ISSN 1063-7826, Semiconductors, 2011, Vol. 45, No. 6, pp. 753—760. © Pleiades Publishing, Ltd., 2011.
Original Russian Text © V.P. Kladko, A.V. Kuchuk, N.V. Safryuk, V.F. Machulin, A.E. Belyaev, R.V. Konakova, B.S. Yavich, B.Ya. Ber, D.Yu. Kazantsev, 2011, published in

Fizika i Tekhnika Poluprovodnikov, 2011, Vol. 45, No. 6, pp. 770—777.

SEMICONDUCTOR STRUCTURES, LOW-DIMENSIONAL

SYSTEMS, AND QUANTUM PHENOMENA

Evolution of the Deformation State and Composition as a Result
of Changes in the Number of Quantum Wells in Multilayered
InGaN/GaN Structures

V. P. Kladko“*", A. V. Kuchuk“, N. V. Safryuk’, V. F. Machulin“, A. E. Belyaev*, R. V. Konakova“,
B. S. Yavich?, B. Ya. Ber¢, and D. Yu. Kazantsev¢

4 Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, Kyiv, 02028 Ukraine
“e-mail: kladko@isp.kiev.ua
5740 Svetlana-Optoelectronics, St. Petersburg, 194156 Russia
¢loffe Physical Technical Institute, Russian Academy of Sciences, St. Petersburg, 194021 Russia
Submitted November 11, 2010; accepted for publication November 23, 2010

Abstract—The methods of high-resolution X-ray diffraction have been used to study the multilayered struc-
tures in an In,Ga; _,N/GaN system grown by the method of metal—organic chemical-vapor deposition.
A correlation between the strain state (relaxation) of the system, the indium content within quantum wells,
the ratio of the barrier/well thicknesses, and the number of quantum wells in the active superlattice is estab-
lished. It is shown that partial relaxation is observed even in a structure with one quantum well. The results we
obtained indicate that the relaxation processes are bound to appreciably affect the optical characteristics

of devices.
DOI: 10.1134/S1063782611060121

1. INTRODUCTION

Multilayered epitaxial quantum-dimensional struc-
tures based on InGaN/GaN solid solutions are widely
used in fabrication of light-emitting diodes and laser
diodes that emit in the visible and ultraviolet regions of
spectrum [1]. Larger mismatches of lattice parameters
are characteristic of layers of nitride structures; these
mismatches give rise to strains that bring about high
piezoelectric fields. In addition, a high density of dis-
locations, roughness of heteroboundaries, and fluctu-
ations of composition are present in these layers. All
these factors affect the optical properties of the struc-
tures under consideration. At present, there is a prob-
lem regarding growth of ternary solid solutions based
on the III-N compounds, for example, In,Ga, _,N
with a high content of indium (x > 0.2) [2]. It is known
that an increase in the content of indium in such com-
pounds brings about a degradation in their structural
and optical characteristics.

The phase separation and surface segregation
mainly of indium atoms represent another problem for
this material [3]. It was shown by Bai et al. [4] that
relaxation of strains sets in only for three-period struc-
ture, while it was established [5] that, at 18 superlattice
(SL) periods, deterioration of crystallinity leads to
complete degradation of the structure. The evolution
of the composition and strains with the thickness of
the well was studied previously [6—10]. At the same
time, it was stated recently [11] that relaxation of
stresses does not occur even with a larger number of

quantum wells (QWs) in SL structures with small
widths of QWs (1.5—2.5 nm) and moderate content of
indium (<20%) in these structures.

One can compensate for the mismatch stresses and
improve the crystallinity of heterostructures by grow-
ing intermediate buffer layers and SLs [12]. In the
context of this, the study of the deformation state of
such systems represents an urgent problem both in the
technology of fabrication of the layers and in under-
standing of its effect on the luminescent properties of
the structures. In order to optimize the process of fab-
rication of nitride heterostructures, it is necessary to
accurately determine the relation between the initial
fluxes of components and the parameters (thickness
and composition) of a QW in the InGaN/GaN struc-
tures in relation to the growth conditions, which also
represents an extremely important problem.

