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ABSTRACT

By applying the restricted random dislocation distribution model, solved using a discrete Hankel transform approach, it is shown that the
shapes and characteristics of the ω-scans of the ZnO 00.2 reflection are mainly determined by the strain field introduced by dislocations
with a screw component. On the other hand, no clear evidence of mosaicity or interfacial region contributions is found despite the layers
exhibiting a c axis oriented residual columnar structure and a highly defective interface being present. The applied model not only permits a
more precise estimation of the densities of dislocations, which present a screw component with respect to methods based on the analysis of
the 00.2 peak ω-scan FWHM, but also gives an indication of their distribution characteristics with the extracted values, as well as their
homogeneous/quasi-regular spacing, being confirmed by cross-sectional transmission electron microscopy observations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086295

I. INTRODUCTION

ZnO is a wide bandgap (�3.4 eV at 300 K) semiconductor
that has attracted increasing interest in the recent decades and has
been investigated for the realization of ultraviolet photodiodes,
chemical- and bio-sensors, thin film transistors, and piezoelectric
transducers.1–3 In addition, due to the possibility of tuning the
resistivity as low as *2� 10�4 Ω cm while maintaining a high
transparency in the visible spectrum, ZnO represents a valid alter-
native to indium tin oxide. That is, ZnO has similar properties to
the latter but is less expensive since it is based on zinc that is more
abundant than indium. Furthermore, it is possible to grow thin
ZnO-based films with good structural, electrical, and optical prop-
erties using cost-effective and scalable deposition approaches like
atomic layer deposition (ALD) and magnetron sputtering. This
makes the use of ZnO particularly advantageous in the case of

industrial applications where a large area has to be covered with a
transparent electrode, as in the case of organic/inorganic solar cells
and flat displays. Regarding these deposition techniques, detailed
studies have reported, as an example, that films with a ω-scan
full width at half maximum (FWHMω) of the 00.2 peak equal to
�40–70 and �250 arcsec can be obtained by radio frequency (RF)
sputtering on hydrothermally grown ZnO wafers (Zn face)4,5 and
by ALD deposition on GaN substrates,6 respectively, using overall
substrates temperatures �500 �C. The low FWHMωs obtained in
the above-mentioned studies indicate layers of good crystal quality.
In addition, they are within the range of values reported in the case
of thin films grown by molecular beam epitaxy, chemical vapor
deposition, and metalorganic chemical vapor deposition that are
typically extending from �10 to �280 arcsec7–10 (for a review see,
as an example, Ref. 11).
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To get more insight into the microstructural characteristics of
the layer, in some of the above-mentioned studies and similar ones,
the mosaicity12,13 is generally a priori assumed as being the main
factor determining the x-ray peak profiles. In detail, the films are
considered to consist of single crystallites with average vertical and
lateral dimensions corresponding to the vertical and lateral coher-
ence lengths, respectively. Furthermore, the model assumes that
the blocks can be misoriented in the in-plane and in the growth
direction, and these deviations are defined as the mosaic twist
and tilt, respectively. These misorientations and the block dimen-
sions are assumed to be the key parameters affecting the x-ray
peak profiles and are, therefore, extracted from the x-ray charac-
terization. A similar approach, also previously employed in the
case of RF-sputtered ZnO films,4 appears to be the natural choice
in the case of ALD-grown ZnO layers of high quality, considering
that they generally present a c axis oriented residual columnar
structure.6,14

The purpose of the present study is to show that, despite
exhibiting a residual columnar structure, the strain field introduced
by dislocations with a screw component represents the main contri-
bution to the ω-scan of the ZnO 00.2 reflection. That is, by using
the restricted random dislocation distribution (RRDD) model
solved using a discrete Hankel transform approach that allows us to
significantly simplify and improve the numerical solution of its
analytical expression, it is possible to accurately reproduce the
ω-scan of the ZnO 00.2 reflection. The cumulative densities of dis-
locations with a screw component, as well as their distribution
characteristics so extracted, are confirmed by cross-sectional trans-
mission electron microscopy (TEM) measurements.

