
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tphm20

Philosophical Magazine

ISSN: 1478-6435 (Print) 1478-6443 (Online) Journal homepage: https://www.tandfonline.com/loi/tphm20

Effects of the AlN nucleation layer thickness on
the crystal structures of an AlN epilayer grown on
the 6H-SiC substrate

Engin Arslan, Mustafa K. Öztürk, Süleyman Özçelik & Ekmel Özbay

To cite this article: Engin Arslan, Mustafa K. Öztürk, Süleyman Özçelik & Ekmel Özbay
(2019) Effects of the AlN nucleation layer thickness on the crystal structures of an AlN
epilayer grown on the 6H-SiC substrate, Philosophical Magazine, 99:14, 1715-1731, DOI:
10.1080/14786435.2019.1600757

To link to this article:  https://doi.org/10.1080/14786435.2019.1600757

Published online: 08 Apr 2019.

Submit your article to this journal 

Article views: 139

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tphm20
https://www.tandfonline.com/loi/tphm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14786435.2019.1600757
https://doi.org/10.1080/14786435.2019.1600757
https://www.tandfonline.com/action/authorSubmission?journalCode=tphm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tphm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14786435.2019.1600757
https://www.tandfonline.com/doi/mlt/10.1080/14786435.2019.1600757
http://crossmark.crossref.org/dialog/?doi=10.1080/14786435.2019.1600757&domain=pdf&date_stamp=2019-04-08
http://crossmark.crossref.org/dialog/?doi=10.1080/14786435.2019.1600757&domain=pdf&date_stamp=2019-04-08
https://www.tandfonline.com/doi/citedby/10.1080/14786435.2019.1600757#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/14786435.2019.1600757#tabModule


Effects of the AlN nucleation layer thickness on the crystal
structures of an AlN epilayer grown on the 6H-SiC
substrate
Engin Arslana,b, Mustafa K. Öztürkc, Süleyman Özçelikc and Ekmel Özbayb,d

aDepartment of Electrical and Electronics Engineering, Antalya Bilim University, Antalya, Turkey;
bNanotechnology Research Center-NANOTAM, Bilkent University, Ankara, Turkey; cDepartment of
Physics, Faculty of Science and Arts, Gazi University, Ankara, Turkey; dDepartment of Physics,
Department of Electrical and Electronics Engineering, Bilkent University, Ankara, Turkey

ABSTRACT
The influence of the LT-AlN(NL) growth times on the mosaic
structure parameters of the AlN layer grown on the LT-AlN
(NL)/6H-SiC structures as well as the dislocation densities
and the strain behaviours in the AlN epilayers has been
investigated using XRD measurements. The growth times of
the LT-AlN(NL) were changed to 0, 60, 120, 180, and 240 s.
We observed that the mosaic structure parameters of the
AlN epilayers were slightly affected by the LT-AlN(NL)
growth times. However, the dislocation densities in the AlN
layer are affected by the growth times of the LT-AlN(NL)
layer. The highest edge dislocation density (5.48 × 1010 ±
2.3 × 109 cm−2) was measured for the sample in which 120 s
grown LT-AlN(NL) was used. On the other hand, highest
screw type dislocation density (1.21 × 1010 ± 1.7 × 109 cm−2)
measured in the sample E that contains 240 s growth
LT-AlN(NL). The strain calculation results show that the
samples without LT-AlN(NL) suffered maximum compressive
in-plane strain (−10.9 × 10−3 ± 1.8 × 10−4), which can be
suppressed by increasing the LT-AlN(NL) growth times. The
out-of-plane strain also has a compressive character and its
values increase with LT-AlN(NL) growth times between 60
and 180 s. Same out-of-plane strain values were measured
for the LT-AlN(NL) growth times of 180 and 240 s.
Furthermore, the form of the biaxial stress in the AlN
epilayer changed from compressive to tensile when the
LT-AlN(NL) growth times were greater than 120 s.
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1. Introduction

