unstrained layers, and the solid line marks the param
eter c averaged over the SL period.

〈d〉 from the angular separation between the peak
related to the substrate and the central peak (zero sat
ellite) related to the SL:
2 γh
〈 d〉 – d
( Δd/d ) zz = 0 = – Δθ/ ( tan θ B ) 
 . (2)
γ0 + γh
d0
In relations (1) and (2), γ0 and γh are the directional
cosines for the incident and diffracted beams, (Δd/d)zz
is the lattice mismatch between the SL and the sub
strate in the plane orthogonal to the direction of
growth of the structure, and d0 is the spacing between
the crystallographic planes of the substrate.
For epitaxial structures belonging to the hexagonal
system and grown on the (0001) surface, we have
( Δd/d ) zz = Δc/c + p ( Δa/a ),

(3)

where p = 2c13/c33 (c and a are the parameters of the
hexagonal unit cell). The above parameters suffice to
determine the parameters of SLs consisting of pure
materials.
It should be noted that, in the DRCs for nitride
films grown on sapphire, there is no peak of the sub
strate to serve as a reference peak in the determination
of strains in the epitaxial buffer layers (the nearest
reflection peak of sapphire is several degrees from the
region of angles studied here). For this reason, deter
mining the parameters a and c requires referencing to
the absolute scale of angles of reflection. The referenc
ing was accomplished by measuring the scattering
angle 2θ for the GaN layer and for the central peak of
the SL with the use of an analyzer.
For defect structures, to which the system studied
here belongs, the satellites are broadened because of
the influence of defects [22]. However, experience
shows that all satellites of the SL are distorted in a sim
ilar manner (if only defects rather than deviations
from the periodicity are taken into account). This