II. EXPERIMENTAL DETAILS

Commercially available semi-insulating GaN on sapphire
templates with 00.2 ω-scans presenting a FWHMω and curvature
equal to �200 arcsec and �7 m, respectively, purchased from
Kyma Technologies,15 were first cleaned in acetone, isopropanol,
and de-ionized (DI) water. Afterward, the substrates were dipped
for 10 min in a H2O2 þH2SO4 solution and a buffered oxide etch
solution with each of them followed by a DI water rinse. Then, the
ZnO films were grown by ALD at 300 �C using diethylzinc
(DEZn), DI water, and nitrogen as precursors for zinc, oxygen, and
purging gas, respectively. The pulsing/purging times were set equal
to 20 ms/20 s and 20 ms/8 s for the DEZn and DI water precursors,
respectively. The number of cycles was chosen in order to achieve a
thickness of �1:5 μm. Here, it is worth pointing out that the
selected growth temperature, while being out of the ALD growth
window that is extending from �110 to �170 �C,16,17 is still
below the maximum temperature reported for the growth of ZnO
using DEZn and DI water as precursors (325 �C in Ref. 18).
Furthermore, it is the onset temperature for the DEZn pyrolysis;19

hence, it is the upper temperature limit for avoiding substantial
DEZn fragmentation.

Post-deposition annealing at 400, 600, and 800 �C for 30 min
in N2 flow was performed on selected samples. Survey θ–2θ x-ray
diffraction measurements of these layers, in addition to those in the
as-grown state, were performed using a Panalytical X’Pert Pro
MRD diffractometer equipped with a hybrid two-bounce Ge (220)

monochromator in order to select the CuKα1 line and Soller slits
in front of a Pixcel detector. Reciprocal scan maps (RSMs) were
acquired with the same diffractometer equipped with a hybrid
two-bounce Ge(220) monochromator and a three-bounce Ge(220)
analyzer in front of a proportional detector. Then, the structural
characteristics were investigated further with a high-resolution
Philips X’Pert diffractometer equipped with a four-bounce Ge(022)
asymmetric monochromator placed on the primary beam side and
a three-bounce Ge(220) analyzer introduced in the path of the dif-
fracted beam. With this setup, 2θ-ω and 00.2 transverse ω-scans
were acquired, and these latter are collectively referred to as high-
resolution x-ray diffraction (HXRD) measurements throughout
the article. The high-resolution Philips X’Pert diffractometer instru-
mental resolution was checked using a commercially available
1� 1 cm ammonothermal GaN wafer.20 The 00.2 FWHMω was
found to be equal to 23 arcsec and is included in the 00.2 FWHMω

uncertainties given throughout the present report. Successively,
lamellae were prepared by ion milling using a FEI Helios-Nanolab
and were reduced to a thickness of (70+ 30) nm, as measured
during their preparation. In order to analyze the overall crystal
quality and the substrate–film interface characteristics, bright-field
TEM and HR-TEM imaging were carried out on the cross-sectional
lamellae with a FEI Titan Cubed 80-300 instrument operated at
an acceleration voltage of 300 kV. For the observation of the dislo-
cations, cross-sectional two-beam dark-field images with diffrac-
tion vector, g, equal to , 00:2 . were acquired using the same
instrument. The dislocation densities were extracted from the
analysis of film sections extending �17 μm in the ZnO/GaN
interface direction.

III. DETAILS ON THE ANALYSIS AND EXPERIMENTAL
RESULTS

The remainder of this report is organized as follows: in
Sec. III A, it shown that the layers investigated are only slightly
tensile strained and exhibit a highly c axis oriented residual colum-
nar structure. Then, in Sec. III B, the RRDD model is introduced.
In addition, details concerning the numerical approach used for
solving the analytical expression that describes the expected shape
of the ω-scans are given. In the same subsection, the application of
the RRDD model to the 00.2 ω-scan of the as-grown layer is dis-
cussed. Furthermore, since the TEM characterization performed on
the as-grown layer also revealed the presence of a highly defective
interfacial layer that could potentially affect the 00.2 ω-scans signifi-
cantly, in order to strengthen the validity of the results, layers
annealed up to 800 �C were also analyzed. These results are pre-
sented in Sec. III C. Finally, in Sec. III D, the densities of disloca-
tions so obtained and confirmed by TEM observations are
compared with those extracted using only the FWHMω, as com-
monly done in the literature.

