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Abstract The In,Ga;_,N epitaxial layers, with indium
(x) concentration changes between 0.16 and 1.00 (InN),
were grown on GaN template/(0001) Al,O3 substrate by
metal organic chemical vapour deposition. The indium
content (X), lattice parameters and strain values in the
InGaN layers were calculated from the reciprocal lattice
mapping around symmetric (0002) and asymmetric
(10-15) reflection of the GaN and InGaN layers. The
characteristics of mosaic structures, such as lateral and
vertical coherence lengths, tilt and twist angle and heter-
ogeneous strain and dislocation densities (edge and screw
dislocations) of the InGaN epilayers and GaN template
layers were investigated by using high-resolution X-ray
diffraction (HR-XRD) measurements. With a combination
of Williamson—Hall (W-H) measurements and the fitting of
twist angles, it was found that the indium content in the
InGaN epilayers did not strongly effect the mosaic struc-
tures’ parameters, lateral and vertical coherence lengths,
tilt and twist angle, or heterogeneous strain of the InGaN
epilayers.
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1 Introduction

III-Nitride semiconductors have attracted great interest in the
past years for many applications in commercial devices [1, 2].
They have been used in optoelectronic devices, such as blue/
ultraviolet (UV) lasers, light emitting diodes (LEDs), modu-
lation-doped field effect transistors (MODFETSs), metal—
semiconductor field effect transistors (MESFETsS), photode-
tectors, and high temperature/high power electronic devices
[1-5]. Alloy band-gap energies adjustable from 0.7 to 6.2 eV
at room temperature can be achieved by suitable alloy com-
binations in the InGaN, AlInN, and AlGaN systems from
which heterojunctions can be fabricated [2-5]. Because of the
broad alloy band-gap energies’ tunability of the InGaN, from
near 0.7 up to 3.4 eV, it has been widely used as active layers
for high-efficiency blue and green LED and laser diodes [2-5].
In addition, its highly tunable band-gap, high heat capacity,
and low sensitivity to ionizing radiation properties make the
InGaN alloys a suitable material for the solar energy industry
[6]. However, it is a challenging task to grow high-quality
InGaN, especially for higher concentrations of In in the ter-
nary film (>20 %), which is a few 100 nm thick, and has been
less successful [7, 8].

It is well known that the growth conditions of InGaN
and GaN based alloys can significantly affect its optical,
structural, and electrical characteristics [7, 8]. The slight
adjustment of the growth parameters could lead to a large
variation in the quality of the InGaN layer; therefore, an
understanding of the growth kinetics of InGaN is of great
importance, and this, eventually, may help to develop and
fabricate better quality InGaN [7]. There are two main
reasons for the limited success; the first is the degradation
of the crystal quality of the InGaN layer due to the lattice
mismatch between the underlying GaN template, substrate,
and InGaN layer. There are still no widely available lattice
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matched GaN substrates for the growth of wurzite GaN.
The lattice mismatch between the GaN and sapphire
(Al,05), silicon carbide (SiC), and silicon (Si) substrates
causes extended defects in c-axis oriented GaN grown
including threading dislocations (TDs), stacking faults
bounded by Shockley and Frank partial dislocations, and
inversion domains are commonly observed [7-13]. The
other reason limiting the structural quality is the tendency
of thicker InGaN to phase segregate into In-rich and Ga-
rich alloy regions during the deposition process, especially
as the indium fraction increases [7]. Because of native
point defects and a high n-type background carrier con-
centration, the InGaN alloys have an extreme affinity to
being the doped n-type, which results in a big problem of
p type doping InGaN alloys [7].

A mosaic model is widely used to describe the micro-
structure of the GaN based semiconductor materials that
can be characterized by means of lateral and vertical
coherence lengths (average size of the mosaic blocks) tilt
and twist angle, heterogeneous strain and dislocation den-
sities (edge and screw dislocations) [9, 10, 14-20]. The tilt
describes the rotation of the mosaic blocks out-of the
growth plane, and the twist in their in-plane rotation. The
average absolute values of the tilt and twist are directly
related with the full width at half maximum (FWHM) of
the corresponding distributions of the crystallographic
orientations [9, 10, 15, 17, 20]. The mosaic model of the
crystals has been applied several times to GaN epilayers [9,
10, 15-28].

