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Süleyman Özçelik2 • Ekmel Özbay1
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Abstract High-resistive GaN ([108 X cm) layers have
been grown with different buffer structures on 6H-SiC
substrate using metalorganic chemical vapor deposition
reactor. Different combination of the GaN/AlN super lattice, low temperature AlN, high temperature AlN and
AlxGa1-xN (x & 0.67) layers were used in the buffer
structures. The growth parameters of the buffer layers were
optimized for obtaining a high-resistive GaN epilayer. The
mosaic structure parameters, such as lateral and vertical
coherence lengths, tilt and twist angle (and heterogeneous
strain), and dislocation densities (edge and screw dislocations) of the high-resistive GaN epilayers have been
investigated using x-ray diffraction measurements. In
addition, the residual stress behaviors in the high-resistive
GaN epilayers were determined using both x-ray diffraction and Raman measurements. It was found that the buffer
structures between the HR-GaN and SiC substrate have
been found to have significant effect on the surface morphology and the mosaic structures parameters. On the other
hand, both XRD and Raman results confirmed that there is
low residual stress in the high-resistive GaN epilayers
grown on different buffer structures.
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1 Introduction
Because of the high-electron drift velocities and large
dielectric breakdown voltage, III-nitride based heterojunction field effect transistor (HFET) devices have significant advantages for high power, high frequency
applications operation [1–3].
The prevention of the current path underneath the twodimensional electron gas (2DEG) channel and also complete channel pinch-off, low loss at high frequencies, and
low cross-talk between adjacent devices can be satisfied by
using a high-resistive (HR) or semi-insulating (SI) GaN
channel layer in the high electron mobility transistor
(HEMT) structures [4–6]. During the GaN layer growth,
high unintentional n-type doping levels presumably doping
due to the residual oxygen or silicon donors introduced to
the structures. Intrinsic n-type conductivity may be adequate for light-emitting devices, such as light emitting
diode and laser diode, but it is detrimental for high-power/
high-frequency device applications [2–6]. In order to
compensate n-type conductivity and obtain semi-insulating
and/or highly resistive materials acceptors or acceptor like
states are usually introduced to the structures [7–12]. In the
GaN epilayer, the residual donors have to be compensated
by acceptor states. Commonly, this is achieved by doping
acceptor-like impurities, such as iron [7], magnesium [8],
or carbon [9] during the growth of the GaN layer or by
introducing high densities of threading dislocations [10] or
by choosing growth conditions that result in high levels of
carbon impurities, thereby leading to the formation of deep
acceptor states [11–13]. Carbon incorporation in GaN has
found important practical application in forming semi-insulating and/or highly resistive layers [11–13]. The carbon
level and, as a result of this doping, the resistivity of the
GaN layer can be easily controlled by varying the growth
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temperature, deposition chamber’s pressure, and V/III ratio
[11–13].
Another important point for the growth of the HR-GaN
layer is the buffer structures. In the MOCVD growth, the
buffer layers used between the 6H-SiC substrate and the GaN
layer strongly effect the crystal quality and electrical properties of the GaN layer [14–16]. Chen et al. [6] showed that
the AlGaN layer between the AlN buffer and the GaN layer
decreases the Si atoms density in the structures and hence
changed the resistivity of the GaN layer. In the study of
Twigg et al. [10], they showed that the AlN nucleation layer
can strongly influence the resistivity of the subsequent GaN.
In our study, we obtained HR-GaN layers ([108 X cm)
using different buffer structures, such as low temperature
growth AlN, high temperature growth AlN, undoped
AlGaN layer, and AlN/GaN superlattice between the 6HSiC substrate and GaN layer. The structures were grown by
MOCVD system. In the second part of the study, the
mosaic model was used to describe the microstructure of
the HR-GaN layer and calculated the mosaic structures
parameters, such as lateral and vertical coherence lengths
(average size of the mosaic blocks) tilt and twist angle,
heterogeneous strain, and dislocation densities (edge and
screw dislocations). The mosaic structure features and
residual stress state of hexagonal HR-GaN layers were
determined by x-ray diffraction (XRD) measurements.
Raman scattering has been extensively used to evaluate
stress form in the GaN based materials. Stress in the GaN
layers are the important factor that changes the energy band
structure and can influence the properties of the phonon
modes. The frequency of the E2 (high) phonon modes in
GaN is sensitive to the residual stress. The E2 (high) is the
usable mode for accurate determination of the stress form
in GaN structures. In this report, the stress form in
hexagonal GaN using the E2 (high) phonon modes, which
are observed in Raman experiments performed in the
backscattering geometry perpendicular to the surface. The
resistivity’s of the GaN layers were measured with a Hall
measurements system at room temperature. Additionally,
atomic force microscopy (AFM) imaging was performed in
order to obtain detailed knowledge on the surface morphology of the samples.