The aluminum nitride (AlN) is an important member of the III-nitride semi-
conductor materials. Because of its unique properties, such as its very wide
and direct band gap of 6.2 eV and high thermal conductivity of 285 W/mK
[1], they have been chosen for high-power, high-frequency electronic device
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applications and also for optical devices in the ultraviolet region [1–4]. The
application of AlN layers to highly efficient ultraviolet solid-state light
sources and mobile phone Radio Frequency filters are typical future appli-
cations [2–4]. It is well known that the crystalline quality and residual stress
in layered structures is a key issue that greatly influences the performance of
the optoelectronics devices [5–9]. The AlN layers have been especially grown
on foreign substrate such as sapphire, SiC, or Si [10–23]. There is a large
lattice constant mismatch and difference in the thermal expansion coefficient
between the AlN layers and the foreign substrates [10]. In the optoelectronic
device application, it is very important to grow defect free high quality AlN
film on this type of foreign substrate for optoelectronic applications [6,7,9].
For this reason, some buffer design and growth techniques have been devel-
oped by researchers. Most researchers have used a low temperature growth
AlN (LT-AlN) layer as a nucleation layer between the AlN layer and substrates
to improve the crystal quality and reduce the residual stress of the III-nitride
layers on the sapphire, SiC, and Si substrate [11–13,19]. Because of the low
lattice mismatch between AlN and SiC (approx. 0.9%), very close thermal
expansion coefficients, and high thermal conductivity of SiC [10], compared
to the other substrates, the properties of the SiC have been the most suitable
among these substrates for the heteroepitaxial growth of AlN films [18–20].
Many more studies were published on the effects of the LT-AlN nucleation
layers on the crystal quality of the AlN layers grown on SiC substrate [12]. Pre-
vious studies indicate that the growth condition of the AlN nucleation layer
(NL), such as growth temperature, recrystallization temperature, recrystalliza-
tion time, growth pressure, and molar V/III ratios have a strong influence
on the crystal quality and the stress form in the AlN layer and grown III-
nitride materials on that AlN layer [11,13,17–20,24,25]. However, there is no
systematic investigation about the influence of LT-AlN(NL) growth times on
the mosaic structures parameters and strain behaviour of the AlN epilayer
grown on 6H-SiC substrate.

Therefore, our intention is to investigate the influence of the LT-AlN(NL)
growth times on the mosaic structure parameters of the AlN epilayers and
strains in the AlN epilayers grown on 6H-SiC substrate. The influence of the
LT-AlN(NL) growth times on the mosaic structures parameters, such as vertical
and lateral coherence lengths (average size of the mosaic blocks) tilt and twist
angle, heterogeneous strain, and dislocation densities (edge and screw dislo-
cations) as well as the LT-AlN (NL) growth times affects the strains in the
AlN epilayers that were calculated using high resolution X-ray diffraction
(HR-XRD) measurements. Moreover, the surface morphology of the AlN epi-
taxial layers was imagined using Veeco CP atomic force microscopy (AFM)
imaging study.
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2. Experimental procedure

In the growth process, double polished 2-inch-diameter 6H-SiC(0001) wafers
were used as substrates material. All of the samples were grown in a low-pressure
metalorganic chemical vapor deposition (MOCVD) reactor (Aixtron 200/4 HT-
S) using the source gases of trimethylaluminum (TMAl) and ammonia (NH3),
and the carrier gas of hydrogen (H2) and nitrogen (N2). The surface oxides in
the 6H-SiC substrates were removed using a solution of H2SO4/H2O2(4:1).
Samples were held in the H2SO4/H2O2(4:1) solution approx. 30 s and were
then rinsed in DI water again for a prolonged period. After the cleaning
process, the substrate was loaded into the reactor and the surface of the sub-
strates was baked at 1175°C in H2 ambient for 15 min to remove the oxide
layer. The baking process was continued with the growth of five samples. The
samples were named as sample A, B, C, D, and E after that. The sample A con-
tains a 150 nm AlN epilayer grown on 6H-SiC substrate without LT-AlN NL.
The other four samples were grown with a common structure of LT-AlN NL
and 150-nm-thick AlN epilayers. In the growth process, the LT-AlN NL depo-
sition times for sample A, sample B, sample C, sample D, and sample E were
changed to 0 (without NL), 60, 120, 180, 240 s, respectively. In addition, the
growth parameters of the growth temperature (650°C), recrystallization temp-
erature (1,130°C), growth pressure (50 mbar), recrystallization time (2 min),
and molar V/III ratios (2500) of the LT-AlN NL were kept identical for all of
the samples. In addition, the same growth parameters for the AlN layers were
used for all of the samples and taken as 1,130°C, 25 mbar, 150 nm, and 640
for the growth temperature, growth pressure, layer thickness, and the molar
V/III ratios, respectively. The identical growth parameters for the LT-AlN and
AlN layers give a constant growth rate. For this reason, the LT-AlN(NL) layer
thickness in all of the samples can be taken as same.