X-ray diffractometry is used to determine the struc-
tural parameters of multilayered systems; these
parameters include the composition and thickness of
separate layers, and also the sequence of their posi-
tions (the SL period). In addition, diffraction curves
provide data on the abruptness of heteroboundaries
(the presence of intermediate layers) and deformation
of the layers, as well as on the composition and on the
type of defects [13, 14].

In this study, we consider the issues of evolution of
the deformation state and composition of an
InGaN/GaN system in relation to the architecture of
the active SL (the number of QWSs) tuned to the radia-
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tion wavelength close to 460 nm. We report the results
of studying variations in the parameters of SL layers
with high accuracy using a combination of methods of
high-resolution X-ray diffractometry (HRXD).

2. EXPERIMENTAL

We performed X-ray structural studies of the sam-
ples that were obtained by metal—organic chemical-
vapor deposition (MOCVD) and contained two peri-
odic quantum-dimensional InGaN/GaN regions
[13, 14]. We grew sequentially a “low-temperature”
seeding GaN layer (with a thickness of 20 nm) and a
buffer n-GaN layer (with a thickness of ~3.5 um) on
the surface of a (0001) sapphire substrate. In order to
reduce the value of mismatch strains and the density of
threading dislocations in the layers of the active region
in an InGaN/GaN structure, we grew a five-period
buffer InGaN(4 nm)/GaN (5 nm) SL with a relatively
low indium content (~5%) in the InGaN QWs. The
active region of the structure consisted of InGaN QWs
(with a thickness of ~3 nm and with the nominal
indium content ~12%) separated by GaN barriers with
a thickness of ~9 nm. A p-GaN contact layer with a
thickness of 0.1 pm was deposited on top of the active
region. The studied samples differed in the number of
QWs (periods) in the active region. The number of
QWs was equal to five, three, and one in samples nos.
1208, 1226, and 1227, respectively.

With the aim of confirming the main parameters of
the structures, we studied the distribution of indium
over depth using a CAMECA IMS7f secondary-ion
mass spectrometer. In order to study the depth distri-
bution of components in structures, we used the pri-
mary Cs* ions and detected the secondary charged
CsX* clusters (X = Ga, In). The impact energy of pri-
mary ions was chosen as equal to 1 keV (with the sam-
ple potential +2 kV) to improve the distribution over
depth in the InGaN/GaN SL region. The depth of the
etching crater was measured using an AMBIOS XP1
mechanical profilometer [15].

The X-ray structural studies of the samples were
performed using a PANalytical X’Pert PRO MRD
high-resolution diffractometer. In order to determine
the structural parameters, we studied both the recipro-
cal-space maps (RSMs) and the diffraction-reflection
curves (DRCs) measured in a high-resolution three-
crystal configuration. Theoretical DRCs were calcu-
lated using the method of plane waves [16]; this
method is well suited for studies of planar structures
and is consistent with the Takagi—Topena method [17]
(vields the same results). The wave vectors in the crys-
tal were calculated previously; the results were
reported in [18, 19].

Analysis of the dislocation structure of the SL lay-
ers was performed using the method described in
[20, 21], while the deformed state was analyzed using
the methods described in [22, 23]. We used the follow-
ing parameters of the layers: for GaN: a = 3.1896 =
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0.0003 A, ¢ = 5.1855 + 0.0002 A, ¢/a = 1.6258 +
0.0002, and p = 0.53 [24]; InN: a = 3.5378 £ 0.0001 A,
¢=5.7033 £ 0.0001 A, ¢/a = 1.6121 £ 0.0001, and
p=0.49 [25].