2 Experimental procedure
The HR-GaN layers were grown on 6H-SiC substrates,
with different buffer layers structures, in a low-pressure
MOCVD reactor (Aixtron 200/4 HT-S) by using
trimethylgallium (TMGa), trimethylaluminum (TMAl),
and ammonia as Ga, Al, and N precursors, respectively.
The growth procedure has been begun with surface baking
of the SiC substrate under H2 ambient at 1200 °C for
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10 min. Four different sets of samples were grown with
different buffer structures and named as sample A, B, C,
and D after that. All of the samples nominally contain a
1.9 lm thick GaN epilayer after the buffer layers (Fig. 1).
Sample A contains 10 nm thick LT-AlN, 140 nm HT-AlN,
and 5 9 10 nm pairs GaN/AlN super lattice structures
under the HR-GaN layer. In sample B, 10 nm LT-AlN and
140 nm HT-AlN layers were grown as a buffer layer. The
buffer structures of the sample C consisted of a 10 nm
thick, low-temperature (705 °C) AlN (LT-AlN) nucleation
layer, and 230 nm thick undoped AlGaN layer. XRD peak
splitting was used to measure the Al content of the AlGaN
layer and its value found as 67 %. And 300 nm thick hightemperature AlN (HT-AlN) grown at 1100 °C were used as
a buffer layer in sample D. A Ti/Al/Ni/Au metal stack was
used as an ohmic contact in square Van der Pauw geometry
for electrical characterization.
The resistance of the samples was measured at the room
temperature by Hall measurements system. For x-ray
diffraction measurements, a Rigaku Smart Lab. high-resolution diffractometer system, delivering CuKa1 (1.544 Å)
radiation, and 4-bounce Ge(220) symmetric monochromator, was used. The Raman spectra’s were recorded by
using a Bruker Optics FT-Raman Scope III system. A
532 nm wavelength laser were used as an excitation
source. All measurements were performed in backscattering geometry with the z-direction parallel to the c axis of
the wurtzite GaN structure at room temperature. The
samples’ surface morphology was characterized by Atomic
force microscopy (AFM) in contact mode with a commercial VEECO CPII.

3 Results and discussion
The surface morphology and root-mean-square roughness
(RMS) of the HR-GaN layers grown on 6H-SiC substrate
with different buffer layer structures is characterized by
AFM over a 4.55 9 4.55 lm2 scan size (Fig. 2). The AFM
images of the HR-GaN layers in sample B, C and D exhibit
step-flow growth and the terrace. However, some morphological defects are seen in the sample A. The RMS
roughness values for samples are changed between
1.87 nm (for sample A) and 0.31 nm (for sample C). On
the other hand, 0.48 and 0.84 nm RMS roughness values
were obtained for sample B and sample D, respectively.
In the study, the growth parameters and thickness of the
buffer layers were optimized for obtaining maximum
resistivity for GaN layers. The resistivity of the samples
was measured using square Van der Pauw geometry in a
Hall measurements system at room temperature. The
measured resistivity values of the GaN layers in all the
samples are greater than 108 X cm.
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Fig. 1 Schematic drawing of
the HR-GaN epilayers grown on
SI 6H-SiC substrate with
different buffer structures