The high-resolution X-ray diffraction (HR-XRD) measurements were done
using a Rigaku Smart Lab. high-resolution diffractometer system; delivering
CuKα1 (1.544 Å) radiation and the samples’ surface morphology imaging
study were conducted using commercial VEECO CPII Atomic Force
Microscopy (AFM) in contact mode.

3. Results and discussion

In order to assess the surface quality,AFM imagingwasdone over a 4.55 × 4.55 µm2

scan size. The AFM imaging of the AlN epilayers grown on LT-AlN (NL)/6H-SiC
structures is shown in Figure 1 for all of the samples. The root-mean-square (RMS)
roughness values are tabulated in Table 1. The values for the samples are changed
between 0.76 nm (for sample C) and 1.88 nm (for sample D).

The crystal phase of the AlN/LT-AlN(NL)/6H-SiC structures were investi-
gated by ω−2θ scans of the X-ray diffraction for all samples. The results are
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given in Figure 2. The (0002) plane reflection peaks of the wurtzite AlN epilayers
and (0006) plane reflection peaks of the 6H-SiC are clearly observed for all of the
samples. There is a shift in the (0002) plane reflection peaks of the wurtzite AlN

Figure 1. AFM images (4.55 × 4.55 µm2 scans) of the 150 nm thick AlN epilayers grown on (a)
without LT-AlN NL, (b) 60 s. (c) 120 s. (d) 180 s. and (e) 240 s growth times of the AlN nucleation
layers.
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Table 1. The measured AFM roughness, lattice constants ameas, cmeas, calculated in-plane and out-of-plane strains, biaxial strains, hydrostatic strains and biaxial
stresses in the AlN epilayers grown on AlN(LT-NL)/6H-SiC structures as a function of AlN NLs growth times are listed.

Sample
ID

LT-AlN
NLs

growth
time
(sec)

AFM
RMS
value
(nm) ameas (nm) cmeas (nm)

Strain in a-
direction, 1xxx10−3

Strain in c-
direction, 1zzx10−3

Hydrostatic
strain, 1hx10−3

Biaxial strain in a-
direction,
1bxxx10

−3

Biaxial strain in c-
direction,
1bzzx10

−3

Biaxial
stress,
σf (GPa)

Sample
A

Without
NLs

0.88 0.30774 ± 0.00002 0.49549 ± 0.00002 −10.9 ± 1.8 × 10−4 −4.9 ± 3 × 10−4 −7.2 ± 2.4 × 10−4 −3.8 ± 3 × 10−4 2.3 ± 2.6 × 10−4 −1.49 ± 0.11

Sample
B

60 1.29 0.30833 ± 0.00003 0.49706 ± 0.00003 −9.0 ± 1 × 10−4 −1.7 ±−5.1 × 10−4 −4.5 ± 2 × 10−4 −4.5 ± 3.5 × 10−4 2.8 ± 2.1 × 10−4 −1.80 ± 0.12

Sample
C

120 0.76 0.30816 ± 0.00003 0.49499 ± 0.00002 −9.5 ± 2.2 × 10−4 −5.9 ± 5.2 × 10−4 −7.3 ± 2.2 × 10−4 −2.3 ± 2 × 10−4 1.4 ± 2.2 × 10−4 −0.91 ± 0.08

Sample
D

180 1.88 0.30858 ± 0.00005 0.49323 ± 0.00005 −8.2 ± 1.8 × 10−4 −9.4 ± 3 × 10−4 −8.9 ± 3 × 10−4 0.7 ± 1.1 × 10−4 −0.4 ± 1.8 × 10−4 0.29 ± 0.06

Sample
E

240 1.39 0.30837 ± 0.00003 0.49324 ± 0.00003 −8.9 ± 1.6 × 10−4 −9.4 ± 2.8 × 10−4 −9.2 ± 1.8 × 10−4 0.3 ± 1.1 × 10−4 −0.2 ± 1.6 × 10−4 0.12 ± 0.03

Note: Lattice parameters of the relaxed AlN [26]; a
AlN

0 = 0.31113 nm; c
AlN

0 = 0.49808 nm.
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epilayers (Figure 2). These shifts can be attributed to the strains in the AlN epi-
layer. On the other hand, (0006) plane reflections peak of the relaxed 6H-SiC
(0001) were observed at the nearly same 2θ angle values of 35.557°.