allows one to correlate the calculated curves (for an
ideal SL) with the experimental (distorted) reflection
curves by comparing the relative heights of the satel
lites or their integrated intensities.
The parameters of the multilayered structure are
obtained from the simulation of the reflectivity spectra
by the method described in [21] and refined by fitting
the calculated curves to the experimental ones (see
table).
When expression (2) is used, it is important to be
sure that the epitaxial layers have coherent boundaries
and that the system is not relaxed. Elastic strains
(mainly mismatchrelated and thermal strains) can
relax via various mechanisms [23], of which the basic
mechanism is the generation of misfit dislocations. In
this case, along with the normal mismatch (Δd/d)zz,
there is the tangential mismatch (Δd/d)xx (for nonre
laxed systems, the spacing between the planes orthog
onal to the heterointerface is the same for all of the lay
ers and the substrate). In the rocking curves, the relax
ation is evident as an angular shift of diffraction peaks
and their broadening in comparison to peaks for the
elastically strained system. However, from the angular
position of the symmetric Bragg reflection peaks, it is
impossible to infer whether a particular layer is in the
elastically strained state or in the relaxed state if the
composition of the layer is not known in advance. By
recording the asymmetric reflections, we obtained the
average value 〈a〉 of the SL parameter a: 〈a〉 =
( a 1 t 1 + a 2 t 2 )/T . Here, a1 and a2 are the parameters of
the unit cell and t1 and t2 are the thicknesses of the
individual layers of the SL. Using a similar formula, we
determined the average value 〈c〉 of the SL parameter c
from the symmetric reflections.
Then, with the quantities B (B is the parameter
proportional to the ratio between the thicknesses of
the individual layers of the SL), 〈c〉, and 〈a〉, we deter
mined the real parameters ci and ai for both layers of
the SL, after which we determined the In content in
the InGaN layer and the distribution of the parameter
c through the thickness of the SL. All of the results are
given in the table and Fig. 2.
The threecrystal geometric layout of diffraction
makes it possible to gain an insight into the relaxation
of epitaxial structures from analysis of the socalled
reciprocal space maps (RSMs), i.e., the maps of distri
butions of the intensity around the sites of the recipro
cal space [17]. The approach is based on the fact that,
in the plane of scattering, the intensity of coherent
scattering from totally strained epitaxial heterostruc
tures is distributed in the direction normal to the sur
face.
In this direction, there are the supplementary sites,
i.e., the centers of reflection from individual layers,
oscillations of the thickness, and the SLrelated satel
lites. Relaxation is recorded in the maps of distribu
tions of the intensity around the reciprocal lattice sites
corresponding to the asymmetric Bragg reflections,
SEMICONDUCTORS
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for which the diffraction vector makes an angle ϕ with
the normal n. For the totally relaxed structure, the
sites, the centers of reflection from individual layers,
are bound to lie along the diffraction vector. If relax
ation is partial, the sites are in some intermediate posi
tions. Thus, if centers corresponding to two neighbor
ing layers or to one layer and the substrate lie along the
normal n on the maps of distributions of the intensity,
there has been no relaxation between these layers, and
the heterointerface is coherent. Otherwise, the map is
indicative of relaxation. Recording of the distribution
of the intensity around the 0002 reciprocal lattice site
by means of threecrystal diffractometry shows the
periodic character of the distribution in the direction
normal to the sample surface (Fig. 3a). However, the
preceding is inadequate to analyze the degree of relax
ation for the symmetric RSMs. Figure 3b shows the
RSM for the 11 2 4 site. In Fig. 3b, qx and qy are coor
dinates in the reciprocal space.
Relaxation is complete if the sites lie along the
direction of the reciprocal lattice vector H. In the case
under study, the SLrelated sites (satellites) lie along
the normal to the surface, although the entire set of
satellites is shifted by some distance with respect to
those of the GaN buffer layer. The active SL was grown
on the buffer SL with a lower In content. This means
that the SR structure was grown on the buffer layer
relaxed to some extent. Since the III–N films grown
on sapphire relax practically completely at the tem
perature of growth and, hence, the strains observed in
the films at room temperature are basically thermal in
nature, we can infer that this is true also for the buffer
layer. In this case, we can describe the relaxation of the
SL using two relaxation parameters that correspond to
relaxation of the SL as a whole with respect to the
buffer layer and to relaxation of individual layers with
respect to each other.
As for the complete relaxation of the buffer layer, it
is related to the lattice parameters of this layer in the
free state and is defined with respect to the substrate
(the centers of reflection from the layer and the sub
strate lie along the direction of H). It is worth noting
that these considerations refer to structures belonging
to the hexagonal system for which the ratio c/a =
1.633 typical of the closepacked arrangement is
retained in all layers.
The InxGa1 – xN/GaN SLs studied here feature a
rather large (>1%) lattice mismatch between the
neighboring layers, the relatively small layer thick
nesses, and the small total SL thickness.
For wurtzite structures (among which are the
InGaN and GaN crystal structures) that grow along
the 〈0001〉 hexagonal axis, the lattice parameter a
defines the interplanar spacing in the plane of the het
erointerface and the parameter c defined the spacing
in the direction orthogonal to the interface. Let ai and
ci denote the experimentally determined lattice
SEMICONDUCTORS
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Fig. 3. Distributions of the intensity around the recipro
cal lattice sites (a) 0002 and (b) 11 2 4 in the strained
InxGa1 – xN/GaN SL.

b

parameters of the ith layer in the system and let a i and
b

c i denote the corresponding parameters of the layer of
the same composition in the free (unstrained) state.
Here, the subscript i = 0 corresponds to the buffer
layer and i = 1 and 2 to the first and second layers of the
SL. The elastic strain of the layers of the SL is
b

ai – ai
ε i = 
,
b
ai

(4)

and the real parameter ci is ci = c ib ( 1 – pε i ) , where p =
2c13/c33 is the Poisson ratio. Relaxation of elastic
strains in the SL can be described by the step Δai =
ai ⎯ ai – 1 of the lattice parameter a at the heterointer
face or by the relative relaxation level,
Δa i
ai – ai – 1
 = 
.
r i = 
b
b
ai – ai – 1
ai – ai – 1

(5)

The quantities Δa1 and r1 correspond to relaxation
at the lower heterointerface (between the buffer layer
and the first layer of the SL), and the quantities Δa2
and r2 correspond to relaxation at the interfaces
between individual layers (Fig. 4). For the strained
coherent structure, we have Δa1 = Δa2 = 0 and, conse
quently, ri = 0; for the relaxed layers, we have ri = 1.
If the coherence of the individual layers of the SL is
retained and the SL relaxes as a whole with respect to
the buffer layer, we have Δa2 = 0, whereas Δa1 can be
below zero as well as above zero, depending on the
composition of the buffer layer. In the general case of
a relaxed incoherent SL, both steps of the lattice
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0.525
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×25
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0.3190

0.3195

GaN
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2.6

2.8

3.0

3.2
3.4
Energy, eV

0.3200
a, nm

Fig. 4. Lattice parameters a and c for the layers of the
strained InxGa1 – xN/GaN SL. The sold line corresponds
to the relaxed parameters calculated by Vegard’s law.