Fig. 2 AFM images
(4.55 9 4.55 lm2 scans) of
GaN epilayers in sample A,
sample B, sample C and sample
D
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The XRD x-2h-scans were performed for all of the
samples to investigate the crystal phase of the layers grown
on 6H-SiC substrate and are shown in Fig. 3. The
diffraction patterns exhibited the (0002) peaks of the
wurtzite GaN, AlN, AlGaN epilayer, and 6H-SiC substrate.
The (0002) peaks of the wurtzite GaN epilayers are clearly
observed at 34.67°, 34.64°, 34.66°, and 34.61° for samples
A, B, C, and D, respectively. In addition, peaks of the
(0006) plane from the 6H-SiC substrate were measured at
35.68° for all the samples. An in-plane U-scan was also
taken by rotating the sample around its surface-normal
direction in order to investigate the in-plane alignment of
GaN epilayer. The U-scan pattern of the (10–11) plane for
sample C is given in Fig. 4. As can be seen from the figure,
that the diffraction peaks from the (10–11) plane of GaN
epilayers were observed at 60° intervals, which clearly
confirms that the GaN epilayer have good single crystal
hexagonal characteristics.
In order to precisely determine the lattice constants (a
and c) of the hexagonal GaN crystal, the symmetric and
skew symmetric XRD 2h/x-scans can be used in Eq. (1)
with combining Bragg’s law (nk = 2dhkl sin h) [17–19].
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4 h2 þ k2 þ hk l2
dhkl ¼ 1=
ð1Þ
þ 2
3
a2
c
Because of two unknowns (a and c) in Eq. (1), at least
two different plane reflections (dhkl) measurements are
needed [17–19].The symmetric and skew symmetric x-2h
scans for all basic crystallographic directions were measured. Generally, lattice constants c of the layer perpendicular to the interface are calculated from the one or two
high-angle symmetric (000l) reflections such as (0004),
(0006), and (0008) plane measurements. On the other hand,
the lattice constants a parallel to the film interface can be

Fig. 3 The x-2h XRD pattern of the HR-GaN epilayers grown on
6H-SiC substrate with different buffer structures
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Fig. 4 Phi scan pattern of asymmetric (10–11) plane of the GaN
epilayer for sample C. Every peak shows azimuths of the (10–11) plane

derived using the one or two diffraction peaks of the highangle asymmetrical reflections, such as (10–14), (11–24),
(10–15), and (20–24) [17–19]. In this study, the c and a
values calculated from the (0004), (0006) symmetric plane
reflections, and (10–12), (10–13), (10–14), and (20–21)
asymmetric plane reflections measurements, respectively.
Table 1 shows the calculated a and c values for all samples.
As it is known, the crystal system of the GaN is the
wurtzite hexagonal [17–21]. When a GaN epitaxial layer is
grown on a SiC substrate it is form a columnar mosaic
structure [17–19]. The axes of the hexagonal shape columns is coincide with the crystallographic c-axis of GaN
film and these columns are oriented about the c-direction of
the SiC substrate with an effective small angle of about a
few arcminutes. In the mosaic structures of the GaN film,
the a and b crystallographic axes of the columns are perpendicular to the c-direction of the substrate. For this
reason, the GaN epilayer exhibits in-plane isotropic elastic
properties, and its in-plane deformation state can be
described by one strain component. Therefore, in-plane
strain (ea) and out-of-plane (ec) strain components of the
GaN epileyers can be calculated by the equations given
below [17–21],
ea ¼ ðameas  a0 Þ=a0

ð2aÞ

ec ¼ ðcmeas  c0 Þ=c0

ð2bÞ

In the Eqs. (2a) and (2b), cmeas and ameas are the measured lattice constants of GaN and c0 and a0 are reference
values for stoichiometric and defect-free unstrained GaN
GaN
GaN
crystals (c0 ¼ 0:51855 and a0 ¼ 0:31891 nm [22]).
However, the GaN epilayer in the heteroepitaxial GaN/
buffer/substrate structures grown by the MOCVD method
contains a high concentration of point defects that cause a
considerable contraction or expansion (depending on the
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-0.2
3.1
¼ 0:51855 nm