3.1. Calculation of strain and stress values in the AlN epilayers

The hexagonal III-nitride based materials grown on foreign substrates have a
mosaic structure [27–34]. The crystallographic c-axis of III-nitride based epi-
layer mosaic columns and the c-direction of the substrate coincided with a
small angle and, therefore, the lattice constants of a and b of the hexagonal
epilayer are oriented parallel to the z- plane of the substrate [27–34]. In our
case, therefore, the AlN epilayer exhibits in-plane isotropic elastic properties,
and its in-plane lattice deformation states can be defined with one strain par-
ameter. The in-plane (1xx) and out-of-plane (1zz) strain components in the
AlN epilayers can be calculated using the crystal lattice constants a and c,
respectively [27,28,30,35–38].

The crystal lattice constants (a and c) of the hexagonal crystal structures can
be precisely calculated using symmetric and skew symmetric ω−2θ scans of the

XRD (dhkl = 1/

���������������������
4
3
h2 + k2 + hk

a2
+ l2

c2

√
) with combined Bragg’s law

(nl = 2dhklSinu) [27,28,30,35]. There are two unknowns in these equations.
For this reason, we need at least two different plane reflections (dhkl) measure-
ments in the calculation study of a and c parameters [27,28].

Generally, the lattice constants c of the layer perpendicular to the interface are
calculated from the one or two high-angle symmetric (000 l) plane reflections,

Figure 2. The XRD v− 2u scans of the AlN epilayer grown on LT-AlN(NL)/6H-SiC structures.
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such as (0004), (0006), and (0008) plane [27,28]. On the other hand, the lattice
constant a is parallel to the layer interface and can be derived using the one or
more diffraction peaks of the high-angle asymmetrical plane reflections, such as
(10–14), (11–24), (10–15), and (20–24) [27,28].

In our study, the c and a values were calculated from the (0004), (0006) sym-
metric plane reflections, and (10–12), (10–13), (10–14), and (20–21) asymmetric
plane reflections measurements, respectively. The calculated lattice parameters
(a and c) for all of the samples were given in Table 1.

The 1xx and 1zz components in the AlN epilayers were calculated using the
c
AlN

0 = 0.49792 and a
GaN

0 = 0.31114nm values for the strain free AlN [26] and
shown in Table 1. Moreover, Figure 3(a) shows the in-plane and out-of-plane
strain components in the AlN epilayers grown on LT-AlN(NL)/6H-SiC struc-
tures as a function of LT-AlN(NL) growth times. The results show that the
samples without LT-AlN(NL) suffered maximum compressive in-plane
strain (−10.9 × 10−3 ± 1.8 × 10−4), which can be suppressed by increasing the
LT-AlN(NL) growth times. The minimum in-plane strain values were
obtained when the LT-AlN(NL) growth times reached 180 s in sample C
(−8.2 × 10−3 ± 1.8 × 10−4). On the other hand, we observed a different behav-
iour for the out-of-plane strain in the AlN epilayers. The out-of-plane strain
also has a compressive character and its values increase with LT-AlN(NL)
growth times between 120 and 240 s. The minimum out-of-strain values
(−1.7 × 10−3 ± 5.1 × 10−4) have been measured in the sample B of 60 s LT-
AlN(NL) growth times.

In cases when the III-nitride materials that are grown on the foreign substrate,
such as Al2O3, SiC, and Si by the epitaxial growth techniques, contains a high
density of point defects that cause a considerable contraction or expansion in
the crystal lattice constant of the layer (depending on the type and concentration
level of point defects). Because of this reality, the 1xx and 1zz strain com-
ponents in the epilayer are determined by the superposition of biaxial (1(b)zz in