In this study, we grew In,Ga; _,N layers on GaN/sapphire
structures with different indium contents (x). The In contents
(x) of the samples changed to 0.16,0.21,0.23,0.52, 0.69, 0.78,
0.82,0.89 and 1.00 (InN). The aim of the work presented here
is to grow InGaN layers on a GaN template with a wide range
of indium contents (0.16 < x < 1.0) and investigate the
mosaic stricture parameters of the GaN template layers and
InGaN epilayers. For this purpose, the mosaic structure fea-
tures (such as lateral and vertical coherence lengths, tilt and
twist angle and heterogeneous strain) and dislocation densities
(edge and screw dislocations) of hexagonal InGaN epilayers
and GaN template layers were determined by high-resolution
X-ray diffraction (HR-XRD) measurements. Additionally,
atomic force microscopy (AFM) imaging was performed in
order to obtain detailed knowledge on the surface morphology
of the samples.

2 Experimental procedure
Epitaxial In,Ga; _4N (0.16 < x < 1.00) layers were grown
on double-polished 2-inch diameter sapphire (Al,O3) sub-

strates in a low pressure metal organic chemical vapour
deposition (MOCVD) reactor (Aixtron 200/4 HT-S) by using
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trimethylgallium (TMGa), trimethylaluminum (TMAI),
trimethylindium and ammonia as Ga, Al, In and N precur-
sors, respectively. Prior to epitaxial growth, Al,O5 substrate
was annealed at 1,120 °C for 15 min in order to remove
surface contamination. The buffer structures of the all the
samples consisted of a 10 nm thick, low-temperature
(705 °C) GaN nucleation layer, and high temperature
(1,100 °C) 2.3 pum GaN template layer. And nominally
150 nm undoped InGaN layer was grown on GaN template
layer (Fig. 1a). The average InGaN layer thickness deter-
mined by scanning electron microscopy (SEM) was given in
Fig. 1b. In this study, nine different samples were grown,
with a different indium concentration, on GaN template
layers. The In content was changed by changing the growth
temperature and TMIn/(TEGa + TMIn) ratio. The growth
temperatures and the TMIn/(TEGa + TMIn) ratio of the
samples are 730, 745, 705, 580, 550, 550, 550, 550, 550 °C
and 0.40, 0.75, 0.79, 0.82, 0.87, 0.91, 0.95, and 1.00 for an
indium content (x) of 0.16, 0.21, 0.23, 0.52, 0.69, 0.78, 0.82,
0.89 and 1.00 (InN), respectively. The samples were iden-
tified with consideration of the indium content as samples A,
B,C,D,E,F,G, H, and K, 0.16, 0.21, 0.23, 0.52, 0.69, 0.78,
0.82, 0.89 and 1.00 (InN), respectively.

The crystalline quality of the GaN layers was examined by
HR-XRD. The X-ray diffraction (XRD) was performed using
a Bruker D-8 high-resolution diffractometer system, deliver-
ing CuKal (1.540 A) radiation, using a prodded mirror, and
4-bounce Ge(220) symmetric monochromator. Data were
collected on the symmetric (0002), (0004), (0006) and
asymmetric (10-15), (20-22), (12-31), (10-11), (10-13), and
(11-24) reflections as reciprocal space mappings (RSMs) or
just w and o — 26 scans. The surface morphology was
characterized by AFM.

3 Results and discussion

The surface morphology of the InGaN layers grown on
GaN template layers is characterized by AFM. The root-
mean-square (RMS) roughness is between 0.5 (for sample
B) and 31.2 nm (for sample E). Figure 2a—d shows a
comparison of the surface morphology for samples A, B, C,
D, and E, respectively. Samples B and C have a smooth
surface with low rms roughness (rms = 0.5 and 0.8 nm,
respectively) compared to the other samples. The variation
of the RMS roughness with indium content (x) in an InGaN
layer is shown in Fig. 3. Based on the observation from the
graph, the RMS roughness values of the InGaN layers did
not show any systematic dependence on the indium con-
tent, but bigger rms values that were obtained for higher
indium content include InGaN samples.