A. Overall structural characteristics of the as-grown
layers

The comparison between survey θ–2θ scans of the substrate
and the full structure including the ZnO film is shown in Fig. 1(a).
No indications of any additional peak beside the 00.2 reflection
and its 00.4 replica originating from the ZnO layer and almost
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overlapping with those of GaN are present, with the remaining
peaks being related to sapphire and the AlN buffer layer introduced
at the GaN/sapphire interface.15 On the other hand, a 2θ-ω scan
used to resolve the 00.6 ZnO peak from that of the GaN substrate
is shown in Fig. 1(b). From this symmetrical reflection and the
�1�1.4 asymmetrical peak position (see Fig. 2 for a RSM including
both the ZnO film and GaN substrate contributions), and
neglecting the corrections for refraction effects due to the differ-
ence in refractive index between the sample and air,21 the c and a
lattice constants have been evaluated and found equal to
(5:2004+ 0:0002) and (3:2531+ 0:0007) Å, respectively. These
lattice constants correspond to strain values ϵc ¼ (c� c0)=c0 �
�0:12% and ϵa ¼ (a� a0)=a0 � 0:10%, where c0 and a0 are the
single crystal ZnO lattice parameters (5.2066 and 3.2498 Å,
respectively, taken from Ref. 22). This implies that the layer is
only in-plane slightly tensile strained and contracted in the c
direction as also suggested by the RSM shown in Fig. 2. The pres-
ence of strain is compatible with the difference in thermal expan-
sion coefficient between the ZnO layer and the substrate, i.e.,
thermally induced biaxial strain. On the other hand, TEM obser-
vations, as the one shown in Fig. 3, reveal the presence of regions
with darker tones extending in the growth direction from the
ZnO/GaN interface toward the dips on the surface. Examination
by HR-TEM of this portion of the sample suggests incoherent
boundaries between the two parts of the film lying on opposite
sides with respect to the defective line originating from the dip,
as shown in Fig. S1(a) in the supplementary material. Moreover,
a fast Fourier transform analysis of the acquired HR-TEM images
provided evidence of a & 1� in-plane misorientation between
these two blocks [see Figs. S1(b) and S1(c) in the supplementary
material]. That is, the film presents a residual columnar structure
as anticipated by previous reports.6,14 The average column width

FIG. 1. (a) Survey θ-2θ diffraction pattern of the GaN on the sapphire substrate
(red) and GaN on the sapphire substrate with the ZnO film on top (blue). The Miller
indices corresponding to the peaks, as well as the material from which they are
originating from, are also indicated in the figure. The asterisks indicate additional
peaks originating from the substrate with multiple/uncertain attribution. (b) 2θ-ω
scan showing the ZnO 00.6 peak resolved from that of the GaN substrate.

FIG. 2. Reciprocal scan map, RSM, relative to the �1�1.4 reflections originating
from the as-grown ZnO layer and the GaN substrate with the color bar indicating
the counts per seconds. Qx and Qy are in 2π=a and 2π=c units, respectively.
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was calculated on the basis of the dips occurrence in TEM bright-
field images such as the one shown in Fig. 3 and found equal to
(220+ 50) nm in the present films. This combined with the
absence of other reflections in exception of the 00.2 peak and its
replica in the case of the θ–2θ scan and the 00.2 FWHMω equal
to (260+ 30) arcsec (see the inset of Fig. 4) excludes a large c
axis columnar misorientation.

To summarize, overall, in the as-grown state, the layers exhibit
structural characteristics that are close to those previously reported
for high crystal quality ZnO films deposited by ALD on GaN sub-
strates in similar growth conditions;6,23–25 that is, they are slightly
tensile strained with a highly c axis oriented columnar structure for
that matter defined residual columnar structure in the present
work.

B. The RRDD model in the as-grown layer case

As mentioned in the Introduction, to extract further informa-
tion from the XRD measurements concerning the structural charac-
teristics of layers similar to those analyzed here, the mosaicity is
generally a priori postulated as the key factor determining the ω-scan
profile. In this case, the layer is modeled as an agglomerate of good
crystal quality building blocks that are essentially free of dislocations
with a distribution of geometrically necessary dislocations located
between the blocks to account for the relative misorientations among
them.12,13 Furthermore, if for the sake of simplicity we limit our dis-
cussion to symmetric ω-scans, it is implicitly assumed that the total
integral breadth of these peaks is the sum of the tilt and lateral
coherence length broadening. That is, the two contributions are
assumed to be independent and can, therefore, be separated using a

