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The results of high resolution X-ray diffractometry (HRXD) stud-
ies of the structural properties of Al1GaN/GaN/(0001)Al2Og3 het-
erosystems are reported. The microscopic nature of spatial hetero-
geneities (microdeformations and the dislocation density) in those
structures is discussed on the basis of the results obtained. The
gradient distribution of dislocations and deformations over the
structure depth both in the mosaic (block) structure of nitride lay-
ers and across the interface with the sapphire substrate has been
confirmed by numerical simulation. The correlation between the
deformation and the dislocation density in both the layers and the
substrate with the variation of the substrate thickness has been
established. In particular, the growth of sapphire substrate thick-
ness has been demonstrated to result in an increase of dislocation
density and a decrease of elastic deformations in the layers. The
scenario of a connection between elementary cells of the layer and
the substrate at the interface, which minimizes the lattice misfit,
has been confirmed experimentally.

1. Introduction

III-nitrides should play an important role in the semi-
conductor industry for the creation of reliable light-
emitting and laser diodes, as well as high-temperature
and high-current electronic devices [1]. In spite of the
rapid progress attained within last years in the technol-
ogy of such devices, the growing of GaN still remains a
problematic task. A large mismatch between the lat-
tice constants and the coefficients of thermal expan-
sion of III-nitrides and substrates, which are used for
their growth (sapphire), provokes the growth of struc-
turally imperfect epitaxial layers with a high concentra-
tion of structural defects (the dislocation density can
achieve 10% — 10'° ecm~2) and considerable residual de-
formations [2-4]. The layers of III-nitrides grown on
Al,O3 (0001) substrates have, as a rule, a mosaic struc-
ture consisting of nanocolumns (blocks) oriented along
the c-axis [5, 6]. The absence of definitely established
physical mechanisms, which would be responsible for
the dependence of IIl-nitride properties on the mosaic
(block) structure features, evidently constrains progress
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in the technology aimed at the growing of such struc-
tures. The solution of a challenging problem dealing
with the controlled improvement of the parameters of
II-nitride-based heterostructures that are used in de-
vices demands that the influence of a deformation state
of nitride layers, the mosaic structure, and defects that
are formed at the relaxation of elastic deformations on
optical and electric properties should be studied in de-
tail.

It is known [7-9] that X-ray diffractometry is an effec-
tive method for the determination of structural parame-
ters averaged over the volume, elastic deformations, and
the component composition of nitride structures. In ad-
dition, the analysis of X-ray rocking curves in various
diffraction geometries and two-dimensional maps of the
intensity distribution around reciprocal lattice sites al-
lows one to characterize the orientational distribution
of structural defects [10-14]. Therefore, the purpose
of this work was to use X-ray diffractometry to study
the influence of the dislocation density, type, and dis-
tribution on the deformation state and the relaxation
mechanism in A1GaN/GaN/Al;O3 heterostructures and
the dependences of those quantities on the sapphire sub-
strate thickness.

2. Experimental Technique

We studied epitaxial AlGaN/GaN heterostructures
grown by the method of metallo-organic chemical vapor
deposition (MOCVD) onto substrates made of sapphire
Al;O3 with orientation (0001) and 450 and 3000 pm in
thickness (hereafter, thin and thick substrates, respec-
tively). First, a 3-um buffer layer of GaN was grown
on a sapphire substrate, then, a layer of Aly 30Gag 70N
about 30 nm in thickness, which was then covered with
a GaN layer about 4 nm in thickness. The angu-