3. RESULTS

A series of RSMs in the vicinity of the site (1124)
for the InGaN/GaN structures under study are shown
in Fig. 1. Analysis of asymmetric RSMs for the recip-
rocal-lattice sites the diffraction vector of which
makes an angle ¢ with the normal to the surface allows
one to obtain information on the degree of relaxation
of heterostructures. For a completely stressed epitaxial
structure, the intensity of coherent scattering from
additional sites (centers of reflection from separate
layers, thickness oscillations, and satellites of the
superlattice) is distributed in the scattering plane par-
allel to the normal to the surface. For a completely
relaxed structure, the sites are bound to be located
along the diffraction vector. In the case of partial relax-
ation, the sites occupy intermediate positions. Thus, if
the centers of the distribution of intensity correspond-
ing to the layer and substrate are located along the nor-
mal to the surface, relaxation did not occur between
them and the heteroboundary is coherent; in the
opposite case, this is indicative of some degree of
relaxation of the layer relative to the substrate.

In the case under consideration, the system of sat-
ellites is shifted with respect to the normal to the sur-
face n (this normal is drawn from the site of the GaN
buffer layer); this is indicative of partial relaxation of
the SL relative to the buffer for all InGaN/GaN struc-
tures under study. It follows from the analysis of RSM
that relaxation of SL is incomplete, since the sites of
the SL are in an intermediate state between the direc-
tion of the diffraction vector H and normal n to the
surface. It is worth noting that the shift of satellites rel-
ative to the normal n is observed even for the structure
with a single QW, the degree of relaxation of the
InGaN/GaN structures increases as the number of
QWs is increased.

As can be seen from Fig. 1, the broad peaks at
RSMs are observed both for the buffer GaN layer and
for the InGaN/GaN SL. The large width of the peaks
indicates that the layer contains defects (point defects,
dislocations). It is known that epitaxial III—nitride
layers grown on sapphire exhibit a high density of
threading dislocations (N, ~ 10'° cm~2), which bring
about a pronounced broadening of diffraction reflec-
tions in the direction parallel to the surface [13, 14,
20—23]. The dislocation density (N, ~ 10’ cm~2) in the
active InGalN/GaN SL for the structures under study
is lower by several orders of magnitude (see table),
which is indicative of relaxation of elastic strains at the
lower heteroboundary between the thick GaN buffer
layer and the five-period InGaN/GaN SL buffer.
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Fig. 1. RSMs in the vicinity of the site (i 124) for the InGaN/GaN structures with (a) one, (b) three, and (c) five quantum wells.
0, and Q, are the coordinates in reciprocal space in units of 2/A in the directions perpendicular and parallel to the surface,
respectively. H is the diffraction vector, n is the vector of the normal to the surface, and SL; is the position of the zero satellite

related to the SL.

A more detailed analysis of parameters of the
InGaN/GaN structures is carried out by simulation of
experimental DRCs for the symmetric 0002 reflection
(Fig. 2) using expressions of the dynamic theory with
the parameters of partial relaxation (obtained from the
RSM) taken into account. In Fig. 2, the sharp high-
intensity peak corresponds to the 0002 reflection from
the thick GaN buffer layer, while broader peaks (satel-
lites) in the region of small and large angles corre-
spond to the 0002 reflections from the active (SL,) and

buffer (SL',’,) InGaN/GaN SL. The positions of the

SL peaks depend on both the composition of the solid
solution and the ratio between the layer thicknesses; it
is noteworthy that, as the number of repetitions (quan-

tum wells) is increased, the peaks related to SLs
become sharper (Fig. 2). The presence of distinct sat-
ellites of high orders in DRCs is indicative of well-
defined periodicity of the SL layers and, as can be seen
from Fig. 2, these peaks broaden in comparison with
calculated peaks. This broadening of satellites can be
caused by spatial variations in the SL period (mixing
and/or irregularities in the QWs) and/or fluctuations
in the composition of the layers [26].