Williamson–Hall-like plot.26 However, the limited lateral coherence
length, due to dimensional fluctuations, leads to a Lorentzian
profile.27 On the other hand, a random rotational misorientation dis-
tribution can be assumed. This results in a Gaussian probability dis-
tribution for the mosaic blocks as a consequence of the central limit
theorem and, accordingly, in a Gaussian peak shape. Therefore, the
profile of a mosaic structure is anticipated to be, in the above
approximations, a convolution of a Gaussian and a Lorentzian
profile, i.e., a Voigt function. Hence, line profile analysis, originally
developed for powder samples28,29 or further evolutions,30,31 can be
equally used to separate the contribution of the tilt and of the lateral
coherence length to the peak broadening, with previous reports pro-
viding evidence that the two methods are equivalent.4,26 In the
present case, however, it has been found that the 00.2 transverse
ω-scan cannot be accurately reproduced with a Voigt profile as
shown in Fig. 4 and in the inset of the same figure, where a log–log
and log-linear plot of the 00.2 ω-scan are compared with the Voigt
profile minimizing the χ2 (red curve), respectively. This, despite the
as-grown layers, as thoroughly shown in Subsection III A, present a
highly c axis oriented columnar structure with in-plane misorienta-
tion; therefore, assuming that the mosaicity is the key factor that
determines the 00.2 ω-scan profile characteristics seems to be the

FIG. 3. Bright-field TEM image of the overall film cross section taken along the
[11.0] zone axis.

FIG. 4. Experimental 00.2 transverse ω-scan (blue circles) and the best fitting
Voigt profile (red line). The fit to the intensity profile assuming a RRDD [Eq. (2)]
as well as the ω�4 asymptotic behavior expected for such a model are also dis-
played as black and green curves, respectively. In the inset, the same experi-
mental data, Voigt function, as well as fit curve are shown in a log-linear scale
instead. In the case of the fit curve, a background level of 1 count/s was added
to Eq. (2).
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obvious choice. On the other hand, it is evident from the displayed
data that the tail of the measured peak, i.e., the scattered intensity,
rather follows the ω�4 asymptotic law. This corresponds to the
dependence expected for the strain field introduced by a restricted
random distribution of dislocations.32,33 In the RRDD model, the
term “restricted” was first proposed by Wilkens in Ref. 34. It under-
lines the assumption that the total distribution of dislocations can be
subdivided into groups crossing equally sized circles orthogonal to
the direction of the dislocations. Within each group, the same
amount of dislocations with opposite Burgers vectors is present and
is distributed randomly but independently from the other areas.
That is, it is based on the introduction of the correlation length,
L, being the radius of the characteristic circles. This approach is
applied here to quantitatively analyze the 00.2 ω-scan and to obtain
the key parameters characterizing the ensemble of dislocations.
Dislocations found in ZnO, similar to other wurtzite-type materials,
are pure screw, pure edge, and mixed; they are characterized
by the Burgers vectors bS ¼ , 0001 ., bE ¼ 1=3 , 11�20 ., and
bM ¼ 1=3 , 11�23 . ¼ bS þ bE , respectively.35 However, in the
symmetric configuration, the measured profiles are sensitive only to
dislocations with at least a component of the Burgers vector parallel
to the diffraction vector, Q, i.e., threading screw or mixed-type dislo-
cations that are in this configuration indistinguishable. Then, if the
screw/mixed dislocations are assumed to extend over the whole layer
and the instrumental broadening and curvature are neglected, since
introducing a total correction �10% to the measured FWHMω,
the intensity I(q) of a symmetric ω-scan as a function of q, the devi-
ation from the corresponding Q in the plane orthogonal to it, is
described by32,33

I(q)/
ð
R2
ei qxxþqyyð Þ e�T ρð Þ dx dy, (1)

with

T(ρ) ¼ nS
QbSð Þ2
8π

ρ2 ln
LS þ QbS

2π ρ
QbS
2π ρ

 !
,

where nS and LS are the cumulative screw and mixed dislocation
density and their overall correlation length, respectively, while
ρ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

with the xy-plane being the sample surface. Using
polar coordinates, the expression for I(q), as already reported in
Ref. 36, can be further simplified to

I(q)/
ð1
0

ð2π
0
e�iqρ cos θ�αð Þe�T ρð Þρ dρ dθ ¼ 2π

ð1
0
ρJ0(qρ) e

�T ρð Þ dρ,

(2)

where α is the angle between q and the reference direction of the
polar reference system and J0(qρ) is the zero-order Bessel function.
That is, the peak profile as a function of q is the zero-order Hankel
transform of the correlation function e�T(ρ). Hence, by setting
bS ¼ c, remembering that q ¼ 4π