Figure 3. Variation of (a) In-plane and out-of-plane strain (b) biaxial strain in the a-direction and
in the c-direction, calculated from the XRD data in AlN/LT-AlN(NL)/6H-SiC structures, as a func-
tion of AlN LT-NL growth time. The lines are a guide for the eyes.
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the c- direction and 1(b)xx in the a-direction) and hydrostatic strains (1h) in the
epilayers [27,28,30,35]. The following equations were used in the calculation
of the biaxial and hydrostatic strains components in the epilayers [27,28,30,35];

1(b)zz = 1zz − 1h (1a)

1(b)xx = 1xx − 1h (1b)

1h = 1− n

1+ n
1zz + 2n

1− n
1xx

( )
(2a)

n = c13
c13 + c33

(2b)

The n is the Poisson ratio and can be calculated using the elastic constants of
the layer (c13 and c33) in Equation (2b). The elastic constants c13 and c33 values
for the AlN epilayer that was obtained by Brillouin scattering measurements
were used in Equation (2b) as c13 = 120 GPa and c33 = 395 GPa [39] and the
values of 0.210 calculated for ν parameters. After substitutions of data for the
Poisson’s ratio and the measured strains 1zz and 1xx into Equations (1a), (1b)
and (2a), the 1(b)zz , 1

(b)
xx and 1h were calculated for the AlN epilayers grown on

the LT-AlN(NL)/6H-SiC structures. The calculated results are tabulated in
Table 1 and also shown in Figures 3(b) and 4 as a function of LT-AlN(NL)
growth times. The biaxial strains in the a-direction for the AlN epilayers
grown on LT-AlN(NL) with 0, 60, and 120 s growth times (samples A, B, and
C) are compressive but in samples D and E, the biaxial strain in the a-direction
shows a tensile form. However, biaxial strains in the c-direction show a comple-
tely opposite behaviour. We obtained positive biaxial strains in the c-direction

Figure 4. The hydrostatic strain and biaxial stress, calculated from the XRD data in AlN/LT-AlN
(NL)/6H-SiC structure, as a function of LT-AlN(NL) growth times. The lines are a guide for the
eyes.
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for sample A, B, and C, and negative biaxial strains in the c-direction for samples
D and E. As can be seen in Figure 4, the 1h behaviour shows compressive char-
acter for all samples. The obtained 1h values changes between −4.5 × 10−3 ± 2 ×
10−4 (sample B) to −9.2 × 10−3 ± 1.8 × 10−4 (sample E). The biggest 1h values
obtained for sample E.

The stress in the AlN epilayers grown on LT-AlN(NL)/6H-SiC structures
originating from the mismatch between the lattice constant of the epilayers
and the substrate are biaxial [29,30]. The in-plane biaxial stress (sf ) in the
AlN epilayer can be calculated using the relation given below [27,30,35];

sf = c11 + c12 − 2
c213
c33

[ ]
1(b)xx (3)

In Equation (3), the biaxial elastic modulus of the materials which have a hex-
agonal crystal lattice structures strained in the [0001] crystallographic direction

can be calculated using the Equation of c11 + c12 − 2
c213
c33

[ ]
. The biaxial stress

component in the c-direction equals to zero but the other components in the
crystallographic b- and a-direction are equals to each other. The biaxial elastic
modulus value have been calculated using the 345, 125, 120, and 395 GPa
values for the c11,c12, c13, c33 parameters, respectively. The calculated biaxial
elastic modulus values found as 478.5 GPa [39]. Furthermore, Equation (3)
has been used in the calculation of sf by substituting the values of biaxial
strain in the a-direction and the biaxial elastic modulus value. The obtained
results for the sf are given in Table 1 and shown in Figure 4 as a function of
LT-AlN(NL) growth times. The biaxial stress in the AlN epilayer decreases
with LT-AlN(NL) growth times. For sample E, minimum biaxial stress values
of 0.12 ± 0.03 GPa was measured.

3.2. Calculation of mosaic structure parameters of the AlN epilayers

When the AlN and/or other III-nitride materials are grown on foreign substrate
(such as Al2O3, SiC or Si) are usually highly defective and faulted, due to the
large mismatch of lattice constants and large difference in thermal expansion
coefficients between III-nitride based epilayers and substrates. These imperfect
layers manifest a mosaic structures consisting of many small hexagonal grains
and the mosaic structures of the layers can be characterised by means of
mean tilt (atilt), mean twist (atwist) angles, and the average size of the mosaic
blocks with lateral (L‖) and vertical (L⊥) coherence length [27–34,40–44]. The
atilt of the mosaic blocks are defined as the rotation of the mosaic blocks out
of the blocks perpendicular to the surface normal, and the atwist as the in-
plane rotation around the surface normal [27–34,40–44]. The mosaic structure
model of the crystals has been applied several times to III-nitride based material
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films [27,28,40–44]. The degree of mosaicity expressed by lateral, vertical coher-
ence length, heterogeneous strain (1⊥), tilt and twist angle are important par-
ameters in characterising the quality of the epitaxial films [31–34].