The distance AD between the main peaks of satel-
lites designated as SL_; and SL, corresponds to the
one period of the SL (T =1, + t, = |y,|A/sin(205)30,
where A is the wavelength of the X-ray radiation, vy, is
the direction cosine of the diffracted beam, and #,, and

Technological (nominal) parameters and the parameters obtained from high-resolution X-ray diffractometry (HRXD) and
secondary-ion mass spectrometry (SIMS) for the active InGaN/GaN SL

T, nm N
Sample SL layers fiechn/ Texptl Xiechn/- Xexptl HRXD SIMS 107 CSI;’I_Z Reury, m

GaN —

1227 12/9 - — 8.37 6.8
InGaN 3/3.0
GaN 6/7.7

1226 a / 12/14 11.5 13.5 6.00 6.6
InGaN 3/3.8
GaN 6/7.9

1208 a / 12/12 11.8 14 7.37 7.9
InGaN 3/3.9

Note: fiecpn and foypq are the nominal and experimental thicknesses of layers expressed in nanometers; Xiqcp, and Xcy are the nominal
and experimental content of In in %.
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Fig. 2. The ®—26 scans for the symmetric reflection 0002 from the InGaN/GaN structures with (a) one, (b) three, and (c) five
quantum wells. Points represent experimental data, and the continuous line corresponds to the results of simulation. Designations

SL,, correspond to satellites related to the active SL, and designations SLi denote satellites related to the buffer SL.

t, are the thicknesses of the QW and barrier layers),

while faster interference oscillations are related to the
total SL width.

The relative intensity of satellites was used to deter-
mine the ratio between the thicknesses and, then, also
the composition of the solid solution.

The parameters of the active InGaN/GaN SL that
were obtained from an RSM and refined using the pro-
cedure of fitting the calculated DRCs to the experi-
mental curves [16, 27] are listed in the table and are
shown in Fig. 3. The data on the SL period, which
were derived from distribution profiles of the indium
concentration over the depth in studied structures, are
also listed in the table; the concentrations were mea-
sured by means of the method of secondary-ion mass
spectroscopy (SIMS) [15]. The SL period correlates
with the data of X-ray measurements within the exper-
imental error of this method. The distribution profiles
of the indium concentration over the depth of studied

samples were measured by the SIMS method and are
shown in Fig. 4.

As can be seen from the table and Fig. 3, a variation
in the number of QWs in the active InGaN/GaN SL
brings about appreciable changes in the degree of their
strain, in the well/barrier thicknesses, and also in the
indium concentration in the QW. It is worth noting
here that the parameters of the buffer InGaN/GaN SL
are identical for all structures: the QW width ~3.3 =
0.02 nm, the barrier thickness ~4.5 £ 0.1 nm, and the
In content in the QW ~4%.

As for the buffer GaN layer, the latter is found in a
stressed state relative to the substrate and is partially
relaxed; the degree of relaxation is approximately the
same for all structures (Fig. 5), which is testified by the
almost identical values of the curvature radius R, of
the structures. This is supported by the fact that the
thick IlI—nitride layers grown on sapphire almost
completely relax during growth mainly due to disloca-

SEMICONDUCTORS  Vol. 45

No. 6 2011



EVOLUTION OF THE DEFORMATION STATE AND COMPOSITION AS A RESULT

|
o
o
S
N
T

tensile

GaN

N

—_
o

In content, %
o

L

1 2 3 4 5
Number of QWs

Fig. 3. Dependences on the number of quantum wells
(QWs) in the active InGaN/GaN SL for (a) strains in the
well/barrier layers, (b) strains averaged over the SL period
and aligned along the growth direction [0001], (c¢) the dif-
ference between experimental and nominal thicknesses
of the well/barrier layers, and (d) In content in the
InGaN/GaN QW.

tions; the stresses observed in these layers at room tem-
perature are mainly of thermal origin [22, 28].

However, although the process of relaxation of
buffer layers has been studied to a large extent [20—23,
28], this problem remains under discussion for the
SL layers. Here, besides classical mechanisms of
relaxation due to cracks and misfit dislocations, the
processes of thinning and thickening of one of the lay-
ers of SL during growth can occur; these processes
represent additional channels for relaxation [29].