λ sinω sin θB, with λ and θB being
the CuKα1 wavelength and the Bragg angle, respectively, the entire
ω-scan peak profile can be fitted. Here, it is important to stress that
besides the overall not so common use of the RRDD model in the

literature, previous reports32,37 privileged the analysis of the rocking
curves (RCs) instead. In this case, considering that a RC is an ω-scan
acquired with an open detector and, therefore, represents an inte-
grated measurement around the diffracted beam, the expected profile
can be obtained by properly integrating Eq. (1). This implies the
reduction of the Hankel transform to a Fourier transform.32

However, in our case, the film is almost lattice matched with the sub-
strate; hence, the 00.2 RCs inevitably include contributions from
both the film and the substrate that, therefore, cannot be indepen-
dently analyzed. That is, in similar situations, the approach described
in detail herein and based on the zero-order Hankel transform of the
correlation function e�T(ρ) should be used. In this case, the expected
peak shape of I(q) mathematically justifies the reduction of the
Hankel transform integral to a Fourier–Bessel series. That is, the
zero-order Bessel function orthogonal expressions are used as a
basis, while the linear expansion coefficients are proportional to the
values of e�T(ρ) sampled over the zero-order Bessel function zeros
scaled appropriately. In this way, the integral is reduced to a discrete
Hankel transform. Such methodology has been recently numerically
tested and shown to be sufficiently accurate in the case of functions
decaying as low as ρ�1.38,39 Likewise, a discrete Hankel transform
approach has been employed here. It is worth pointing out that,
despite numerical integration can be used instead,40 this approach
converges significantly faster than the ordinary quadrature integra-
tion. As an example, in our case, e�T(ρ) was sampled over 1024
points to obtain the presented fitting curves, while a direct numerical
integration based on the midpoint values requires 104 points for
each of the q values selected to obtain an accuracy equal to �1%
with respect to the Hankel transform results.

Coming back to Eq. (2), from the fit of the ω-scan, the rele-
vant quantities of the model, i.e., nS and LS, were extracted. As
shown in Fig. 4, a remarkable agreement between the measured
00.2 transverse ω-scan and the simulated curve was achieved for
nS ¼ (3+ 1)� 109 cm�2 and LS ¼ (200+ 70) nm, with the latter
being similar to the column width. Here, it is worth pointing out
that the two fitting parameters are to a certain extent interdepen-
dent, as a close look to the expression of T(ρ) reveals. Furthermore,
both of them contribute, even though with different weights, to the
resulting FWHMω (for more details, see Ref. 33). This dependency
has been taken into account and results in the uncertainties
reported above. Finally, the dimensionless parameter MS, defined
as LS

ffiffiffiffiffi
nS

p
, was calculated and found equal to (1:2+ 0:2).

Considering that 1=
ffiffiffiffiffi
nS

p
represents the mean distance between dis-

locations with a screw component and LS is the correlation length,
i.e., the characteristic length that corresponds to the area containing
the same density of dislocations with opposite Burgers vector, MS

should be �1 in order for the RRDD model to be applied; in the
present case, therefore, the condition for approximating the disloca-
tion ensemble as a RRDD is a posteriori verified. Finally, it is worth
underlining that LS � 1=

ffiffiffiffiffi
nS

p
implies that the dislocations are

homogeneously/quasi-regularly distributed.
To substantiate this analysis, cross-sectional dark-field TEM

observations in two-beam conditions were performed with
g ¼ , 00:2 .. In this configuration, considering the above-
mentioned extinction criterion, similarly to the XRD case, screw
and mixed threading dislocations are visualized with an example
shown in Fig. 5. Hence, the cumulative density of dislocations
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presenting a component of the Burgers vector parallel to c, nTEMS ,
can be independently determined, if the thickness of the lamellae is
known, and directly compared with nS. Indeed, within the error
ranges, agreement was found between the HXRD and TEM esti-
mates, with the latter being equal to (3+ 2)� 109 cm�2. This
finding supports the model used herein to describe the screw and
mixed dislocation distribution. It is worth pointing out that the
error in nTEMS given above, as well as the error bars concerning it in
Fig. 9(b), takes into account not only the statistical uncertainty
related to the fluctuations in the dislocations number depending on
the different two-beam dark-field images analyzed but also the sys-
tematic error due to the lamellae wedge shape with thickness
decreasing from �100 nm at the ZnO/GaN interface to �40 nm at
the film surface (cf. Sec. II).