The average absolute values of atilt and atwist are directly related to the
different dependences of broadening caused by limited grain size and tilt or
strain on the reflection order [27,28,31–34]. The mosaic structure parameters
of L‖, L⊥, atilt and 1⊥ along the c-axis are usually determined by Williamson–
Hall (W-H) plot obtained from XRD measurements and the atwist can be
determined from direct measurements [27–29,31,32]. Specifically in triple-axis
diffractometer measurements, the broadening of the rocking curve (angular-
scan or v-scan) of the symmetric (0002), (0004), and (0006) plane reflections
for the epilayers are influenced only by the atilt and short coherence length par-
allel to the substrate surface [27–29,31,32].

The atilt andL‖ parameters can be calculated using the W-H plot of the
(FWHM)v( sin u)/l versus ( sin u)/l functions. The slope of the linear depen-
dence of the (FWHM)v( sin u)/l vs. ( sin u)/l gives the atilt and
L‖( = 0.9/(2y0)) can be calculated from the inverse of the y-intersection (y0)
of the fitted line with the ordinate. In the function expression, (FWHM)ω is in
the angular unit, u is the Bragg reflection angle, and l is the X-ray wavelength.
On the other hand, the radial-scan (v− 2u scan) directions of the symmetric
reflections are affected by the small L⊥ and 1⊥ along the c-axis and cause a
broadening in the reflections. The W-H plot of the (FWHM)v−2u( cos u)/l
vs.( sin u)/l for ω–2θ scans of the (0002), (0004), and (0006) plane reflections
should yield a straight line. The slope of the line is equal to the 41⊥ and, also,
L⊥ = 0.9/(2y0) can be calculated from the y-intersection y0 [27–29,31,32].

The W-H plots of the triple-axis (a) ω-scan and (b) ω−2θ-scan of (0002),
(0004), and (0006) symmetric plane reflections for the AlN epilayers grown
on LT-AlN (NL)/6H-SiC structures are shown in Figure 5(a,b) as well as

Figure 5. Williamson-Hall plot of the (a) triple-axis v-scan and (b) triple-axis v− 2u-scan were
done for the symmetric (000 l ) (l = 2, 4, 6) reflections for the AlN epilayer grown on LT-AlN(NL)/
6H-SiC structures. The lines result from a linear fit to the experimental data.
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Table 2. The expected linear behaviours of the graphs are experimentally well
confirmed for the function of (FWHM)v−2u( sin u)/l vs. ( sin u)/l, which
gives the rather accurate mean tilt angle values. The larger atilt values were
found for sample E as 12.3 × 10−3 ± 8 × 10−4 degree. On the other hand,
minimum atilt values were measured for sample D (5.8 × 10−3 ± 1 × 10−4

degree). There is no systematic relationship between the mean tilt angle and
the LT-AlN(NL) growth times. The calculated L‖ values for the AlN epilayers
are shown in Table 2. The L‖ values of the samples change between 39.2 and
710 nm. The maximum L‖ values were observed for sample B and the
minimum values for sample A.

However, the W-H plots of (FWHM)v−2u( cos u)/l vs. ( sin u)/l functions
are shown in Figure 5(b). The linear behaviours with negative slope values
were observed for all of the samples. The 1⊥ values of the samples changed
between −0.6 × 10−4 ± 1 × 10−5 (sample C) and −26.4 × 10−4 ± 6 × 10−5

(sample E). The much higher values for 1⊥ in the AlN epilayer for sample B
and sample E were measured as −22.0 × 10−4 ± 1 × 10−5 and −26.4 × 10−4 ±
6 × 10−5. This measured negative slope of the plots indicates the compressive
strain experienced in a smaller grain size in the AlN epilayers for all of the
samples [40]. From Table 3, the highest L⊥ value (30.3 ± 0.3 nm) for AlN epi-
layers was measured on layers with the LT-AlN(NL) growth times of 120 s
(sample C). On the other hand, the obtained lowest L⊥ value is 4.8 ± 0.2 nm
for sample E with the highest LT-AlN(NL) growth times (240 s).