lar misorientation of substrate surfaces did not exceed
30",
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The X-ray diffraction studies of specimens were car-
ried out on a “PANalytical X’Pert PRO MRD” diffrac-
tometer. The symmetric (0001) and asymmetric (10-12)
and (-1-124) reflections were analyzed. The experimen-
tal schemes allowed two cross-sections of reciprocal lat-
tice sites to be obtained: normally (w-scanning) and in
parallel (w/26-scanning) to the diffraction vector. The
application of the asymmetric Bragg geometry allowed
the properties of symmetric Bragg and Laue diffractions
to be combined. Since triaxial diffractometry is capa-
ble of distinguishing between the effects associated with
a variation of the interplane distance and a rotation of
atomic planes, the analysis of the intensity distribution
in a coordinate system (g, q,) with the axes oriented
along and normally to the diffraction vector Q makes
it possible to determine each of those contributions sep-
arately [15]. The azimuthal ®-scanning at asymmetric
(11-21) reflections was used to determine a misorienta-
tion between GaN blocks in the growth plane and the
substrate. Macroscopic deformations that were respon-
sible for the specimen bending were estimated from the
curvature radius of the system, which was determined by
analyzing a variation of reflection angles from sapphire at
the linear scanning of a specimen along the X-ray beam
[16]. Since the layers were much thinner than the sub-
strate, the curvature radii of the layer and the substrate
were considered to be identical.

3. Experimental Results

In Fig. 1, the two-dimensional reciprocal space maps
(RSMs) of the intensity distribution around (0002) and
(-1-124) sites for the heterostructures under investiga-
tion are depicted. The RSMs demonstrate two reflec-
tion centers: from GaN and AlGaN films. The reflection
maxima from the sapphire substrate are not shown, be-
cause they are located far, by the angular position, from
the films. From Fig. 1, it is evident that the layers are
strained, because the interference pattern of intensity
distribution along a normal to the surface is observed
for both symmetric (Figs. 1,a and ¢) and asymmetric
(Figs. 1,b and d) reflections. In both cases, the con-
tours of intensity distribution are elongated normally to
the vector Q. Since the influence of dislocation net-
works on Bragg diffraction is reduced to a broadening
of the diffraction pattern in the direction normal to the
diffraction vector Q and practically does not affect the
intensity distribution along the diffraction vector, such
an intensity distribution observed on RSMs is character-
istic of structures with non-relaxed elastic deformations
and misfit dislocations [17].
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In order to determine microdeformations in the blocks
of mosaic structure — the coherent scattering regions
(CSRs) — and their dimensions, the Williamson—Hall
method [18, 19] was used. The broadening of w-scans
(they are characterized by the halfwidth fq) of symmet-
ric reflections is affected by the block slopes aq and the
lateral correlation length L:

Ba =09/ (QLH) + aq, (1)

On the other hand, the broadening of w — 26-scans (the
halfwidth is () corresponding to symmetric reflections
is connected with the vertical correlation length L
and the magnitude of inhomogeneous microdeformations
along the growth direction, € , being determined by the
formula

B1/(L1)+2¢1 Q. (2)

On the basis of Egs. (1) and (2), one can see that
the dependences of the reflection curve halfwidths on
the diffraction vector are linear. The slopes of the cor-
responding straight-line plots are associated with the
contribution made by microscopic misorientations and
microdeformations, whereas their intersections with the
ordinate axis correspond to the CSR dimensions in two
mutually orthogonal directions.

The slopes of dependences (1) describe the distribu-
tion of block misorientations with respect to the surface
normal which originate from the presence of screw dislo-
cations with the Burgers vector bs = [0001] (in our case,
|bs| = 0.5185 nm). Their density can be estimated from
the relation [18]

2
ag

Ng = :
57 13502

(3)

The density of edge dislocations with the Burgers vec-
tor by = 1/3(1120) (|bg| = 0.3189 nm) in the slip planes
{1-100}, which makes the blocks to rotate, was deter-
mined on the basis of the asymmetric scan broadening
ag using the formula

2
ap

Np=-—2_
BT 43502

(4)