Frequency of the E2 (high) phonon mode in the relaxed GaN [20]; 566.2 cm-1

Lattice parameters for powder GaN [22]; a0

565.3
0.31918
Sample
D

0.51874

566.0
0.31899
Sample
C

0.51873

0.31968
Sample
B

0.51976

566.1

GaN

¼ 0:31891 nm; c0

GaN

0.3
0.85
3.7

3.3

3.4

4.9
566.6
0.51972
0.31958
Sample
A
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concentration level and type of point defects) of the crystal
lattice in this layer. Therefore, ea and ec strain components
in the GaN epilayers are the superposition of biaxial and
hydrostatic strains [18, 21, 22].

0.5

-3.0
0.3
-0.6
0.3
0.25

0.3

2.5
-0.3
0.5
2.3
2.4

2.4

-4.8
0.5
-1.0
2.2
2.1

2.2

Measured strain in
c-direction,
ec 9 10-3
± 1 9 10-4
ameas
±0.00002
(nm)
Sample
ID

cmeas
±0.00002
(nm)

Raman frequency
of E2 (high)
phonon mode
(cm-1)

FWHM of E2
(high) phonon
mode (cm-1)

Measured strain in
a-direction,
ea 9 10-3
± 2 9 10-4

Hydrostatic
strain,
eh 9 10-3
± 2 9 10-4

Biaxial strain in
a-direction,
eba 9 10-4
± 1 9 10-5

Biaxial strain in
c-direction,
ebc 9 10-4
± 1 9 10-5

Biaxial stress,
rf
(GPa) 9 10-2
± 1.4 9 10-3
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Table 1 The lattice parameters ameas, cmeas, strains, biaxial stress and Raman frequency of the E2 (high) phonon modes in HR-GaN/buffer/6H-SiC heteroepitaxial structures
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ea ¼ eaðbÞ þ eh

ð3aÞ

ec ¼ ecðbÞ þ eh


1m
2m
ec þ
ea
eh ¼
1þm
1m
c13
m¼
c13 þ c33

ð3bÞ
ð4aÞ
ð4bÞ

In Eqs. (3a) and (3b) eh is the hydrostatic strain, e(b)
c and
e(b)
are
the
biaxial
strains
in
the
cand
a-direction,
a
respectively. On the other hand, the parameters in
Eqs. (4a) and (4b) are defined as; m is the Poisson ratio, and
c13 and c33 are the elastic constants of the hexagonal GaN.
The elastic constant values of the c13 and c33 in Eq. (4b),
calculated by Brillouin scattering measurements [23], used
as c13 = 106 GPa and c33 = 398 GPa and m were calculated as 0.21. The data for these Poisson ratio and the
measured strains in-plane and out-of-plane strains were
substituted into Eqs. (3a), (3b) and (4b), and the vertical
(b)
(e(b)
c ) and horizontal (ea ) biaxial strain components and the
hydrostatic strain (eh) were calculated. The calculated
results are listed in Table 1.
The stresses in the HR-GaN/buffer/SiC structures originating from the mismatch between the lattice parameters
of the epilayers and the substrate are biaxial
[17, 18, 21, 22]. The in-plane biaxial stress in the GaN
epilayer can be determined using the formula given below;
rf ¼ Mf eaðbÞ
Mf ¼ c11 þ c12 

ð5Þ
2c213
c33

ð6Þ

In Eq. (5), rf is the biaxial stress in film, Mf is the
biaxial elastic modulus for a material with hexagonal
crystal lattice structures strained in the [0001] crystallographic direction [23] and the e(b)
a is the biaxial strain in the
a-direction.
The values for the elastic constant of the hexagonal GaN
crystal in Eq. (6) were taken as; c11 = 390 GPa, c12 =
145 GPa, c13 = 106 GPa, c33 = 398 GPa. After substitutions of the cij parameters in Eq. (6), the value for the
biaxial elastic modulus was obtained as 478.5 GPa. The
biaxial stress component in the crystallographic b-direction
equals the component in the a-direction, whereas the
biaxial stress component in the c-direction equals zero. The
rf values were calculated by substituting the values of
biaxial strain in the a-direction and the biaxial elastic
modulus value in Eq. (5). The results for the rf are tabulated in Table 1.