Fig. 5. PL spectra of the multilayered InGaN/GaN struc
ture. λexc = 325 nm. The measurement temperature is
300 K.

parameters differ from zero; in this case, the periodic
ity of the structure is retained, if the magnitudes of Δa0
are identical at all interfaces between the layers of
the SL.
From the table and Fig. 2, it is evident that, in the
SLs of the multilayered structure studied here, the
GaN layers are stretched in the plane orthogonal to
the direction of growth (εxx > 0), whereas the InGaN
alloy layers are compressed (εxx < 0). The fact that the
stretching strains in the GaN layers are smaller than
the compressive strains in the InGaN alloy layers is
caused mainly by the thickness of the layers of the SLs.
In addition, for all of the multilayered InGaN/GaN
structures, we observe almost complete relaxation of
elastic strains at the lower heterointerface between the
thick GaN buffer layer (dGaN = 3 μm) and the
InxGa1 ⎯ xN layers of the buffer SL (〈x〉 = 0.08), since
their lattice mismatch is larger than the critical mis
match (Δa/a ≈ 0.476%).
The epitaxial layers differ from single crystals in
their defect structure, since the main source of gener
ation of defects in the layers is presented by the relax
ation of elastic misfit strains arising from the lattice
mismatch between the film and the substrates or
between individual layers [15]. The structure of layers
exhibits a more ordered arrangement of defects, highly
anisotropic fields of shear strains, and clearly pro
nounced directions parallel to the surface of the crystal
wafer (heterointerfaces) and normal to the surface.
It is known that the epitaxial nitride layers grown
on sapphire substrates exhibit a high density of thread
ing dislocations (~1010 cm–2) responsible for substan
tial broadening of diffraction reflection peaks (Fig. 3).
Broadening of the intensity distribution on the RSMs
in the direction orthogonal to the diffraction vector H
is also due to average rotations of domains and their
finite effective lateral dimension, and broadening
along the vector H is due to strains inside the domains