Overall, the TEM images of the film cross section suggest that
a large part of the dislocations threading into the film originate
from the GaN substrate, with only <20% of them being generated
at the interface between the GaN substrate and the ZnO layer.
Second, the majority of the dislocation lines are found not to
deviate considerably from the normal to the layer. Note that in
some cases, they do not extend over the entire thickness of the
ZnO part of the lamellae, as a close look at Fig. 5 reveals. This can
be related, as an example, to the above discussed lamellae wedge
shape and/or the mixed nature of some of the observed disloca-
tions, since in the latter case, the dislocation lines are indeed
expected to deviate 11�–16� from the c-direction.45–47 Finally, the
TEM analysis confirms that the dislocations are fairly homoge-
neously distributed in the ZnO film, a finding that is consistent
with MS being �1.

The TEM characterization also revealed the presence of a
highly defective GaN/ZnO interfacial region, as a close look at
Fig. 3 suggests [see also Fig. S2(a) in the supplementary material].
A detailed analysis of the GaN/ZnO interface based on the inten-
sity profiles in the growth direction extracted from TEM images, as

the one shown in Fig. 3, indicates that the region with reduced
crystallinity is �200 nm thick [for a representative intensity profile,
see Fig. S3(a) in the supplementary material]. Overall, the low
intensity of this part of the ZnO film points to a highly defective
region with the randomness of the extended defects most probably
contributing to their annihilation and coalescence. This promotes
the growth of a layer with better crystal quality at distances
*200 nm from the interface where the majority of defects are those
that extend in the growth direction like threading dislocations and
column boundaries. The above discussion can quantitatively
explain the observed layered structure of the film; however, model-
ing its contribution to the measured HXRD peaks is clearly not an
easy task due to its intrinsic structural complexity. In previous
works dedicated to GaN layers grown on 6H-SiC and on
AlN/sapphire,32,37 the interfacial region was reduced to the misfit
dislocations distribution that is required to release the lattice mis-
match and its contribution was calculated accordingly. However, in
this study, it was found that the film is strongly strained and defec-
tive at the interface [see Figs. S2(a) and S2(b) in the supplementary
material]. That is, no evidence for the presence of misfit disloca-
tions, corresponding to a relaxed structure, was found during the
TEM analysis, with previous works also not being conclusive
regarding their presence.14 Therefore, the above-mentioned
approach to analytically evaluate this contribution cannot be used
here. On the other hand, in our case, both the limited crystallinity
of the interfacial layer and its thickness, that is, only �13% of the
total, are consistent with what suggested by the results discussed
above, i.e., its presence has a negligible impact on the 00.2 peak
ω-scan characteristics. Further experimental proofs of its negligible
impact are provided in Subsection III C.

C. The RRDD model applied to the annealed samples

A similar analysis based on the comparison of HXRD mea-
surements and TEM observations was also performed on the
annealed samples, and the results are discussed in this subsection.
As shown in Figs. 6(a)–6(c), in the case of the layers annealed at
400, 600, and 800 �C as well, the RRDD model permits us to repro-
duce quite accurately the 00.2 ω-scans, with MS varying in the
�1–2 range. The extracted nS values are reported in Fig. 9(b)
where for completeness the cumulative screw and mixed dislocation
density corresponding to the as-grown layer is also added. In the
same figure, nTEMS , as obtained from the analysis of dark-field TEM
images with exemplifying cases displayed in Figs. 7(a)–7(c), is also
plotted for comparison. It can be seen that agreement is found
between the two estimates, thus, providing further support for the
used approach. Furthermore, the MS values suggest, in the case of
the annealed samples as well, a homogeneous/quasi-regular disloca-
tion distribution; a finding that is consistent with the TEM
acquired images, which additionally confirm that the majority of
dislocations thread from the substrate.

As in the case of the as-grown sample, TEM cross-sectional
observations like those shown in Figs. 8(a)–8(c) were used to
perform an intensity profile analysis of the GaN/ZnO interface, and
the results are displayed in Fig. 9(a) [for a representative intensity
profiles, one for each of the annealed samples, see Figs. S3(b), S3(c)
and S3(d) in the supplementary material]. In detail, it was found

FIG. 5. Two-beam dark-field image taken with g ¼ , 00:2 . with four visible
dislocations indicated by arrows.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 055701 (2022); doi: 10.1063/5.0086295 132, 055701-6