5.87

4.85
0.33

0.61

28.40

7.75
1.03

1.65

Edge type dislocation density,
Dedge  108  2  1010 cm 2
Screw type dislocation density,
Dscrew  108  1  1010 cm2

-1.6

-2.8
46.2

65.9
661.7
1.1

1.0

0.120

0.133

Sample C

Sample D

2346.3

-4.3

-3.3
35.7

28.4
23377.2

5164.0
1.6

1.9

0.153

0.292

Sample A

Sample B

9 10

-5

e\(10-4) ± 1

L\ ± 0.15
(nm)
Lll ± 0.1
(nm)
atilt 9 10-3 (°)
± 2 9 10-4 (°)
atwist ± 0.001 (°)

HR-GaN epilayer
Sample ID

Table 2 The mosaic structure parameters including the mean tilt angle, atilt, and mean twist angle, atwist, vertical coherence length, L\, lateral coherence length, Lll, vertical heterogeneous
strain, e\ and screw, edge type dislocation density in the HR-GaN epilayer that were grown on SiC substrate with different buffer structures are listed
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According to the group theory, hexagonal wurtzite GaN
structures belongs to the point group C6v (6 mm) with four
atoms per unit cell, and thus, group-theory analysis predicts that at the zone-center three is eight phonon modes.
These modes are the two E2 (E2 (low) and E2 (high)), one
A1 (TO), one A1 (LO), one E1 (TO), one E1 (LO), as well as
two B1 (B1 (low) and B1 (high)) modes. The E2 modes are
Raman active, the A1 and E1 modes are both Raman and
infrared active, but the two B1 modes are silent
[20, 24–26].
Raman spectra of the HR-GaN epilayers grown on 6HSiC substrate with different buffer structures were recorded
at room temperature. Figure 5a displays the Raman spectra
of the all samples. As shown in Fig. 5a, in the backscattering geometry measurements, the allowed E2 (high) and
the A1 (LO) phonon modes of the c-direction oriented GaN
and the E2 (TA), A1 (LA), E2 (TO) and A1 (LO) phonon
modes of the 6H-SiC substrate are can be seen and it is
consistent with published results in the literature [26].
The E2 (high) and A1 (LO) phonon modes in the HRGaN epilayers are given in Fig. 5a, b. The E2 (high) modes
are observed at 566.6, 566.1, 566.0 and 565.3 cm-1 for
sample A, B, C and D, respectively (Table 1). In addition,
the A1 (LO) peaks located at 733, 732.5, 732.5, and
732 cm-1 for sample A, B, C and D, respectively. It can be
seen that the Raman peaks for the 6H-SiC substrate occupy
the same position for all the samples (Fig. 5a). However,
there is a very small shift in the frequency of both E2 (high)
and A1 (LO) phonon modes of HR-GaN epilayers. This is
the results of the presence of very small strain in the HRGaN epilayers.
The Raman frequency shift of the E2 (high) phonon
mode is sensitive to case of biaxial (0001)-plane oriented
stress and it can be used to characterize the stress state in
GaN epilayer [20, 24, 25]. The E2 (high) phonon mode
positions and their full width at half maximum (FWHM)
for all samples are summarized in Table 1. One can see
that there is a small difference in the E2 (high) phonon
mode position in the samples are within the range of
fluctuation (565.3–566.6 cm-1) by effect of small strain in
GaN epitaxial layers. The frequency of the E2 (high)
phonon mode of 566.2 cm-1 is considered to be a precise
frequency value for E2 (high) phonon modes in the
unstrained GaN layers [20]. The measured frequency values of the E2 (high) modes for all samples are close to the
stress-free GaN and correlated with the strain calculated
with XRD measurements. It confirms that all the HR-GaN
epilayers are under the very low strain. On the other hand,
FWHM of the E2 (high) phonon modes are changes
between 3.3 and 4.9 cm-1. The relative intensity and
FWHM of the E2 (high) modes are comparable to the
published Raman spectra of high quality GaN [20, 24, 25].
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Fig. 5 a Raman spectra obtained at T = 300 K for the HR-GaN epilayers grown on 6H-SiC substrate with different buffer structures, for back
scattering (surface) geometry (
zðx; xÞz). b E2 (high) and A1(LO) phonon modes in the HR-GaN epilayers