X-ray diffraction was performed for all of the samples to
investigate the crystal phase of the InGaN epilayer on GaN
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Fig. 1 a Schematic drawing and b SEM image of the InGaN/GaN/Al,Oj3 structures

55.73

(b)

3031 nm
2965

Fig. 2 AFM images (4 x 4 um? scans) of InGaN layers in a sample A, b sample D, ¢ sample G and d sample K

template layer. Figure 4 shows the 20-scan XRD pattern of
an InGaN epitaxial layer. The diffraction patterns exhibited
the (0002) peaks of the wurtzite InGaN epilayers with
different indium concentration are clearly observed at
31.35°, 31.52°, 31.76°, 31.90°, 32.17°, 32.90°, 33.67°,
33.77°, and 33.97° for sample A, B, C, D, E, F, G, H, and
K, respectively. On the other hand, the (0002) peaks of the
wurtzite GaN template layers were measured at similar
angle values for all the samples at 34.56°.

An in-plane @-scan was also taken by rotating the
sample around its surface normal direction to investigate

the in-plane alignment of InGaN epilayers. Figure 5 shows
the @-scan pattern of the (10-15) plane of sample B. As
seen in Fig. 5, the diffraction peaks from the (10-15) plane
of InGaN were observed at ~60° intervals, confirming the
hexagonal structure of the InGaN epilayer.

X-Ray RSM of the samples around symmetric and
asymmetric reflection is a powerful tool to investigate the
lattice parameters a and ¢, and thus to simultaneously
determine the residual strain and stress as well as the exact
alloy composition of the layers [29-33]. The lattice
parameter a and ¢ can be determined by XRD directly from
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Fig. 3 Indium content dependence of the root-mean-square (RMS)
roughness values for all samples
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Fig. 4 The XRD pattern of the InGaN/GaN/sapphire samples
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Fig. 5 Phi scan curve of asymmetric InGaN (10-15) reflection plane
for sample D. Every peak shows azimuths of the (10-15) plane. The
diffractive peak repeats every ~ 60°

the hkl reflections in the symmetric @ — 26 scan by
combining Bragg’s equation djy; = nA/2sin (6), where hkl
is the Miller index in (hkl) notation, 0 is the Bragg angle
and / is the wavelength of the X-rays, with the expression

@ Springer

for interplanar spacing in hexagonal structures given by
[29-33]

1\> 42 +i>+hk P
— | =3 +—2~ (1)
dhkl 3 a C

There are two unknowns (a and c¢), so at least two
reflections measurements are needed. Usually, one or two
high-angle symmetric reflections are measured from the
(0002) and/or (0004) planes, from which ¢ can be found
directly [29]. In order to determine the a values, additionally,
one or two high-angle asymmetric reflections measurement
are needed (typically (10-15), (20-25) or (20-24)
reflection). From high-angle asymmetric reflections a is
determined with using the value of ¢ found previously [29].

Because of the lattice and thermal mismatch between the
substrate and III-nitrides, group-Ill-nitride alloy films are not
grown directly on substrates (for example SiC, Al,05 and Si as
a substrate). In order to improve the crystalline quality, GaN
layer used as a buffer layer [9]. Between the group-III-nitride
alloy film and the GaN buffer, a nearly perfect in-plane ori-
entation is established. In order to determine the strain and
composition of the layer, commonly a peak from another III-
nitride layeris used as the ‘substrate’ [29, 30]. If the material is
assumed to be unstrained, then composition is the only factor
affecting the lattice parameters and only lattice parameters
needs to be measured. Vegard’s law applies, which states that
the lattice parameters of an alloy will vary linearly between the
end members. For the ¢ and a lattice parameter of InGaN
(where x is the mole fraction of InN), this is given by [29-31]

ch“N = (1 — x)c§™N — xclN (2)

aglGuN = (1 —x)a§™ — xal™. (3)