and their finite dimensions along the normal n. As fol
lows from Fig. 3, the diffraction pattern is broadened
mainly in the direction parallel to the surface, whereas
the broadening in the normal direction is much less
pronounced [17]. Dislocation networks localized at
the heterointerface also induce some broadening of
the diffraction pattern in the direction orthogonal to
the reciprocal lattice vector, irrespective of the direc
tion of this vector (Fig. 3b). The dislocation structure
of the SLs composed of nitride layers is in many
respects identical to the dislocation structure of single
layered nitride films [24].
As to the dislocation structure of the layers of the
SL, the analysis shows that the layers exhibit a lower
density of dislocations and a more random distribution
of dislocations. The minor role of dislocation in the
layers of the SL is supported also by the unstrained
state of the SL with respect to the buffer layer.
Thus, as follows from the Xray data, the epitaxial
layers constituting the SLs exhibit a lower density of
dislocations than the buffer layers do. In all of the SLs,
we observe relaxation at the lower heterointerface; i.e.,
the strains produced between the buffer SL as a whole
and the GaN buffer layer are removed. The main SL is
strained with respect to the buffer SL.
3.2 Results of Optical Studies
Figure 5 shows the PL spectra of the multilayered
InGaN/GaN structure at room temperature. In the
spectra, we observe a lowintensity emission band at
the photon energy hν ≈ 3.4 eV, with the full width at
halfmaximum (FWHM) Γ ≈ 0.08 eV. The band cor
responds to the region of fundamental absorption of
the GaN buffer and barrier layers. In addition, in the
PL spectrum, we observe intense and, at the same
time, rather broad emission bands corresponding to
recombination of electron–hole pairs in the QWs of
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the SL active region of the InxGa1 – xN/GaN structure
(hν ≈ 3.06 eV, Γ ≈ 0.12 eV) and in the QWs of the
InxGa1 – xN/GaN buffer SL (hν ≈ 2.66 eV, Γ ≈
0.13 eV). The energy position of these PL bands corre
sponds to the difference between the energies of the
ground sizequantization states of electrons in the
conduction band (Ee1) and heavy holes in the valence
band (Ehh1), with the correction for the exciton bind
ing energy.
By analyzing the energy position of the PL bands of
the InxGa1 – xN QWs, we estimated the average In con
tent in the active and buffer SLs from the dependence
of the band gap Eg on the composition parameter x of
the InxGa1 – xN alloy [25], Eg(x) = 3.493 – 2.843x –
bx(1 – x), where b = 2.5 eV. In this case, for the
InxGa1 – xN QW of the InxGa1 – xN/GaN buffer SL,
the PL band with a peak at hν ≈ 3.06 eV corresponds
to x = 0.08; at the same time, the PL band at hν ≈
2.66 eV corresponds to emission from the InxGa1 – xN
QW of the active InxGa1 – xN/GaN SL with x = 0.18.
This result is in good agreement with the XRD data
(see table).
The broadening observed in the PL spectrum for
the emission band of the InxGa1 – xN QWs is caused by
the nonuniform spatial distribution of indium and
residual strains and by fluctuations of the thickness of
the QW and barrier layers [26]. Such spatial irregular
ities of structural parameters are responsible for local
potential fluctuations and densityofstates tails
formed near the conduction and valence band edges.
In this case, the annihilation of excitons localized in
the minima of potential fluctuations makes the major
contribution to the emission band of the InGaN QWs
[27]. Therefore, analysis of the shape of the broad
emission bands of the InxGa1 – xN QWs provides only a
few data and makes impossible unambiguous charac
terization of the shape of a particular well. However,
the emission intensity of the InxGa1 – xN QWs (with
the width 2.5 nm) is much (more than 30 times) higher
than the emission intensity of the GaN barriers layers
(hν ≈ 3.4 eV), suggesting that the capture of charge
carriers by such QWs is highly efficient.
To study the structural properties of the multilay
ered lightemitting AlGaInN diode structure, we used
microRaman spectroscopy as a nondestructive
method of studies of quantumconfined heterosys
tems.
The GaN and InN single crystals and InxGa1 – xN
alloys are highly stable in the hexagonal wurtzite phase
4
and belong to the space group C 6v . The grouptheo
retical analysis predicts that, in the center of the Bril
louin zone (the point Γ), there exist optical modes:
Γopt = A1(Z) + 2B + E1(X, Y) + 2E2, where X, Y, and Z
are polarization directions [28]. The A1(Z) and
E1(X, Y) modes are polar, split into the longitudinal
optical (LO) and transverse optical (TO) components,
and are active in the Raman and infrared spectra. The
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Fig. 6. The microRaman spectrum of the multilayered
InGaN/GaN structure. λexc = 488.0 nm (Eexc = 2.54 eV).
The measurement temperature is 300 K.

high

low

two modes of the symmetry E2, i.e., the E 2 and E 2
modes are active only in the Raman spectra, whereas
the modes of the symmetry B (silent modes) are inac
tive in optical spectra. For the wurtzite structure, in
the backscattering layout of experiments Z(X, X +
LO
Y) Z , scattering at the E2 and A 1 phonons is allowed
[29].
Figure 6 exemplifies the Raman spectrum of the
multilayered InGaN/GaN structure in the backscat
tering layout of experiment Z(X, X + Y) Z , where the Z
axis is directed along the c axis of the wurtzite struc
ture. The spectrum is recorded at the excitation pho
ton energy Eexc = 2.54 eV (the excitation wavelength is
λexc = 488.0 nm). The experimental conditions pro
vided the maximal signal intensity in the frequency
LO
region corresponding to scattering at the A 1 phonons
of the InxGa1 – xN QWs.
On excitation with the photon energy Eexc =
LO

