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X-ray scattering methods were applied to the study of thin mosaic ZnO layers deposited on c-Al,05 substrates
using Pulsed Laser Deposition. High Resolution (HR) studies revealed two components in the ® scans
(transverse scans) which were not resolved in conventional “open-detector” o rocking curves: a narrow,
resolution-limited, peak, characteristic of long-range correlation, and a broad peak, attributed to defect-
related diffuse-scattering inducing a limited transverse structural correlation length. Thus, for such mosaic
films, the conventional ® rocking curve Full Width at Half Maximum linewidth was found to be ill-adapted as
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Zinc oxide an overall figure-of-merit for the structural quality, in that the different contributions were not meaningfully
Thin films represented. A “Williamson-Hall like” integral breadth (IB) metric for the HR (00.1) transverse-scans was thus

developed as a reliable, fast, accurate and robust alternative to the rocking curve linewidth for routine non-
destructive testing of such mosaic thin films. For a typical ZnO/c-Al,05 film, the IB method gave a limited
structural correlation length of 110 nm 4 9 nm. The results are coherent with a thin film containing misfit
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dislocations at the film-substrate interface.
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1. Introduction

Wourtzite zinc oxide (ZnO) is a remarkable multifunctional material
with a wide range of established and emerging applications [1,2]. These
include a variety of optoelectronic uses based on a distinctive
combination of properties such as a direct wide bandgap (3.37 eV),
relatively high exciton binding energy (60 meV), good transparency
over the whole visible spectrum and a conductivity which can be readily
tuned from semi-insulating to semi-metallic [3-8].

Since large area ZnO substrates are not yet available at a reasonable
cost level, there is currently a need to grow ZnO on alternative
substrates. The most widely adopted choice, for opto-electronic
applications, is c-sapphire (c-Al,Os3). Although, there are significant
lattice and thermal mismatches [9], ZnO is a relatively compliant
material [10], and it can be grown on c-Al,03 in the form of epitaxial
“blocks” with rotational misorientation (or “tilt”) relative to one
another. These monocrystalline or “mosaic” blocks scatter X-rays
incoherently with respect to each other [11,12].
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The most widely adopted metric for the comparison of the crystal
quality for such films is the full-width at half maximum (FWHM) (or
linewidth) of the (00.2) peak of the X-ray diffraction (XRD) “rocking-
curve.” However, this metric can be misleading in the characterisation of
a thin film with such a mosaic structure. First of all, this is because this
metric strongly depends on the experimental conditions, since, in the
literature, the term “rocking-curve” is often used, confusingly, to refer
not only to the conventional “open-detector” scan but also to the high
resolution, HR, w-scan experiments performed with “channel-cut”
optics in the diffracted-beam path (“transverse scans”). In the case of
epitaxial thin films, XRD m-scan experiments should, ideally, be done
with such a channel-cut in the diffracted beam path in order to
differentiate contributions orthogonal and parallel to the sample surface.
Indeed, the relatively low thickness of these ZnO layers in itself
generates a widening of the diffraction peak, orthogonal to the sample
surface. This is due to the presence of “crystal truncation rods”, which
resemble, but have nothing to do with, a defect-induced effect. Secondly,
since the peak broadening has multiple origins, differentiation of these
causes is desireable in order to compare samples. In this paper, we report
on the development of a rapid, robust and reliable alternative to the
conventional ® rocking curve figure-of-merit, which is better adapted
for the characterisation of such mosaic thin films and which can be
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readily extracted from the XRD transverse-scans. Moreover, the present
method is applicable to other thin “mosaic-block” material systems, e.g.
(00.1)-oriented wurtzite materials (such as GaN) and (001)-oriented
zinc-blende materials (such as GaP, InAs, etc.).