If both lattice parameter a and c are known, the sample
strain can be taken into account in estimates of the
composition. From the definition of Poisson’s ratio, we find

[cmGan — co®)] | Ci3(x) [@mGan — ao(x)]
co(x) T i) ap(x) “)

Where c¢pgany and apgany are the measured lattice
parameters, ¢y and ag are the relaxed parameters predicted by
Vegard’s law, and Cj3(x) and Cs3(x) are elastic constants
linearly interpolated from the binary values. Poisson’s ratio for
a hexagonal crystal system biaxially strained perpendicular to
(0001) is given by,
C 13 (x )

C33 ()C) '

The linear relationship for the Poisson’s ratio as a first-
order approximation given is given by,

y=2

(5)

VinGan = (1 — X)VGan + XVian. (6)

Substitution of af'“, %N and vj,gey in Eq. (4)

obtained a cubic equation for x given below,
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KX’ + Lx* + Mx* + N = 0. (7)

The coefficient (K, L, M, N) of the Eq. (7) can be obtained
by straightforward calculus. The solution of the Eq. (7) gives
the In mole fraction x in the case of In,Ga;_,N. There are
three real solutions, but only one physically meaningful
value of x in the interval 0 < x < 1. By using calculated
mole fraction x, in Egs. (2), (3) and (6), the relaxed lattice
parameters of the InGaN alloy film af'““" and ¢{'“", as well
as Poisson’s ratio vz,g.y can be obtained. In addition to the
measured lattice parameters, the relaxed lattice constants of
the GaN (c§*N = 0.51850, a§™™ = 0.31892 nm) [29-31])
and the InN (cg™ = 0.57033, ai’™ = 0.35378 nm) [29-31]
and the elastic constant (Cy3 = 103 and C33 = 405 GPa) for
GaN and (Cy3 = 92 and C53 = 224 GPa) InN [31, 34] are
used as a input parameters in order to perform the
calculations.

The strain components in the InGaN layer ¢, and ¢, are

defined as &, = [c"9N — ¢o] /ey and gy = [aSN — 4]/
ap, where SN and %N are the measured lattice

parameters, while ¢y and ao are the relaxed parameters
given by Vegard’s law [29, 30].

The RSM was examined for both symmetric (0002) and
asymmetric (10-15) reflections of the GaN and InGaN
layers. The w» — 20 HR-XRD RSM of the (0002) (Fig. 6)
and (10-15) (Fig. 7) reflections of the InGaN/GaN(0001)/
Al,O5 samples are shown. The R = 0 and R = 1 lines are
shows the calculated locations of the fully strained and the
fully relaxed InGaN layers of varying In content in Fig. 7.
As can be seen the RSM of the (10-15) reflections, the
InGaN layers grown on GaN template layer are fully
strained. The indium content (x), lattice parameters and
strain values in the InGaN layers were calculated from the
reciprocal lattice mapping (RSM) around symmetric
(0002) and asymmetric (10-15) reflection of the GaN and
InGaN layers, which values are given in Table 1.

InGaN epilayers having a large lattice mismatch with
respect to the GaN template layers and substrate form a
mosaic structure of slightly misoriented subgrains, which is
characterized by the nucleation of slightly misoriented
islands and the coalescence of these islands toward a
smooth surface [9-11, 15-21]. The mosaic blocks can be
defined as slightly misoriented with respect to each other.
The vertical and lateral correlation lengths, heterogeneous
strain, and degree of mosaicity expressed by the tilt and
twist angles are important parameters in characterizing the
quality of the epitaxial films [9, 10, 15-21, 23-28]. The
out-of-plane rotation of the blocks perpendicular to the
surface normal is the mosaic tilt, and the in-plane rotation
around the surface normal is the mosaic twist [9, 10, 15-21,
23-28]. The average absolute values of the tilt and twist are

directly related to the FWHM of the corresponding distri-
butions of crystallographic orientations [15-21]. The
parameters, lateral and vertical coherence length, tilt angle
and heterogeneous strain along the c-axis, can be obtained
from the Williamson—-Hall (W-H) measurement, and the
twist angle from approaches that were proposed by Srikant
et al. [17] and Sun et al. [28] or from direct measurement
[18, 19].