The values of the parameters for AlIGaN/GaN struc-
tures grown up on thin and thick sapphire substrates,
which were determined making use of formulas (1)—(4),
are listed in Table 1. In the case of GaN layers grown
up on a thick substrate, the CSR dimensions along the
structure growth direction (the block heights) are twice
as large as those for the layers on a thin substrate. At
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Fig. 1. Two-dimensional maps of the intensity distribution around of nodes (0002) (panels a and ¢) and (-1-124) (panels b and d) for
heterostructures grown up on thin (a and b) and thick (¢ and d) substrates; n is the surface normal

Table 1.
sapphire substrates

X-ray experimental structural parameters for AlGalN/GaN structures grown up on thin and thick

Substrate thickness Layers el CSR dimensions Dislocation density Curvature radius
(pm) (nm) Ly /Ly (x10% em~2) Ng/Ng R (m) exp./calc.
450 GaN 9.04 x 104 31.7/58.8 13.8/0.98 9.91/0.08
AlGaN 6.9 x 1074 21.7/29.9 2.54/2.9
3000 GaN 3.04 x 10~ 64.5/50.0 6.2/1.09 69.3/3.50
AlGaN 3.79 x 104 20/38.3 2.8/1.74
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Fig. 2. Schematic diagram of the atomic arrangement in the
growth plane and the bend of GaN/(0001)Al;O3 system at lat-
tice parameter mismatches of —0.33 (a) and 0.14 (b)

the same time, in the case of AlGaN layers, the verti-
cal dimensions of CSRs are practically identical in both
structures, being equal to the geometric thickness of the
layer. For GaN layers, the magnitudes of deformation
parameters and the CSR dimensions correlate with the
density of edge dislocations. The densities of screw or
edge dislocations with the Burgers vector close to the
growth-surface normal are practically the same for those
two structures in the case of GaN layers. However, the
component of the strain tensor ¢, for a GaN layer on
a thin substrate is three times as large as that in the
thick-substrate case. A similar relationship takes also
place for AlGaN layers.

It is important to emphasize that the character of elas-
tic deformation variations over the depth at the inter-
face between the epitaxial layer and the sapphire sub-
strate does not depend on the thickness of the latter, al-
though elastic deformations are larger in nitride layers on
a thick substrate. The measured curvature radii of both
structures differ strongly from the corresponding calcu-
lated values (Table 1). This circumstance stimulated the
study of the origins of this effect, because the relaxation
of elastic deformations associated with the dislocation
density cannot explain it alone.

4. Discussion of Results

The emergence of plane misorientations in the het-
erostructure is caused by the rotation of corresponding
layers with respect to either a substrate or one another.
The rotation of planes is caused by screw components
of dislocations with the Burgers vector parallel to the
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Fig. 3. ®-scans around the surface normal for diffraction planes
(11-24) of GaN films and (11-29) of sapphire substrates 450 (a)
and 3000 pm (b) in thickness

heterointerface or by edge dislocations with the Burgers
vector bp = 1/3(1120). This is a direct confirmation of
the theoretical concept that the macroscopic disorien-
tation of layers with respect to the substrate originates
from both the presence of a dislocation network and a
deviation of the crystal surface from a regular crystallo-
graphic orientation [16].

Figure 2,a demonstrates that the mismatch be-
tween lattice parameters at the GaN/AlyOgs interface
is (Aa/a) = (agaN — @AL,05)/aA1,0; = —0.33, where
aGan = 0.31876 nm and aa,0, = 0.4758 nm [20]. In the
course of coherent growth, such a discrepancy between
the lattice constants has to induce a macroscopic bend of
the substrate—epitaxial layer system, with the film side
being concave. However, in our experiments, the system
got bent in such a manner that the film surface turned
out convex. This fact demands the explanation and con-
firmation.