4. DISCUSSION

The active InGaN/GaN SL was grown on a buffer
SL with a lower content of indium; in turn, the latter
CL was formed on a partially relaxed GaN buffer layer.
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Fig. 4. The SIMS profiles of variation in the In concentra-
tion over the thickness of the samples with (a) one, (b)
three, and (c) five QWs in the active region in the direction
from the surface of the structures.

This and the consideration that the InGaN/GaN SLs
under study exhibit relatively small thicknesses of the
layers themselves and a small total thickness of the
SL bring about an increase in the mismatch between
lattices of two layers as the content of In in the QW is
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Fig. 5. Dependences of lattice constants in the GaN buffer
layer on the number of quantum wells (QWs).

increased. Therefore, an SL can be characterized by
two parameters of relaxation, i.e., relaxation of the SL
as a complete unit in relation to the buffer layer and
relaxation between separate SL layers.

Indeed, for all studied SLs, we observe partial
relaxation at the lower heteroboundary, i.e., relief of
stresses between the active SL in general and the buffer
GaN layer due to the buffer SL. This is witnessed by
the difference between parameters a of lattices of the
buffer layer and the period-averaged active SL. Relax-
ation for structures with even a single QW, as can be
seen from RSMs, indicates that all DLs relax at the
lower boundary (a high density of dislocations) and
then, as the number of QWs is increased, their crystal
quality improves.

As can be seen from Fig. 3a, the GaN layers in the
SL period are in a state of extension (the strain g5,y > 0),
while the layers of the solid solution are in a state of
compression (the strain g;,g,n < 0) in the growth
plane; this is observed for all studied structures. The
tensile strain in the GaN layers is lower than compres-
sive strains in the InGaN layers, which is mainly
caused by thicknesses of the layers. In addition, the
strain in the GaN barrier layers remains practically
unchanged, whereas a monotonic increase in the
strain is observed in the InGaN layers as the number of
QWs in the active InGaN/GaN SL is increased. At the
same time, the averaged value of strain in the direction
of growth (g_,) drastically decreases in a single period
of the active SL as the number of QWs is increased
(Fig. 3b). Such behavior of strain in a period of the SL
can be accounted for on the basis of the definition of
the averaged parameters. The averaged values of
strains (and also of other parameters) in a period were
calculated using the following formula:

_ g+ e,

=+t
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here, €, #, and ¢,, #, are the average values of strains
and thicknesses for the GaN and InGaN SLs, respec-
tively [30]. The values of strains are determined from
the formula €., = [c(a) - cy(ay)]/co(ay), where c(a)
and cy(a,) are the lattice parameters for nonrelaxed
and relaxed structures, respectively. It can be seen that
the average strain in a period of the SL heavily depends
on the ratio of the thicknesses’ well/barrier and on the
lattice parameters of adjoining layers (composition of
the well). Indeed, depending on the number of periods
in the active SL, a different degree of deviation from
specified thicknesses of the GaN and InGaN layers is
observed (see Fig. 3¢); variations in the composition of
the InGaN QW can be seen from Fig. 3d.

A variation in the parameter A7 = fq — fiechns
which represents the difference between the experi-
mental and technological thicknesses of layers in a
period of the active SL, is most likely caused by a dif-
ference in the strain state of SL, is most likely caused
by the difference between the strain state for the SL
and InGaN/GaN/Al,05(0001) used for determina-
tion of nominal growth rates and compositions. The
InGaN layers in these samples had a thickness of
~100 nm and were almost completely relaxed. It fol-
lows from the data shown in Fig. 3¢ that, as the degree
of the SL relaxation increases, the thicknesses of QWs
in InGaN somewhat increase, whereas a difference
between the thicknesses is not observed for structures
with a single QW. An increase in the growth rate for the
InGaN QW as the stresses in the substrate are reduced
was observed by Johnson et al. [31]. Evidently, such
behavior of layers’ thicknesses brings about a variation
in the strain state of the system, similarly to the effect
for the GaN/AIN SL described by Kladko et al. [32].
However, additional studies are needed in order to
interpret a relatively larger variation in the thickness of
GaN barriers compared with the InGaN QWs.