Each contribution to the broadening of particular XRD
curves can be separated in a W—H measurement [14, 15].
Specifically in triple-axis diffractometer measurements, the
broadening of the rocking curve (angular-scan or m-scan)
of the symmetric (0002), (0004), and (0006) reflections for
the epitaxial layer is influenced only by the tilt angle o,
and short coherence length parallel to the substrate surface
Ly [9, 10, 14, 15, 20].

In the W-H plot, the (FWHM),(sin 0)/4 is plotted
against (sin 0)/4 for each reflection and fitted by a straight
line. Then, the mean tilt angle (o) is obtained from the
slope of the linear dependence, and the lateral coherence
length (L = 0.9/(2y,)) from the inverse of the y-intersec-
tion y,, of the fitted line with the ordinate. Where (FWHM),,
is in the angular unit, 0 is the Bragg reflection angle, and 1
is the X-ray wavelength.

In the radial-scan direction (@ — 26 scan) of the symmetric
reflections, a small vertical correlation length and a heteroge-
neous strain along the c-axis causes a broadening of the
Bragg reflections. These two parameters L, and ¢, can simi-
larly be derived from the W-H plot. In the W-H plot,
(FWHM),,_»¢(cos 0)/4 is plotted against (sin 6)/2 for each
reflection and again fitted by a straight line. From the y-inter-
section y the vertical correlation length L, can be calculated
(L = 0.9/(2y)) and the heterogeneous strain &, can be esti-
mated directly from the slope of the line which is 4¢ .

The W-H plots for symmetric plane reflections of the
InGaN epilayers and GaN template layers were done for
the triple-axis w- and w — 20-scan. Figure 8 shows the
corresponding W-H plots of the InGaN epilayers for the
triple-axis (a) w-scan and (b) @ — 20-scan. The straight
lines are linear fits to the experimental data. The expected
linear behavior of the graphs is experimentally well con-
firmed, which gives the rather accurate tilt angle values.

The L and oy, of the InGaN epilayers and GaN tem-
plate layers are shown in Table 2. The mean tilt angles’
values of the samples change between the 1.0 x 10~ and
18 x 1073 degree. As seen, the mean tilt angles of the GaN
template layers for all the samples, except sample K, were
similar to each other and rather small. It can be seen in this
table that the mean tilt angle for the sample K is the bigger
than other samples. This difference can be attributed to the
growth process. On the other hand, the mean tilt angles of
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Fig. 6 Reciprocal space maps
for the (0002) reflections of the
three InGaN/GaN layers with
increasing indium content
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the InGaN epilayers are changes between the 0.3 x 1077
(sample E) and 35 x 107 degree (sample D). Based on
the observation of the measured mean tilt angles, there is
not any systematic behavior between the tilt angle and
indium content in InGaN epilayers (Fig. 9a). Furthermore,
the indium content ratio in the InGaN epilayers does not
affect the tilt angles of the mosaic blocks of the InGaN
layers. The L of the GaN template layers were determined
to range from 10.5 to 6,432 nm. As can be seen in Table 2,
the maximum values were observed for sample D and the
minimum values obtained for sample K (InN epilayer).
However, the L, that was measured for the InGaN epi-
layers, has values ranging from 16.1 to 643 nm, and are
smaller than the measured L for GaN template layers.
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The measured vertical coherence lengths, L, values for
GaN template layers and InGaN epilayers are shown in
Table 2. The L, values for GaN template layers and InGaN
epilayers range from 26.5 (sample A) to 45.0 nm (sample
E) and 10.0 (sample A) to 56.2 nm (sample B), respec-
tively. The ¢, values that were calculated for the GaN
template layers and InGaN epilayers for all samples are
shown in Table 2. The maximum &, values in the InGaN
epilayers were obtained for sample E.