The mosaic structures parameter of mean tilt, twist angle, the average size of
the sub-grains, and the inhomogeneous strain causes some broadening in the
FWHMs of the rocking curve of an imperfect films. The mean atwist of the mosaic
blocks can be obtained using FWHMs of ω-scan or Φ-scan of the XRD measure-
ments [28,40,44].

The atwist values were determined using direct measurements or extrapol-
ation methods. These methods consider the simultaneous presence of tilt
and twist in the structures [28,40,42,44]. The atwist value was determined
using some complicated calculations and fitting methods in which the func-
tions are fitted to the data obtained from the measurement of ω-scans in
skew geometry from reflections with increasing lattice plane inclination. On
the other hand, some authors proposed a simple empirical approach to
obtain the atwist value directly without falling into a complicated computation
and/or fitting procedure [28,40,42,44].

In order to completely eliminate broadening due to the domain size and
inhomogeneous strain effects a slit of 0.6 mm in front of the detector was
used in double-axis v-scans. In the direct measurement methods, the intrinsic
width of reflection for the crystal and the apparatus broadening for all of the
experimental reflections can be neglected because of a small amount of effects
(only a few arcsec). Furthermore, the triple-axis v− 2u scans of the (0002)
and (hk(-h-k)l) plane reflections, with either an h or k non-zero orientation,
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Table 2. Measured results of the θ values of the ω−2θ scan and FWHM of the rocking curves of ω–scan for the all samples.

Plane

Sample A Sample B Sample C Sample D Sample E

θ(degree) FWHM (degree) θ(degree) FWHM (degree) θ(degree) FWHM (degree) θ(degree) FWHM (degree) θ(degree) FWHM (degree)

(0002) 18.142 0.152 18.026 0.531 18.159 0.114 18.299 0.164 18.285 0.654
(0004) 38.436 0.255 38.329 0.533 38.478 0.202 38.599 0.198 38,600 0.701
(0006) 68.706 0.349 68.329 0.523 68.882 0.275 68.995 0.275 69,080 0.687
(10–12) 24.892 0.462 24.961 0.774 24.943 0.870 24.879 0.611 24.903 0.732
(10–13) 33.226 0.508 33.283 0.739 32.959 0.869 33.291 0.521 33.215 0.942
(20–23) 47.335 0.629 47.305 0.735 47.353 0.662 47.173 0.698 47.254 1.113
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of the AlN epilayers exhibit a small broadening. For this reason, only measure-
ments of the broadening that was caused by the twist were analyzed using (hk
(-h-k)l) reflections in skew geometry gives [28,40].

The rocking curves measurements were done for the ω-scans and Φ-scans of
the (10–15), (10–14), (10–13), (10–12), (20–23), (11–22), (20–21), and (12–31)
plane reflections with increasing χ angle and FWHMs of the scans were calcu-
lated using a fit of Pseudo-Voigt function to the rocking curves. The atwist can
be extrapolated from a fit to the measured FWHMs of the ω-scans and Φ-
scans data for different (hkl) plane reflections in a skew symmetric diffraction.

The calculated values of the mean atwist in the AlN epilayers grown on LT-AlN
(NL)/6H-SiC structures are tabulated in Table 3. The founded atwist values
changes between 0.785° ± 0.001 (sample D) and 1.194° ± 0.002 (sample C). We
found different mean atwist values for each of the samples. Based on the obser-
vation from Table 3, it can be argued that there is no systematic behaviour
between the mosaic parameter of atwist in the AlN epilayers grown on LT-AlN
(NL)/6H-SiC structure and growth times of the LT-AlN(NL) layer in our case.

3.3. Calculation of dislocation density in the AlN epilayers

The mismatch between the lattice constants of the epilayers and the substrates
causes the creation of dislocations (edge, screw, and mixed type) in the epilayers.
In our case, there is a high lattice mismatch between the AlN epilayer and 6H-
SiC substrate that exhibits high dislocation densities [8,15,16,28,45,46].