2. Experimental details

ZnO thin films were grown on c-Al,03 substrates held at elevated
substrate temperature in a home-made Pulsed Laser Deposition (PLD)
system using a Coherent KrF excimer laser (248 nm) [13]. The laser spot
was focused onto a 5 N sintered target to give a fluence of up to about
4 J/em?. During the growth, various parameters were adjusted in order
to maintain a 2D growth. In particular pulse repetition rate was varied
between 1 and 50 Hz and molecular oxygen (0,) background pressure
was varied between 1.3x107% and 1.3x10~' Pa. HRXRD and Very
HRXRD (VHRXRD) experiments were conducted in Panalytical MRD-
Pro and Seifert PTS systems, respectively. For both, a Cugy; source
(N=0.15406 nm) with line focus was adopted. The HR and VHR
experiments were carried out using four-bounce Ge (220) and (440)
crystal monochromators in the incident-beam path, giving incident-

beam divergences of 12 and 5 arcsecs and wavelength dispersions (%)

as low as 1.4x 10 and 5.5x 107>, respectively. A multilayer mirror
was employed to enhance the incident intensity. Two incremental
encoders allowed an angle reading to an accuracy of 4 0.0002° for both
the o and 26 positions. The HR and VHR XRD were performed,
respectively, with two-bounce Ge (220) and (440) channel-cut crystals
in the diffracted-beam path, giving detector acceptance angles of 12
and 5 arcsecs, respectively (i.e. 0.0033° and 0.0014°). For X-ray
Reflectometry (XRR), the measurements were performed using a
detector slit of 0.1 mm with back Soller slits and a knife-edge located at
60 um from the sample surface, so as to reduce the background signal to
0.05 counts per second. Thus, a dynamic intensity range of 107 could be
achieved for the reflectivity curves.

Two scan modes were employed: ®»/26 scans which provided
information on crystal planes parallel to the sample surface, and ®
rocking-curves (rotation of the sample around the o axis, while
keeping the detector at a fixed 26), which gave the dispersion in the
orientation of the crystal planes for a given lattice spacing, plus
information on the in-plane correlation lengths. In the following, we
will refer to the HR version of the » rocking-curves (performed with a
channel-cut crystal in the diffracted beam path) as “transverse-scans”.

The process of deconvoluting multicomponent peaks such as those
observed for mosaic thin films is usually carried out using either the
Fourier technique [14] or the variance method [15,16] plus direct
modelling [17,18] of the diffraction-peak profiles. Fast analysis of the
peak breadths [19], called the Integral-Breadth (IB) method, is
adequate for practical purposes, however, when an estimation of
the coherent domain size (termed “crystallite size”) is required, even
if this method tends to overestimate the domain size value when
compared with alternative methods [20]. It should be noted that the
IB, defined as the width of a rectangle having the same area and height
as the observed line profile, has already been put forward as a more
useful metric than the FWHM [21]. It is well-known, for instance, that
the broadening of the (00.) reflections in the /26 mode can be used
to estimate the correlation length of the diffraction domains
(coherent domain size) in the growth direction, after separating
both the strain and the correlation length components responsible for
the IB widening, through the Halder and Wagner parabolic approach
[22], a variant of the Williamson-Hall plots method. In particular,
when considering the ZnO epitaxial thin films investigated in the
present paper, the growth-direction coherent-domain-size has been
found [23] to be comparable with the layer thickness (determined by
XRR) bringing to the fore the high-crystalline-quality in the growth
direction. Then, any overall measurement of the structural quality will
include a contribution from in-plane defects. Thus, an appropriate

“figure-of-merit” needs to be incorporate both the lateral correlation
length and the mosaicity. We propose a method for this, in the
following, based on a line-profile analysis of (00.I) XRD transverse-
scans, through an IB approach. This can then be used as a reliable
metric for comparing the structural quality of thin ZnO layers grown
on c-Al,03 substrates.

The interpretation of the results is facilitated by considering
reciprocal space co-ordinates, which are related to the angular space
co-ordinates by the following relationships:

Sy = % sinf sin(w—0) (1)
2 sinf
5, = @)

where Sy and S, are the diffraction vector along the sample surface and
perpendicular to the sample surface, respectively (assuming that the
diffraction planes are parallel to the sample surface, i.e. ®=¥).
Therefore, the angular-space IBs 3(26), from a ®/26 scan, and B3(®),
from a transverse scan, can be translated into reciprocal space
coordinates of the variables S, and S, by the following relationships:

() = p20) 3)
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A process of deconvolution to allow for the instrumental profile
was also carried out, as described elsewhere [23]. In the following,
refers to the instrument-corrected IB.