Generally, the mean twist angle (o,,;,) between the
subgrains of InGaN and GaN epilayers can be determined
from the FWHM of w-scan or @-scan XRD curves [9, 10,
15-20]. The mean twist angle can be extrapolated from a fit
to the measured double-axis scans data for different (ki)
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Fig. 7 Reciprocal space maps 107 p
for the (10-15) reflections of the E
three InGaN/GaN layers with 106 |
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reflections in a skew symmetric diffraction. Several
extrapolation and direct measurements methods have been
reported in the literature for a mean twist angle calculation
[15, 17, 18, 23, 24, 28]. Srikant et al. [17] and Sun et al.
[28] proposed a geometrical model that considers the
simultaneous presence of tilt and twist to fit the data from
the measurement of w-scans in skew geometry from
reflections with increasing lattice plane inclination. Actu-
ally, these authors obtained the twist angle by the com-
plicated calculation and fitting method. Metzger et al. [15]
just used the FWHM of ®-scan for (10-15) reflection to
measure the twist angle. On the other hand, some authors
[18, 19] proposed a simple empirical approach to obtain the
mean twist angle directly without falling into complicated

0.6 03 00 03 06
Omega

L & - L= |;‘J a1 .. 1 -.
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Omega Omega

computation and fitting procedure. In the other measure-
ment method, a grazing incidence in-plane X-ray diffrac-
tion (GIIXD) technique was used, but in this technique a
high intensity X-ray source such as a synchrotron and/or
special X-ray optics is necessary [24, 25].

The FWHM of the rocking curve of an imperfect film is
composed of several contributions, such as the mean tilt,
twist, the average size of the sub-grains, and the inhomo-
geneous strain distributions. Although the broadening, due
to a limited domain size and inhomogeneous strain, can be
significant in highly imperfect films, their effects have been
eliminated by using a slit of 0.6 mm that is placed in front
of the detector in double-axis w-scans. Indeed, their con-
tribution to the overall broadening was found to be of
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Table 1 The calculated In content (x), the lattice parameters dy,eas and Cpeqs, the relaxed parameters ¢ and ay, calculated by using Vegard’s law,
strain components ¢, and ¢,, and Poisson constant of the InGaN layers measured from the RSM

Sample ID Indium

GaN template layers

InGaN layers

content > Y - .
(X) Ameas (nm) Cmeas (nm) Ameas (nm) Cmeas (l'lIIl) a0 (l'lIIl) Co (nm) €2z (>< 10 ) Exx (X 10 ) Poisson ratio
A 0.16 0.51842 0.31894 0.32461 0.52632 0.34847 0.56194 —6.34 —6.85 1.306
B 0.21 0.51879 0.31892 0.32574 0.53105 0.34645 0.55897 —4.99 —5.98 1.298
C 0.23 0.51842 0.31907 0.32636 0.53154 0.34595 0.55823 —4.78 —5.66 1.295
D 0.52 0.51842 0.31893 0.33679 0.54552 0.33592  0.54349 0.37 0.25 1.253
E 0.69 0.51879 0.31893 0.34266 0.55470 0.32989 0.53463 3.75 3.87 1.227
F 0.78 0.51857 0.31910 0.34556 0.56057 0.32655 0.52971 5.82 5.82 1.212
G 0.82 0.51819 0.31908 0.34694 0.56299 0.32506 0.52752 6.72 6.72 1.206
H 0.89 0.51842 0.31898 0.34897 0.56742 0.32263 0.52395 8.29 8.16 1.195
K 1.00 0.51955 0.31897 0.35084 0.57119 0.32048 0.52079 9.68 9.47 1.187
8 T Ll Ll ! T T
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Fig. 8 W-H plot for InGaN layers. a Triple-axis w-scan and b triple-axis w — 20 scan were measured for the symmetric (000/) (I = 2, 4, 6)
reflections indicated in the figure. The /ines result from a linear fit of the data

Table 2 The mosaic properties of the GaN and InGaN epilayers that were grown on sapphire substrate are listed