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0086295
https://www.scitation.org/doi/suppl/10.1063/5.0086295
https://www.scitation.org/doi/suppl/10.1063/5.0086295
https://www.scitation.org/doi/suppl/10.1063/5.0086295
https://www.scitation.org/doi/suppl/10.1063/5.0086295
https://aip.scitation.org/journal/jap


that annealing at 400 �C reduces the thickness of the highly defec-
tive interfacial layer of factor 2 with another factor 2 reduction
occurring after annealing at 600 �C with no further improvements
in the interfacial structural quality following the final processing
step. However, these changes do not correlate with the 00.2
FWHMωs of the films that indeed follow the FWHMω fluctuations
of the substrate, as shown in Fig. 9(a). In addition, considering that
in the case of the annealed samples as well, no network of misfit
dislocations was observed at the GaN/ZnO interface [see Fig. S2(b)
in the supplementary material], we exclude a significant contribu-
tion of the highly defective interfacial layer to the 00.2 ω-scan

FIG. 6. In (a)–(c), the blue circles indicate the experimental 00.2 ω-scan for the
samples annealed at 400, 600, and 800 �C, respectively. In each case, the cor-
responding fit assuming a RRDD as well as the ω�4 asymptotic behavior
expected for such a model are displayed as red and green curves, respectively.

FIG. 7. (a)–(c) Representative dark-field images of the samples annealed for
30 min in N2 flow at 400, 600, and 800 �C, respectively, acquired under
two-beam dark-field conditions with g ¼ , 00:2 .. The observed dislocations
are indicated by arrows.
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peaks. This conclusion is further supported by the overall agreement
found between nS and nTEMS . In this respect, it is also worth pointing
out that an nS increase of �1:8� 109 cm�2 corresponds to the
FWHMω reduction of �80 arcsec that was observed between the
samples annealed at 400 and 600 �C. This is related to the above-
mentioned interplay among the two fitting parameters nS and LS. In
detail, in these samples, the cumulative dislocation density increment
is counterbalanced by a decrease in LS from (400+ 100) to
(160+ 70) nm with the more than two times smaller LS compen-
sating for the larger nS value. Similarly, despite the FWHMω of
the sample annealed at 400 �C being �20 arcsec larger than
the as-grown one, the fit shown in Fig. 6(a) was achieved for
nS ¼ (2:4+ 0:5)� 109 cm�2 and LS ¼ (400+ 100) nm with the
two times larger LS contributing to the �0:6� 109 cm�2 lower
value of nS. That is, in the case of the RRDD model, due to
the presence of the additional parameter LS, the correlation between
the dislocation density and the FWHMω is not as obvious as in the
more commonly used approaches discussed in Subsection III D.
In addition, it is worth pointing out that as evident from Figs. 7(b)
and 7(c), in the case of the samples annealed at temperatures
�600 �C, the presence of fragmented/not straight dislocations was
observed in some of the acquired TEM images. Even though the
limited statistic intrinsic in the TEM analysis does not permit a firm
conclusion, this might suggest that temperatures �600 �C are
required for the motion of dislocations with a screw component in
ZnO to occur. Hence, in this respect, the observed nS drop following
the 800 �C processing step [see Fig. 9(b)] is possibly related to a real
physical reduction of the cumulative screw and mixed dislocation
density though within the experimental errors. On the contrary,
the cross-sectional TEM imaging, with examples shown in
Figs. 8(a)–8(c), suggests that recrystallization is occurring at �600 �C
causing migration/deviation of the defective column boundaries from
the growth direction and their correlated reduction. This could be,
for example, the source of the increased diffuse scattering that causes
the minor deviation from the ω�4 asymptotic law and to which corre-
sponds the less accurate fitting of the ω-scan curve for Δω � 0:2�

that is observed in the case of the sample annealed at 800 �C [see
Fig. 6(c)]. This attribution is supported by the fact that a similar dis-
crepancy, even though to a lesser extent, is also present in the case of
the 600 �C annealed sample as can be seen by a close look at Fig. 6
(b). That is, its appearance is concomitant with the recrystallization
onset. However, considering the satisfactory agreement found between
the experimental curves and the RRDD model, a firm assignment of
the physical source of this minor discrepancy is beyond the scope of
the present work and will not be discussed further.