2.41 eV (λexc = 514.5 nm), scattering at the A 1
phonons InxGa1 – xN is practically undetectable. This
is indicative of the resonance character of excitation of
compositionally inhomogeneous local regions in the
LO
nitride layers. Therefore, the frequency of the A 1 line
may refer to the local region of the structure, where the
In content deviates from the average content in the
InxGa1 – xN QW. The conclusion that there are local
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fluctuations of the distribution of indium follows also
from the XRD data.
In the microRaman spectrum (Fig. 6), we
observe an intense phonon band at the frequency
~570 cm–1 (Γ = 2.54 cm–1). This band is allowed by
the selection rules for the Z(X, X) Z layout of experi
ment and is defined by scattering at the nonpolar
high
E 2 (GaN) vibrations in the GaN coating and buffer
layers of the structure. A slight frequency shift of the
high
E 2 (GaN) line with respect to the corresponding
569 cm–1 line in bulk GaN [30] is due to elastic
strains in the epitaxial GaN layer (εzz = –(5.4–6.8) ×
10–2), whereas the small FWHM of this line (Γ ≈
2.5 cm–1) demonstrates the rather high structural
quality of the GaN layers [31]. The slightly pro
high
nounced lowfrequency shoulder of the E 2 (GaN)
line at the frequency ~561 cm–1 refers to the
TO
E 1 (GaN) mode that is forbidden in the Z(X, X) Z
layout of experiment by the selection rules, but
appears in the spectrum due to the effects of disorder
of the crystal structure (microscopic defects and
structural irregularities). This conclusion is sup
TO
ported by the observation of the E 1 (GaN) mode in
the Y(X, Z) Y polarized Raman spectra. It is interest
ing that the abovementioned lowfrequency shoul
high
der of the E 2 (GaN) mode is sometimes attributed
high

to the E 2 (InGaN) mode [32, 33]. From our point
of view, such interpretation is ambiguous.
As can be seen from Fig. 6, in the frequency region
LO
of the A 1 (InGaN) vibrations (700–750 cm–1), we
observe a phonon band that has a complex shape. The
procedure of fitting of the calculated curve to the
experimental data allowed us to separate out a band at
~725 cm–1 (see inset in Fig. 6) corresponding to scat
LO
tering at the A 1 (InxGa1 – xN) phonons of the active
region of the InGaN/GaN structure [14]. The low
intensity band at ~705 cm–1 may refer to local regions
with a high In content in the structure. It should be
noted that, as a rule, the structural quality of the thin
epitaxial InxGa1 – xN layers is low and, as a result, the
LO

A 1 (InGaN) Raman band is low in intensity and
broadened. In the case under consideration, the study
of the thin InxGa1 – xN QWs is possible due to the
experimentally observed substantial enhancement of
the scattering intensity in the region of the
LO
A 1 (InxGa1 – xN) mode at Eexc = 2.54 eV. This effect
can be attributed to the resonance enhancement of
Raman scattering at excitation energies close to the
energies of real electron transitions. It can be expected
that the random distribution of atoms of the alloy

among the crystal lattice sites or the structural imper
fections randomly dispersed in the crystal are respon
sible for shallow and deep energy states forming the
Urbach exponential densityofstates tails of holes
and electrons of the valence and conduction bands.
Such an assumption is supported by rather intense
antiStokes luminescence of the InxGa1 – xN QWs (not
shown in Fig. 6) [34]. It should be noted that a similar
LO
resonance effect was observed for the A 1 (InN) band
in the Raman spectra of InN [35], and although this
effect was not interpreted, it is of interest for studies of
very thin epitaxial InxGa1 – xN layers.
Before considering the structural homogeneity of
the nitride layers over the thickness of the multilayered
InGaN/GaN(0001) structure, let us analyze the effect
of different physical factors on the width and phonon
frequency of polar vibration bands in the Raman spec
tra of semiconductor nanostructures. The width of the
phonon band is representative of the phonon decay
anharmonicity, the degree of irregularity of the crystal
structure, and the concentration of defects [36]. Nat
ural fluctuations of the composition of alloys bring
about the inhomogeneous broadening of phonon lines
[37]. For wurtzitestructured semiconductors, polar
modes can be broadened and shifted in frequency
LO
LO
because of mixing of the A 1 and E 1 modes and the
formation of quasiphonons [38]. Different orienta
tions of crystallites in polycrystalline nitride layers can
be responsible for the extra broadening of phonon
bands [39]. It is known that, in nanostructures, the
quantumconfinement effect yields a shift of the
phonon band to lower frequencies and an asymmetric
broadening of the band due to phonon dispersion [40].
Finally, the fields of strains and the nonuniformity of
these fields also influence the width and frequency
position of phonon bands [41]. Therefore, in general,
it is difficult to establish what effect of the abovelisted
ones is responsible for changes in the vibration spec
trum when nanostructures are considered instead of
bulk materials. However, on the basis of a thorough
analysis of the above factors, it is possible to preclude
some of them.
The confocal microRaman spectra of the
InGaN/GaN structure are recorded with a high spa
tial resolution (~1 μm). Therefore, we can assume that
the broadening of the phonon band due to disorienta
tion of crystallites in a particular local region remains
unchanged upon scanning the structure in depth. In
this case, it is expected that the contribution of qua
siphonons (that can be observed with the microscope
lens with a wide aperture) to the broadening and fre
quency shift of the phonon band will be constant as
well.
Let us now analyze the sizeconfinement effect on
the polar modes of nanostructures with the axial
LO
anisotropy of the crystal structure. Since the A 1
phonon dispersion branch in nitrides is rather smooth
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ω 0 ( x ) = ( 736 ± 1 ) – ( 149 ± 2 )x