Sample ID  GaN template layers

InGaN layers

st (°) e x 1072 (®) Ly (am) Ly (am) &1 (x107%) iy () oty x 1077 (°) Ly (am) Ly (nm) &, (x107%)
A - 2.5 500 26.5 —4.25 - 14.0 32.1 10.0 —-1.5
B 0.13 1.0 2,250 50.0 —-2.5 0.15 55 50.0 56.2 -2.5
C 0.25 2.8 150 32.1 —4 - 3.0 75.0 28.1 —-3.0
D 0.21 1.6 6,432 34.6 —3.5 - 35.0 76.3 18.7 31.0
E 0.24 1.7 4,500 45.0 2.75 1.32 0.3 16.1 45.4 —36.7
F 0.15 2.0 4,500 28.1 —4.25 1.36 7.5 643.0 10.7 —4.5
G 0.22 1.7 6,430 32.1 —3.75 0.2 9.6 37.5 22.5 52
H 0.16 4.9 90 30.0 0.75 091 7.5 40.9 56.1 6.7
K 0.2 18 10.5 40.9 18.5 0.69 3.7 225.0 25.0 -2.0

The structural characteristics of all the samples, including the vertical coherence length, L, lateral coherence length, L vertical heterogeneous
strain, &, parallel to the lattice vector, ,;, mean tilt angle, o,,,; mean twist angle

minor influence in this measurement case. In addition, the
(0002) reflection and (hkl) reflections with either h or k
non-zero orientation of our samples with triple-axis

@ Springer

crystal

and

the apparatus

w — 20 scans, exhibit a small FWHM. The last important
point is that the intrinsic width of the reflection for the
broadening for

all the
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Fig. 9 Indium content dependence of the a tilt and b twist angle in GaN layers and InGaN layer for InGaN/GaN/sapphire samples

experimental reflections are negligible because these
effects amount to only a few arcsec. For this reason, we can
only measure the broadening that was caused by the twist
using (hkl) reflections in skew geometry [9, 10, 19, 20].

Figure 10 shows the changes in FWHMs values of the o
and @-scans with an increasing inclination angle (y) for the
sample A. The extended FWHMSs of o and ®-scans
obtained by using the fit of Pseudo-Voigt function to the
rocking curves. It can be seen in this figure that the
FWHMs of w-scans increase with the increment of y, while
the FWHM of & scan decrease with the increment of y
angle. Moreover, they become closer when the (12-31)
reflection yields at 78.6° in y as shown in Fig. 10. In fact,
the angle y reaches 90° when the reflection plane is per-
pendicular to the surface of the sample. These results
showed that the rocking curve widths of @ or @ scans for
this higher y angle are close to the twist angles. In every
respect, the FWHMs of @-scans are larger than those of w-
scans with the change of the inclination angle y. Therefore,
the mean twist angles must be the average value of the
FWHMs of w and @-scans of y = 78.6°.

The measured mean twist angle of the GaN template
layers and InGaN epilayers are shown in Table 2. And the
changes of the mean twist angle of the samples as a
function of the indium content were given in Fig. 9b. The
mean twist angles of the GaN template epilayer changes
between 0.13° and 0.25°. It can be concluded that the mean
twist angle in a GaN template are similar for all the sam-
ples. On the other hand, the mean twist angle values of the
InGaN epilayers measured between 0.15° and 1.36° as
shown in Table 2. The minimum mean twist angle value
was obtained as 0.15° for sample B, while the maximum
mean twist angle was obtained as 1.36° for sample F.
Based on this observation, it can be argued that the mean
twist angle of the InGaN epilayers grown on GaN template

:]-() T 1 Ll T 1 1 L}
1 O u- FWHM of o scan for sample A
0.84 (10-13). o FWHM of @ scan for sample A |
m 10-12) (12-31)
o 0.7 ( .
L . H
&n
L)
Z 0.6 R
=
Ma
B 0.5 4 B
[
0.4- " .
]
0.34 -
L 1 1 L 1 1 'l
20 30 40 50 60 70 80

Inclination angle ¥ (degree)

Fig. 10 FWHM of @ and w-scans for (hk(-h—k)l) reflections as a
function of the inclination angle y for sample A (x = 0.16). FWHMs
of m-scan increase with the increment of y angle, while those of ®
scan decrease. The lines are guide for the eyes

did not strongly affect by indium content (x) in In,Ga; _ N
epilayers.