Dislocations in the epilayers can be mainly classified as the pure screw dislo-
cation, pure edge dislocation, and the mixed dislocations [8,15,16,28,45,46]. The
edge (Dedge) and screw (Dscrew) type dislocation densities in the epilayers layers
can be calculated using the relationships [27,31]:

Dscrew = F2
(0002)/4.35b

2
screw (4)

Dedge = F2
(10−12)/4.35b

2
edge (5)

In the Equations (4) and (5), the parameter of the Φ is the FWHM of the sym-
metric (0002) plane reflections peak and (10–12) asymmetric plane reflections

Table 3. The calculated mean twist angle (atwist ), mean tilt angle (atilt), vertical coherence length
(L⊥), lateral coherence length (Lll), and vertical heterogeneous strain (1⊥) of the AlN epilayers on
the AlN(LT-NLs)/SiC structures are listed.

Sample ID

AlN layer

atwist (°) atiltx10
−3 (°) L‖ (nm) L⊥ (nm) 1⊥ (10−4)

Sample A 0.852 ± 0.001 7.8 ± 6 × 10−4 39.2 ± 0.1 22. 6 ± 0.15 −1.3 ± 2 × 10−5

Sample B 1.073 ± 0.003 9.0 ± 2 × 10−4 710.3 ± 0.2 5.8 ± 0.2 −22.0 ± 1 × 10−5

Sample C 1.194 ± 0.002 6.2 ± 3 × 10−4 48.3 ± 0.2 30.3 ± 0.3 −0.6 ± 1 × 10−5

Sample D 0.785 ± 0.001 5.8 ± 1 × 10−4 63.6 ± 0.1 20.4 ± 0.12 −4.1 ± 2 × 10−5

Sample E 1.118 ± 0.002 12.3 ± 8 × 10−4 354.4 ± 0.3 4.8 ± 0.2 −26.4 ± 6 × 10−5
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peak measured by XRD rocking curves, and b is the Burgers vector for AlN are
bscrew = 0.49807 nm and bedge = 0.31113 nm [26].

The edge and screw dislocation densities in the AlN epilayers grown on LT-
AlN (NL)/6H-SiC structures are shown as a function of LT-AlN NL growth
times in Figure 6. The Dedge values in the AlN epilayers change between
1.55 × 1010 ± 2.9 × 109 cm−2 (sample A) and 5.48 × 1010 ± 2.3 × 109 cm−2

(sample C). On the other hand, nearly one order higher values were calculated
for the Dscrew and its values changes between 3.65 × 108 ± 2 × 108 cm−2 (sample
C) and 1.21 × 1010 ± 1.7 × 109 cm−2 (sample E). The highest density for the
screw type dislocation was measured for sample E. As can be seen in Figure 6,
240 s of growth time for the LT-AlN (NL) causes many more dislocations of
the edge and screw types in the AlN epilayers.

4. Conclusions

The mosaic structure parameters of the AlN epilayer, dislocation densities (edge
and screw dislocations) and the strain behaviour in the AlN epilayers grown on
6H-SiC substrate with LT-AlN(NL) were investigated using HR-XRD measure-
ments. We observed that the lateral and vertical coherence lengths tilt and twist
angle, and heterogeneous strain values of the mosaic blocks in the AlN epilayers
were slightly affected by the LT-AlN nucleation layer growth times. However,
the dislocation densities in the AlN layer are affected by the growth times of the
LT-AlN(NL) layer. The highest screw (1.21 × 1010 ± 1.7 × 109 cm−2) and edge
(5.48 × 1010 ± 2.3 × 109 cm−2) type dislocation were measured for sample with
240 and 120 s growth times of LT-AlN(NL), respectively. On the other hand,
the in-plane and out-of-plane strain in the AlN epilayer depends on the LT-AlN

Figure 6. The edge and screw type dislocation densities in the AlN epilayer grown on LT-AlN
(NL)/6H-SiC structures estimated from XRD as a function of the LT-AlN(NL) growth times. The
lines are a guide for the eyes.
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(NL) growth times showed that the in-plane strain values decrease with the LT-
AlN(NL) growth times but the out-of-plane strain values increase. Furthermore,
we detected that the biaxial stress in the AlN epilayer changes from compressive
to tensile form when the LT-AlN NL growth times are greater than 120 s.
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