The growth of the GaN based materials on the lattice
mismatched substrate such as; sapphire, SiC and Si, causes
threading dislocations in the GaN based epilayers. Generally, threading dislocation in the GaN based materials
causes’ destructive effects on devices that fabricated on
these materials. In order to decrease threading dislocations
some type of sophisticated buffer structures such as; lowtemperature growth AlN, high-temperature growth AlN,
AlN/GaN super lattice, AlGaN interlayer or combination of
these layers have been used [18, 19]. These buffer systems
can be considerably decreased threading dislocations but it
could not completely quench [18, 19]. There are three types
of dislocations present in the structures; the pure edge
dislocation with Burgers vector of b = h11–20i/3 (hai), the
pure screw dislocation with Burgers vector of b = h0001i
(hci), and the mixed dislocation with Burgers vector
b = h11–23i/3 (hc ? ai) [17, 19, 27–29]. The edge (Dedge)
and screw (Dscrew) type dislocation density in the epitaxial
layers can be calculated by using the equation given below;
.
Dscrew ¼ b2ð0002Þ 9b2screw
ð7Þ
.
ð8Þ
Dedge ¼ b2ð1012Þ 9b2edge
In the Eqs. (7) and (8), b0002 and b10–12 are the FWHM
of the (0002) symmetric and (10–12) asymmetric plane
reflections measured by XRD rocking curves, respectively.
The bscrew = 0.5185 nm and bedge = 0.3189 nm are the
Burgers vector lengths of screw components and edge
components of the dislocations in the GaN epilayers,
respectively [17, 19, 27–29]. The overall TDDs (Ddis) of
the structures can be estimated by summation of Dedge and
Dscrew equation. The screw and edge type dislocation
density of the HR-GaN epilayers, grown on different buffer
structures, were calculated by using FWHM of the XRD
rocking curves of (0002) symmetric and (10–12) asymmetric reflections. The calculated screw, edge type and
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total dislocations densities in the HR-GaN by considering
the errors are listed in Table 2.
As tabulated in Table 2, the screw type dislocation
density in HR-GaN epilayers changes between
0.33 9 108 cm-2 (sample C) and 1.65 9 108 cm-2 (sample B), but edge type dislocation densities are a little bit
higher than screw type dislocation densities and changes
between
4.85 9 108
cm-2
(sample
C)
and
-8
-2
28.40 9 10 cm (sample B). On the other hand, both
screw and edge type dislocation densities in sample C are
higher than sample A, B, and D.
The structure of the GaN epilayers is formed by slightly
misoriented subgrains that form a mosaic structure, which
is characterized by the nucleation of slightly misoriented
islands and the coalescence of these islands toward a
smooth surface [17, 19, 27–37]. The lateral (Lk) and vertical (L\) correlation length, heterogeneous strain (e\), and
degree of mosaicity expressed by the mean tilt angle (atilt)
and mean twist angle (atwist) are important parameters in
characterizing the quality of the epitaxial layers
[17, 19, 27–37]. The out-of-plane rotation perpendicular to
the surface normal and in-plane rotation around the surface
normal of the mosaic blocks are defined as mean tilt and
mean twist angle of the mosaic blocks, respectively
[27–33]. The average absolute values of the tilt and twist
angle are directly related to the FWHMs of the corresponding distributions of crystallographic orientations
[27–34].
The Williamson–Hall (W–H) technique are the most
used powerful technique in the calculation of the mosaic
structure parameters of lateral and vertical coherence
length, mean tilt angle and heterogeneous strain along the
c-axis. Also, the mean twist angles can be determined by
using some complicated calculation, fitting method or from
direct measurement [33–36]. In the W–H technique, the
broadening of the rocking curve in x-scan (angular-scan)
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of the (0002), (0004), and (0006) symmetric reflections for
the epitaxial layers are influenced only by the atilt and short
coherence length which parallel to the substrate surface
[28, 29]. On the other hand, small L\ and small e\ along
the c-axis causes a broadening of the Bragg reflections in
the radial-scan (x-2h scan) direction of the symmetric
reflections. The mean atilt and Lk values of the materials
can be derived from the W–H plot of (FWHM)x-scan(sin h)/
k function against (sin h)/k function for x-scan of (0002),
(0004), and (0006) symmetric reflections. The slope of the
linear dependence is equal to the atilt and the inverse of the
y-intersection yo (Lk = 0.9/(2y0)) of the fitted line gives Lk.
In the function expression, (FWHM)x-scan is in the angular
unit, h is the Bragg reflection angle, and k is the x-ray
wavelength.
In addition, the plot of the (FWHM)x-2h(cos h)/k function against (sin h)/k function is used in the L\ and e\
calculation procedure. At that plot, the (FWHM)x-2h
(cos h)/k function against (sin h)/k function is plotted for
symmetric reflections, and gives straight line. The L\and
e\are estimated from the y-intersection y0 (L\ = 0.9/(2y0))
and the directly from the slope of the line, which is equal to
the 4e\, respectively [28, 29].
The W–H plots for symmetric plane reflections of the
HR-GaN epilayers for the triple-axis (a) x-scan and (b) x2h-scan are demonstrated in Fig. 6a, b. The expected linear
behavior of the graphs is experimentally well confirmed,
which gives the rather accurate tilt angle values. But the
slope of the W–H plots for x-scan and x-2h-scan are
different. The slopes of the plot of (FWHM)x-2h(cos h)/k
against (sin h)/k are negative in Fig. 6b. This behavior can
be attributed to the compressive characteristic of the strain
in the HR-GaN epilayers.
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The measured atilt and Lk values of the HR-GaN epilayers for all samples are tabulated in Table 2. The mean
atilt values of the samples changes between the 1.0 9 10-3
and 1.9 9 10-3 degree. As can be seen, the mean tilt
angles of the HR-GaN epilayers for all the samples, except
sample B, were similar to each other and rather small. It
can be seen in this table that the mean tilt angle for the
sample B is the higher than other samples. The Lk of the
HR-GaN epilayers were determined to range from 661.7 to
23377.2 nm. The Lk is larger for HR-GaN epilayers grown
on LT-AlN/HT-AlN buffer layers (23377.2 nm). On the
other hand, smallest values for Lk calculated for sample c
with LT-AlN/AlGaN buffer layers (661.7 nm). The maximum Lk values were measured for sample B and the
minimum values obtained for sample C.
The measured L\ and e\ values for HR-GaN epilayers
are listed in Table 2. The L\ values for HR-GaN epilayers
range from 35.7 (sample A) to 65.9 nm (sample C). On the
other hand, the negative e\ values obtained for the HRGaN epilayers for all samples. These negative values can
be attributed to the compressive characteristic of the strain
in HR-GaN epilayers. The maximum and the minimum
values for e\ in the HR-GaN epilayers were measured as
-4.3 9 10-4 and -1.6 9 10-4 for sample B and sample
C, respectively.
In the last decade, several direct and indirect techniques
have been published in the literature about the mean twist
angle determination [29, 32–37]. Some of the authors used
a geometrical model that considers the simultaneous presence of tilt and twist to fit the data from the measurement
of x-scans in skew geometry from reflections with
increasing lattice plane inclination. In their twist angle
measurements methods, they used more complicated