(6)

LO

and varies within the range of the A 1 phonon fre
quencies for the GaN and InN binary compounds
(736–586 cm–1).
For the strained wurtzite structure, the dependence
of the phonon frequency (q = 0) on biaxial strains in
the plane of the layer perpendicular to the c axis is [14]
Δω ( x ) = 2aε xx ( x ) + bε zz ( x ) = [ 2a – bν ]ε xx ( x ). (7)
Here, a and b are deformation constants for
phonons, εxx(x) and εzz(x) are the nonzero compo
nents of the strain tensor, and ν = εzz(x)/εxx(x) is the
Poisson ratio. The relations 2a – bν = Δω/εxx =
(⎯10.5 ± 3.1) × 102 cm–1 and Δω/εzz = (–16.9 ± 2.1) ×
102 cm–1 [14] define the changes in the phonon fre
LO
quency per unit strain. For GaN, a( A 1 ) = –782 and
LO

b( A 1 ) = –1181 cm–1 [46]. Since no data on the
LO

phonon deformation potential for the A 1 mode of
InN are available in publications, we here use the value
of the deformation potential for GaN.
Thus, for the pseudomorphous InxGa1 – xN layer,
the phonon frequency is determined from the relation
[14]
ω

pseudo

Δω
( x ) = ω 0 ( x ) +  ( x )ε xx ( x ).
ε xx ( x )

(8)

Here, ω0(x) is the phonon frequency for the
unstrained InxGa1 – xN layer and εxx(x) = [apseudo –
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along the Γ–A direction [42], the sizeconfinement
effect for phonons in nitride nanostructures is com
monly insignificant. It was theoretically shown [43]
that, for spheroidal wurtzitestructured quantum dots
(QDs), the frequencies of polar optical phonons were
independent of the absolute dimensions of the QDs.
No confinementinduced changes in the frequency of
LO
the A 1 band were practically observed in the multilay
ered GaN/AlN QDs with the height ~3 nm (the
change was Δωconf ≤ 0.2 cm–1) [44] and in the single
layer structure with the GaN QDs, for which the
heighttodiameter ratio h/d0 was ~1.8 nm/10.0 nm
and ~2.5 nm/14 nm [45]. For this reason, in further
analysis of the Raman spectra, we disregard the
phonon sizeconfinement effect.
The InxGa1 – xN alloys, the crystal structure of
which is hexagonal, exhibit the onemode type of
transformation of phonon spectra in the entire range
of compositions from InN to GaN [31]. This means
that the frequencies of all modes change continuously
under changes in the composition of the alloy from
InN to GaN. For the relaxed pseudomorphous crys
LO
talline InxGa1 – xN alloy films, the A 1 phonon fre
quency is determined from the relation [14]
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Fig. 7. Confocal microRaman spectra of the
InGaN/GaN structure with quantum wells, as recorded
upon scanning the structure in depth (along the crystallo
graphic c axis, i.e., the axis of growth). Eexc = 2.54 eV
(λexc = 488.0 nm). The measurement temperature is
300 K.