Itis well known that the GaN based layers grown on lattice
mismatched substrate, such as sapphire, SiC and Si, with two
steps exhibit a high dislocation density. In this study, InGaN
epilayers and GaN template were grown on sapphire sub-
strate, which exhibit high dislocation density. There are three
main types of dislocations present in InGaN epilayers and
GaN template layers [7-15]; the pure edge dislocation with

Burgers vector b = 1 (11 20) ((a)), the pure screw disloca-
tion with Burgers vector b = (0001) ({c)), and the mixed
dislocation with b =1 (11 23) ((c + a)). The edge (Deage)
and screw (Dy.,.,,) type dislocation density in the epitaxial

layers can be calculated from the equation given below [9,
10, 15, 16, 18],

@ Springer
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Fig. 11 Indium content dependence of the density of edge and screw type dislocation in a GaN layers and b InGaN layer for InGaN/GaN/

sapphire samples

p (2 ) p % )
0002 1012
Dscrew = 5 De e — ~,o - 8
9 %crew a 9bgdge ( )

Where, [ is the FWHM measured by HR-XRD rocking
curves, and b is the Burgers vector length (by.er, = 0.5185 nm,
bege = 0.3189 nm). And the total dislocation density (D ) of
the InGaN epilayers and GaN template layers were estimated
by the following equation,

Ddis - Dscrew + Dedge- (9)

The calculated edge and screw dislocation densities of the
InGaN epilayers and GaN template layers are shown in
Fig. 11a, b. As can be seen in Fig. 11a, the screw type
dislocation density in GaN template layers changes between
5 x 10’ (sample B) and 2.1 x 10® cm ™2 (sample H), but
edge type dislocation densities approx. one order bigger than
screw type dislocation densities and changes between
2.8 x 10® (sample A) and 1.9 x 10° cm ™2 (sample E). The
calculated screw and edge type dislocation densities in InGaN
epilayers were shown in Fig. 11b. Inthe InGaN epilayers both
screw and edge type dislocation densities are approx. one
order bigger than in GaN template layers. The screw type
dislocation densities in the InGaN epilayers are changes
between 9.8 x 107 (sample B) and 3.9 x 10° cm ™ (sample
E). On the other hand, the magnitudes of the edge type
dislocation densities in InGaN epilayers were determined to
range from 2.1 x 10° (sample C) to 8.6 x 10" cm™2
(sample G). Based on the observations in Fig. 11b, there is
no systematic dependence between TD densities in InGaN
epilayers and indium content (x).

4 Conclusions

In the present study, In,Ga; _,N epitaxial layers, with indium
content (x) of 0.16,0.21,0.23,0.52,0.69, 0.78,0.82, 0.89 and

@ Springer

1.00 (InN), were grown on GaN template/sapphire substrate
structure by MOCVD. The mosaic structures parameters
(such as lateral and vertical coherence lengths, tilt and twist
angle and heterogeneous strain) and dislocation densities
(edge and screw dislocations) of the InGaN epilayers and
GaN template layers were investigated by using HR-XRD
measurements. Based on the HR-XRD measurements results
we observed that the mosaic structures parameters, lateral
and vertical coherence lengths, tilt and twist angle and het-
erogeneous strain of the InGaN epilayers were not strongly
affected by indium content (x) in In,Ga,_,N epilayers. The
screw and edge type dislocation densities in InGaN epilayers
were determined to range from 2.1 x 10° (sample C) to
8.6 x 10 em™2 (sample G) and 2.1 x 10° (sample C) to
8.6 x 10" cm™? (sample G), respectively. And there is no
systematic dependence between the TD densities in InGaN
epilayers and indium content (X).
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