Fig. 6 W–H plot for GaN epilayers. a Triple-axis x scan and b triple-axis x-2h scan were measured for the symmetric (000l) (l = 2, 4, 6)
reflections indicated in the figure. The lines result from a linear fit to the experimental data
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calculation and fitting procedures [30, 31]. On the other
hand, some authors proposed a simple empirical approach
to obtain the mean twist angle directly without using
complicated computation and fitting procedure [35, 36].
The FWHM of x-scan or U-scan of the XRD measurements can be used for the determination of the mean
twist angle between the mosaic blocks [18, 29, 31–37]. 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 inhomogeneous
strain distributions. The atwist can be extrapolated from a fit
to the measured double-axis scans data for different (hkl)
reflections in a skew symmetric diffraction. Many others
report in the literature about the extrapolation and direct
measurements methods for the atwist determination
[29, 32–37]. In this report, the authors used a geometrical
model that considers the simultaneous presence of tilt and
twist to fit the data from the measurement of x-scans in
skew geometry from reflections with increasing lattice
plane inclination. In their model, they used some complicated calculation and fitting method. On the other hand,
some authors proposed a simple empirical approach to
obtain the atwist directly without falling into a complicated
computation and fitting procedure [32–36]. In our study,
we measured the mean twist angles of the AlN epilayers
directly by using simple empirical approach.
In the our measurements, in order to eliminate the
broadening due to the domain size and inhomogeneous
strain effect, we have used a slit of 0.6 mm in front of the
detector in double-axis x-scans. In the actual case, their
contribution to the overall broadening was found to be of
minor influence. Another important point for the direct
measurements is that the intrinsic width of the reflection for
the crystal and the apparatus broadening for all the
experimental reflections are negligible because these
effects amount to only a few arcsec. In addition, the (0002)
reflection and (hk(-h-k)l) reflections with either h or
k non-zero orientation of our samples with triple-axis x-2h
scans, exhibit a small FWHM. For this reason, we can only
measure the broadening that was caused by the twist using
(hk(-h-k)l) reflections in skew geometry [29, 32, 33].
The FWHMs values of the x and U-scans of the
(10–15), (10–14), (10–13), (10–12), (20–23), (11–22),
(20–21), (12–31) plane reflections with respect to inclination angle (v) for measured in sample D are given in Fig. 7.
The FWHMs of x-scans increase with the increment of v,
while the FWHM of U scan decrease with the increment of
v angle. Moreover, they become closer when the (12–31)
reflection yields at 78.6° in v as shown in Fig. 7. In fact, the
angle v reaches 90° when the reflection plane is perpendicular to the surface of the sample. At that v angle values,
the mean twist angle of the mosaic block is close to the
FWHM of the rocking-curve of x or U-scans. In every
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Fig. 7 FWHM of U and x scans for (hk(-h-k)l) reflections as a
function of the inclination angle v for sample D. The FWHMs of xscan increase with the increment of v angle, while those of U scan
decrease. The lines are a guide for the eyes