As for the origin of the effect of an increase in the
indium concentration with the number of periods in
the SL (Fig. 3d), it was noted previously [11, 13] that
the efficiency of incorporation of indium into the
InGaN layers depends on the value of elastic stresses.
It was predicted [11, 13] that incorporation of indium
into the lattice is appreciably suppressed if there are
stresses. Consequently, an increase in the indium con-
centration in a QW as the number of periods is
increased can be attributed to relaxation of stresses in
the system. Indeed, as a result of relaxation of stresses,
the rates of growth of InGaN QW and In content in
layers increase due to a decrease in the desorption time
for In atoms from the surface and their capture by a
growing layer. The results of simulation of X-ray spec-
tra (the high-order satellites in SL are broadened in
comparison with calculated values) can be accounted
for by a variation in the In concentration from layer to
layer, which is caused by the effects of In segregation at
the growth surface.
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Fig. 6. The calculated dependence of the critical thickness
of the layer (f.;) for an In,Ga; _,N/GaN SL on the In

content x.

In our opinion, the dependence of the parameter A¢
(the rate of growth of the layers) and the In content on
the number of QWs is caused by the effect of strain
fields on the process of segregation of Ga(In) atoms in
growing layers.

As can be seen from the table and Fig. 3, variation
in the strain in the SL layer is not accompanied by sig-
nificant changes in the dislocation density N, and in
the curvature radius R, of the structures;i.e., the SLs
can relax differently at identical bending of the struc-
tures and identical dislocation density. This establishes
that spontaneous variation in the thickness of the GaN
and InGaN layers and variation in the QW composi-
tion represent additional channels for relaxation of
stresses in the InGaN/GaN SL. Moreover, these pro-
cesses, as well as defect formation, and, consequently,
relaxation of stresses are interrelated. This is easily
understood if we draw the dependence of critical
thickness of the layer (¢,,) for In,Ga, _,N/GaN on the
composition (x) and use the model suggested by Fisher
etal. [33]. It can be seen from Fig. 6 that the SLs under
study belong to the subcritical energy region where
relaxation of mismatch stresses is excluded only due to
dislocations. Indeed, the thicknesses of layers in the
case under consideration are smaller than 4. and
relaxation of stresses in these layers due to elastic
interaction between misfit dislocations seems to be
impossible. Consequently, here, other relaxation
channels are in effect, such as, for example, spontane-
ous variation in the thickness (composition).

We intentionally disregarded a detailed analysis of
parameters of the buffer SL. It is worth noting that
identical average parameters of the buffer SL for all
structures suggest that, irrespective of the number
QWs, the parameters of the first well in all structures
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are bound to be identical, the same as for the second,
third, etc., wells.

5. CONCLUSIONS

Using the methods of X-ray diffraction, we deter-
mined the strained state of the active SL and its sepa-
rate layers; the degree of relaxation; and the period,
thicknesses of the layers, and the composition of an
In,Ga, _ N solid solution.

It is established that, even at low concentrations of
In in a QW, partial relaxation of multilayered struc-
tures occurs and affects the redistribution of indium in
the layers.

It is shown that the processes of relaxation of
stresses in multilayered structures set in even at an SL
with a single quantum well. The degree of relaxation
increases as the number of periods in the SL is
increased. An increase in the degree of relaxation
brings about an increase in the indium concentration
in a QW. The latter increase is accompanied by varia-
tions in thicknesses of both wells and barriers.

We considered main channels of relaxation of the
structures under study; these channels include dislo-
cations in the layers and variations in the thickness of
layers in the course of structures’ growth. It is estab-
lished that the structural properties of the SL are
determined to a great extent by processes of inelastic
relaxation of stresses, which, in turn, depend on the
conditions of growth, in particular, on the temperature
of growth of QWs and their thicknesses.
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