D. Comparison between the densities of dislocations
with a screw component as extracted from the RRDD
model and FWHMω based equations

Finally, it is worth comparing the nS values with the cumula-
tive screw and mixed dislocation densities extracted from the
simple equations commonly used in the literature and for ZnO
films as well,41–43

n*S ¼
FWHM2

ω

4:35 b2S
(3)

FIG. 8. (a)–(c) Representative cross-sectional bright-field TEM images relative
to the samples annealed for 30 min in N2 flow at 400, 600, and 800 �C, respec-
tively. All the images were taken along the [11.0] zone axis.
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and

n**S ¼ FWHMω

2:1 bS L
, (4)

where in Eq. (3) a random dislocation distribution and in Eq. (4)
a piling up of dislocations in the grain boundary of length L are
assumed to cause the tilting of the mosaic block, respectively. The
comparison between both n*S and n**S and the estimates obtained
according to the RRDD model is also shown in Fig. 9(b). It can
be seen that n*S is smaller than nS by at least a factor of �15. On
the other hand, if Eq. (4) is employed, the discrepancy reduces to
a factor of 5. In this case, L has been set equal to the columnar
width as determined by TEM imaging and extracted as described
in Sec. III A; this rules out the reported underestimation occur-
ring when a Williamson–Hall-like plot is used to evaluate L as it
is commonly done.21 However, the analysis has been limited to
the as-grown and annealed at 400 �C samples only due to the
occurrence of recrystallization observed above this temperature
with the films losing their evident columnar structure. Here, it is
worth underlining that the total FWHMω was actually used for
calculating the values of both n*S and n**S displayed in Fig. 9(b)
due to the above-mentioned impossibility of accurately fitting the
peaks with a Voigt function. On the contrary, a proper analysis
requires using only the Gaussian related contribution to the 00.2
peak width, since is the component related to the blocks tilting if
the film is modeled as mosaic-structured, as discussed in detail
above. That is, overall both the n*S and n**S values so calculated
rather represent upper bounds.

In conclusion, the method shown here and based on the RRDD
model with the 00.2 ω-scan simulated using a discrete Hankel trans-
form approach permits us to accurately reproduce the experimental
HXRD profiles and to properly evaluate the density of dislocations
presenting a screw component (i.e., screw or mixed dislocations),
with the extracted values being confirmed by TEM measurements.

On the other hand, estimates based on the FWHMω provide �1
order of magnitude lower densities as proven in the case of GaN
layers grown on 6H-SiC as well.32 That is, albeit even more advanced
models than the RRDD approach have been proposed (for a review,
see, for example, Chap. 11 in Ref. 44), this procedure is sufficient for
a correct description of ALD-grown ZnO films despite presenting a
residual columnar structure and a highly defective interface. Finally,
on the basis of the extracted correlation length, it can be concluded
that the dislocations with a screw component are homogeneously/
quasi-regularly distributed within the samples regardless of the post-
deposition annealing temperature if �800 �C, a finding that is con-
sistent with the TEM images acquired.

IV. CONCLUSIONS

In this work, it has been displayed, by combining TEM and
HXRD measurements performed on high crystal quality
ALD-grown ZnO films deposited on GaN/sapphire substrates, that
an analysis based on the restricted random dislocation distribution
model should be performed if an accurate estimate of the disloca-
tion densities is required. In detail, it has been shown that within
this model, it is possible to accurately reproduce the 00.2 ω-scan
curves, even though the films exhibit a residual columnar structure.
This indicates that the strain related to the dislocations presenting a
screw component (i.e., screw or mixed dislocations), which mainly
originate from the substrate, represents the main contribution that
affects the ω-scan characteristics in the case of symmetric 00.2
peaks. On the other hand, the remaining possible sources like
column boundaries, column–column interactions, the highly defec-
tive layer present at the ZnO/GaN interface, as well as mosaicity
effects like tilt and limited size effects, have a negligible impact.
Annealing the films for 30 min in N2 flow up to 800 �C is found to
have a minor effect on the density of dislocations with a screw
component, while recrystallization with the reduction/migration of
the defective column boundaries occurs with annealing tempera-
tures �600 �C.

FIG. 9. (a) Evolution of the thickness of the ZnO/GaN interfacial layer with limited crystallinity vs annealing temperature. In the same figure, the 00.2 ω-scan FWHMωs of
the ZnO films and corresponding GaN substrates are also reported. (b) The densities of dislocations with a screw component in the case of the as-grown and annealed
samples as extracted from TEM imaging as well as evaluated from HXRD measurements assuming a RRDD. For comparison, the density estimates obtained from Eqs.
(3) and (4) (the latter employed only in the case of the as-grown and 400 �C annealed samples) are also shown.
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SUPPLEMENTARY MATERIAL

See the supplementary material for more details concerning
the TEM analysis, i.e., for Figs. S1(a)–S1(c), S2(a) and S2(b), and
S3(a)–S3(d).
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