respect, the FWHMs of U-scans are larger than those of xscans with the change of the v. Therefore, the mean twist
angles must be equal to the average value of the FWHMs
of x and U-scans at inclination angle of 78.6°.
The calculated values of the mean twist angles of the
HR-GaN epilayers are tabulated in Table 2. The atwist
values changes between 0.120° and 0.292° and the atwist
values for the HR-GaN epilayers of the all samples are
different. The biggest mean twist angle value (0.292°)
obtained for sample B and is approx. two times higher than
other samples. Based on this observation, it can be argued
that the atwist of the HR-GaN epilayers grown on 6H-SiC
substrate strongly affect the buffer structures in our case.

4 Conclusions
In the present study, HR-GaN epilayers, with different
buffer structures, were grown on 6H-SiC substrate by
MOCVD. The resistivities of the GaN epilayers are on the
order of 108 X cm. The strain behaviors in the HR-GaN
epilayers were estimated using XRD and Raman measurements. Both XRD and Raman results confirmed that
there is low residual stress in the HR-GaN epilayers for all
samples. Based on the XRD measurement, the strain values
in the HR-GaN epilayers in sample C and D are one order
small than sample A and B. 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) and the residual stress of the HR-GaN epilayers grown on different
buffer structures were investigated using XRD measurements. Results show that the mosaic structures parameters,

J Mater Sci: Mater Electron (2017) 28:3200–3209

lateral and vertical coherence lengths, tilt and twist angle,
and strains of the HR-GaN epilayers were affected by
buffer structures.
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