Therefore, since the film has a column-like structure,
we suppose that the effect described above may re-
sult from the fact that GaN blocks are arranged in the
growth plane with a different (with the opposite sign)
lateral mismatch (Fig. 2,b). The corresponding mis-
match value (Aa/a)| = (aGaN - aAlZOS)/aAlzoS =0.14
(agan = 0.31876 nm and aa,0, = 0.2749 nm) can
be obtained by rotating a GaN cell with respect to
the sapphire one by an angle of 30° around the [0001]
axis [21]. Experimentally, it manifests itself in that
asymmetric reflections of type 11-2[ are fixed for the
layer and the substrate at different azimuthal orien-
tations of the specimen (Fig. 3). We found that the
lateral misorientation between GaN and sapphire cells
amounts to about 25.8° and 31° for structures on thin
and thick substrates, respectively. Such rotations may
result from a higher density of dislocations with screw
segments (the Burgers vector is parallel to the interface
plane).
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Fig. 4. Dependences of the deformation distribution on the density and the distribution law of dislocations in the structures: (a) without

dislocations, (b) linear distribution, and (¢) quadratic distribution

A mismatch of 0.14 between the lattices constants
gives rise to a corresponding sign of the system bend that
is observed in experiment. However, the experimentally
measured curvature radii are strongly different from the
calculated ones, even if we take this mismatch into con-
sideration (Table 1). To elucidate the main reasons of
such discrepancies, let us calculate the dependence of
the elastic deformation distribution in the system over
its thickness on various parameters. The distribution is
determined by the formula [22]

e(z) = —€%2) + /deo(z)dz + Rt <z - ;i), (5)
0

n—1
where the function €%(2) = 3 f@9(z — 2;) for internal
deformations in the structulie.1

The deformation distributions for various dislocation
densities and distribution laws in the structures are given
in Fig. 4. According to the presented data, the defor-
mation jump at the interface is an order of magnitude
smaller for structures with dislocations in comparison
with the case of dislocation-free ones. However, the
structure curvature radius does not correlate with the
dislocation density (Table 1).

In Fig. 5, the theoretical and experimental depen-
dences of the system curvature radius on the substrate
thickness for various distributions of dislocations in the
layers are exhibited. The calculation of the structure
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curvature was carried out using the formula

0(2) (2 - ;l) iz, (6)

where €°(z) is the internal structure deformation, d is
the structure thickness, and R is the curvature radius of
the system.

By connecting the dislocation density with the corre-
sponding deformation €%(2), it is possible to calculate the
dislocation contribution to the extra bend. According to
the results of work [23], this relation can be presented in
the form

R(d) — Ru, 3

T TR Ry (3dy — 2da) 2 @

d
12

-1
R =5

0

The dislocation density Np, necessary for the compen-
sation of stresses that are responsible for the discrepancy
in the structure curvature values, amounts to 3.76 x
10'2 cm™2 for a thin substrate and 3.53 x 10'© cm™2
for a thick one, which is considerably larger than the
experimental data obtained from the analysis of a rock-
ing curve. As the data of other authors [22] testify, the
amplitude of a deformation jump (the curvature radius)
depends on the law of a dislocation distribution in the
layers. Our calculations showed that taking this factor
into account does not change the radius of a system bend
essentially. The dependences of the system curvature ra-
dius on the dislocation density in the layers are given in
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Fig. 5. Dependences of the structure curvature radius on the sub-
strate thickness: perfect structure (1), with a uniform distribution
of dislocations over the layer thickness (2), and taking into account
the rotation of GaN cells with respect to sapphire. Points corre-
spond to experimental data

Fig. 6. Hence, we see that the dislocation influence alone
cannot explain the large discrepancy in the system bend.

In this connection, we also calculated the contribution
of the volume fraction for each of cell orientations in or-
der to elucidate whether a structure with a changed cur-
vature can be obtained (the planar structure with zero
curvature is obtained, provided that 30% of the volume
is characterized by a mismatch of 0.14 and 70% by a
mismatch of —0.33). It turned out that the cell rotation
by 25° can really result in a reduction of the deforma-
tion jump at the system interface by a value of about
0.06 [24].