a0(x)]/a0(x), where apseudo = a(GaN) = 3.1892 Å and
a0(x) is the lattice constant determined for the
unstrained InxGa1 – xN layer from Vegard’s rule. It
should be noted that the composition dependence of
the quantity Δω(x)/εxx(x) is unknown.
From relations (6) and (8) with the In content x
and the strain εxx(x) in the plane of the InxGa1 – xN
layer of the active region, as determined from PL and
Xray studies, we determined the expected
LO
A 1 (In0.18Ga0.72N)mode frequency shift Δω induced
by elastic strains in the layers: Δω = 16.06 ± 2 cm–1.
The frequency determined from such calculations is in
good agreement with the experimental frequency of
LO
the A 1 (In0.18Ga0.72N) mode.
In

other

studies,

the change in the
frequency in the epitaxial
InxGa1 – xN layer was attributed to the gradient of
strains along the direction of growth of the structure
[10], the selective resonance excitation of local regions
different in In content, and the partial compensation
under combined action of both effects [47].
Figure 7 shows the microRaman spectra of a mul
tilayered InGaN/GaN QW structure as recorded for
different depths (d) when moving the 100× lens of the
microscope from the sample surface. The distance
d = 0 corresponds to the spot focused at the structure
surface, and d = 4 μm corresponds to the interface
between the sapphire substrate and the GaN buffer
layer. In the spectra, we detect an intense band corre
high
sponding to the E 2 (GaN) mode (at ~570 cm–1) and
LO
A 1 (In0.18Ga0.72N)mode
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Fig. 8. Distributions of the parameters of the Raman band in depth inside the multilayered InGaN/GaN structure: (a) the intensities
high

LO

of the E 2 mode in GaN and the A 1 mode in InGaN and (top) the schematic representation of the InGaN/GaN structure under
study ((1) the thin pGaN contact layer, (2) the InGaN/GaN SLs, and the thick nGaN buffer layer are shown); (b) the frequency
LO

of the A 1 mode in InGaN and the elastic strain along the direction of growth of the multilayered structure; (c) the FWHM of the
LO

A 1 mode in the active InxGa1 – xN SL. Eexc = 2.54 eV (λexc = 488.0 nm). The measurement temperature is 300 K.

LO

a band corresponding to the A 1 (InxGa1 – xN) mode
(at ~725 cm–1) of the active InGaN/GaN SL.
From Fig. 7, it can be seen that, as the depth of
optical probing is varied and the active InxGa1 – xN SL
is approached, we observe a resonance increase in the
intensity of phonon bands in the Raman spectra. At
the same time, the intensity of electron–hole recom
bination emission responsible for the highenergy
region of the PL band of the InxGa1 – xN QWs at the
excitation energy Eexc = 3.8 eV (Fig. 5). Such resonance
LO

enhancement of Raman scattering at the A 1 phonons
was observed previously for doped InxGa1 – xN layers
[48] and In0.20Ga0.80N/GaN SLs [49].
Figure 8a shows the variation in the intensities of
vibration modes of the barrier GaN layers and
InxGa1 – xN QWs on scanning from the sample surface
to the heterointerface between the epitaxial layer and

the substrate. The distribution of the intensity in depth
exhibits two peaks, one at ~0.85 and the other at
high

2.4 μm, corresponding to the E 2 (GaN) mode of the
coating GaN layer and thick GaN barrier layer of the
structure under study, respectively. At the same time,
LO

for the A 1 (InGaN) modes of two InGaN/GaN SLs,
we also observe an asymmetric peak at ~1 μm (Fig. 8a)
corresponding to the InxGa1 – xN QW of the active
region of the lightemitting structure. The asymmetric
wing to the right of the peak refers to the InxGa1 – xN
QWs of the buffer SL; the low emission intensity in this
region is indicative of the low structural quality of the
SL that is found to be practically smeared (has no pro
nounced interfaces) in the structure. Thus, from the
distribution shown in Fig. 8a, it is evident that system
atic features of the variations in the intensity of
phonon modes in depth within the multilayered
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InGaN/GaN structure correspond closely to the
architecture of the sample (see top of Fig. 8a).
Let us discuss in more detail the distributions of the
frequency and FWHM of phonon lines in depth in the
nitride layers of the InGaN/GaN structure (Figs. 8b,
8c). These distributions were obtained upon auto
mated scanning of the multilayered structure in depth
with the focused spot. The scan step was ~1 μm. In the
measurements, the Raman signal intensity was aver
aged over a depth range no wider than ~500 nm. From
the analysis of the parameters of the phonon band, it
was possible to characterize the spatial distribution of
elastic strains and the structural quality of the nitride
layers. From Figs. 8b and 8c, it is evident that, if we
focus the spot in the region of the InxGa1 – xN QW of the
LO

active SL, we observe a shift of the A 1 (InxGa1 – xN)
mode to lower frequencies and a decrease in the
FWHM of this mode (in Fig. 8b, we have Δω ≈ 2.5 cm–1
and ΔΓ ≈ 9.0 cm–1).
The total thickness of the InGaN QWs studied here
is only ~(30–40) nm. Nevertheless, upon scanning the
structure in depth, we reliably detect variations in the
phonon spectrum of such thin layers. This is appar
ently due to selective resonance enhancement of
LO
Raman scattering at the A 1 (InGaN) polar phonons.
Such resonance occurs since the excitation photon
energy is close to the energies of real electronic transi
tions. The electron states involved in the transitions
result from nanometerscaled compositional and
straininduced irregularities in the InGaN QWs, as
discussed above.
The experimentally observed gradual decrease
LO
(increase) in the frequency of the A 1 (InGaN) band
upon scanning along the direction of growth of the
InGaN/GaN SLs unambiguously shows the gradient
character of relaxation of elastic compressive strains in
the InGaN layers. In this case, the most efficient
relaxation of compressive strains occurs in the middle
InGaN layers of the SL. The strains in the InGaN lay
ers vary in the range –(0.9–1.04) × 10–2. The effect of
relaxation of strains completely correlates with the
LO
decrease in the FWHM of the A 1 (InxGa1 – xN) band.
A similar effect of gradient relaxation of compressive
strains along the direction of growth was observed
recently in the GaN QDs of the 200period GaN/AlN
SL with the GaN QWs by confocal microRaman
spectroscopy [50].
4. CONCLUSIONS
By highresolution XRD analysis, the strained state
of the SL and constituent individual layers and the
degree of relaxation of the buffer have been studied; in
addition, the SL period, the layer thicknesses, and the
composition of the InxGa1 – xN alloy in the active
region have been determined. It is established that, for
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all of the structures studied here, the GaN layers of the
SL are in the stretched state (εxx > 0) and the alloy lay
ers are in the compressive state (εxx < 0). In magnitude,
the stretching strains of the GaN layers are smaller
than the compressive strains of the InGaN layers. For
all of the SLs, the relaxation of strains occurs at the
lower heterointerface; i.e., the strains produced
between the SL as a whole and the buffer layer are
removed. It is shown that the layers involved in the SL
contain a smaller number of dislocations in compari
son to the buffer layers with a more random distribu
tion of dislocations. The insignificant effect of disloca
tions in the SL is supported also by its state strained
relative to the buffer layer.
Confocal microRaman spectroscopy of III–N
nanostructures makes it possible to obtain unique data
on the spatial structural irregularities of the crystal and
on the distribution of strains with a submicrometer
resolution. Such data are sometimes unobtainable
with other experimental techniques. The experimental
Raman spectra are indicative of the relatively high
quality of the multilayered InGaN/GaN structures.
From the PL and XRD data on the In content x and
the strain εxx(x) in the plane of the InxGa1 – xN layers of
the active region, the frequency shift Δω of the
LO
A 1 (In0.18Ga0.72N) mode due to elastic strains in the
layers is determined: Δω = 16.06 ± 2 cm–1. This value
is in good agreement with the experimental frequency.
Direct evidence for the gradient distribution of
strains in depth in the epitaxial layers of the multilay
ered InGaN/GaN structure is obtained. The broaden
ing of the emission bands due to the nonuniform spa
tial distribution of indium and strains, as well as due to
fluctuations of the QW and barrier thicknesses, is
established.
It is shown that a different orientation of crystallites
in polycrystalline nitride layers can be responsible for
the extra broadening of phonon bands, whereas the
strain fields and their nonuniformity influence the
width and the frequency position of the bands.
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