Thus, the difference between the values of deforma-
tion parameters for the layers in heterostructures grown
up on “thin” or “thick” substrates mainly originates from
different rotations of hexagonal cells, whereas the influ-
ences of the dislocation structures are equal. Such rota-
tions are one of the mechanisms of elastic stress relax-
ation in the system, because they result in a reduction
of the system curvature and, accordingly, macroscopic
deformations. The role of thermal gradients is qualita-
tively similar to that of stresses associated with a lattice
mismatch. However, the corresponding magnitudes are
several orders smaller.

5. Conclusions

Structural researches of the Alg30Gag7oN/GaN het-
erosystem showed that the main reasons for the broad-
ening of X-ray reflections from these systems are dis-
orientations — the so-called tilts and twists — and small
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Fig. 6. Dependences of the structure curvature radius on the dis-
location density at their uniform distribution over the layer depth
for thin (1) and thick (2) substrates

dimensions of coherent regions. The observed broaden-
ing of the intensity distribution in parallel to the sur-
face (perpendicularly to the diffraction vector) testifies
that the dislocation ensemble consists of both the edge
and screw components of dislocations with the Burgers
vectors directed perpendicularly and in parallel to the
heterointerface, respectively.

The presence of dislocations in A3N heterostructures
gives rise to a substantial redistribution of deformation
fields in the blocks and macrodeformations (the macro-
scopic bend) with the variation of the sapphire sub-
strate thickness. However, the complete agreement be-
tween the experimental and theoretical values for the
system curvature can be achieved only provided that
the rotations of blocks that compose the layer structures
with respect to the substrate are taken into considera-
tion.
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BIIJINB JUCJIOKALIIMHOI
CTPYKTYPU HA JEO®OPMAIIINHI I[TPOIIECHU

B TETEPOCTPYKTYPAX AlGaN/GaN/(0001)AlzOs5

B.II. Kaadvko, A.B. Kyuyx, H.B. Cagppiox,
O.€. Beases, B.®. Mawynin

PezwowMme

Y crarTi HpenCTaBIEHO Pe3yJIbTaTH JOCJHiIKEHHsI CTPYKTYypD-
Hux Biactusocreil rerepocucrem AlGaN/GaN/(0001)AloO3 3a
JIOIIOMOI'OI0  BUCOKOPO3/ILIbHOT X -1IpoMeHeBol  JudparTomMerpil
(BPX/I). Ha ocHOBI oTpumaHHX pe3yJbTaTiB OGroBOpeHa MiKpO-
CKONIiYHa IIPUPOJIa IPOCTOPOBUX HEOTHOPIIHOCTEN Yy X CTPYKTY-
pax (mikpomedopmanii i rycruna mucmaokaniit). [lnsaxom uucesn-
HOT'O MOJEJIIOBAHHSI IiJTBEPAZKEHO I'DAJI€HTHUNE PO3IOIII HCIIO-
Kaniii i gedopmaniit o riaubuni AK y mMosaluniil (6s104Hiit) cTpy-
KTypi HITpuAHEX IIapiB, Tak i B 06s1acTi inTepdeiicy miakmagku ca-
ndipy. Bcranossieno B3aeMo3B’s130K Jtedopmariiit i3 rycTHHOIO Juc-
JIOKaIii y mapax i miaksiaani npu 3miHi TOBIUHA OCTaHHBOI. [To-
Ka3aHO, 110 301JIbIIIEeHHs] TOBIIMHHU ITiKJIaJIKNA cardipy NPUBOIUTH
10 30iMbIIeHHsT IPYXKHUX AedopMaliiii Ta 10 3MeHIIeHHs] I'yCTh-
HU JUCJIOKaliil y mapax cTpykrypu. OTpUMaHO €KCIEePUMEHTAIb-
He IiJITBEP/KEHHS KapTUHU CIIOJIyYEeHHS €JIEMEHTapHUX KOMipDOK
mapy i makaagku Ha MeXKi HO/IiTy, 10 IPUBOAUTD 10 MiHIMAaJIbHOL
HEBIIIOBIIHOCTI I'PATOK.
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