3. Results and discussion

Fig. 1 shows an XRR scan for a typical ZnO layer grown on a c-Al,05
substrate. The Auto-Correlation Function (ACF) obtained through a
Fourier transform of the XRR profile (corrected for refraction [24])
displays a peak centered at 178.1 nm 4 0.2 nm The thickness fringes
could be followed up to an S, value as large as 0.55 nm’!, indicating
that both the film-air and film-substrate interfaces were relatively flat.
In complement to the XRR, specular ®/26 XRD analyses were
performed around the (00.2) Bragg reflection, as shown in Fig. 2.
The thickness fringes, in this case, extend up to 0.35 nm™' around the
Bragg peak indicating that the ZnO displays excellent crystalline
quality over the thickness corresponding to the correlation length
indicated by the fringes. The fringe spacing gives a correlation length
of 177.5 nm + 0.2 nm, which is very close to the thickness determined
by XRR. Therefore, the entire film is scattering in phase, which shows
that the crystalline quality is quasi-perfect along the growth direction.
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Fig. 1. An XRR scan for a ZnO thin film grown on c-Al,0s. Inset: ACF obtained from the
XRR profile, corrected for refraction and normalised to the substrate Fresnel reflectivity,
as described in ref 24. The ACF spectrum gives a thickness of 178.1 nm £ 0.2 nm.
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Fig. 2. Longitudinal scan of the (00.2) Bragg reflection, showing fringes corresponding
to a thickness of 177.5 nm 4- 0.5 nm, which was estimated by plotting the fringe order
as a function of the fringe position (inset). It is noticeable that the longitudinal scan
profiles are similar when measured along the resolution-limited component and when
measured just off the specular condition, at the peak of the diffuse scattering.

The asymmetric shape of the diffraction peak, however, suggests that
there may be slight inhomogeneous strain along the growth direction.

Fig. 3 shows transverse scans for the (00.2), (00.4) and (00.6)
reflections performed using HRXRD. Both the HR (00.2) and (00.4)
scans display two-component line-shapes which are not observed for
the higher order (00.6) reflection, and which are not resolved in the
conventional “open-detector” scan, as shown in the inset of Fig. 4
(although the “open-detector” scan does not resolve the two
contributions, it is clear from the peak shape that two contributions
are present). Thus a simple figure for the FWHM of any of these
conventional “open-detector” « rocking-curves scans does not
adequately reflect the crystal structure of the layer. Considering the
transverse-scans, the very narrow and intense component is visible
only in the case of weak disorder, due to an exponential damping with
crystal plane displacement, and is, therefore, characteristic of ZnO
crystallographic planes with a very regular lattice spacing and good
parallelicity, over a relatively large lateral correlation length [12,25].
This means that the plane displacements are bounded in magnitude
by the substrate, which acts as a source of structural coherence (due to
the epitaxy). The mosaic crystals displaying such an effect are
unconventional, in that individual mosaic blocks can scatter X-rays
coherently with respect to each other due to the long range order, in
spite of the presence of short-range disorder. With increasing film
thickness, the sharp component was observed to disappear and the
broad component was found to narrow (Fig. 4), as has been reported
elsewhere [26].

A similar response (two-component line-shape) has been ob-
served for a range of mosaic thin film materials [12,18,25-31]
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Fig. 3. HR transverse scans for the (00.2), (00.4) and (00.6) peaks. The HR (00.2) and the
(00.4) reflections exhibit a resolution-limited component. Both the angular shape and
the S-shape are different for the 3 reflections. The solid lines correspond to the best fits
obtained by Voigt profiles. Inset: detail of the VHR (00.2) narrow component in arcsec.
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Fig. 4. Transverse scans through the (00.2) diffraction peak from 3 thin ZnO layers with
different thicknesses: from bottom to top: 70 nm, 150 nm and 1000 nm. Inset: ®
rocking curve (open-detector) for the (00.2) peak of the 1000 nm-thick sample.

including other studies on ZnO [32,33]. The narrower “Bragg” peak
(with a resolution-limited linewidth) has been attributed to long-
range structural correlations, while the broad base has been attributed
to diffuse-scattering for shorter-range correlation lengths. The
resolution-limited character of the narrower Bragg peak linewidth
in HRXRD scans was confirmed through VHRXRD (see inset of Fig. 3),
which gave a 5 arcsecs peak width.

Miceli et al. [12,25] developed a phenomenological theory, which
explains the broad diffuse-scattering peaks as being defect-induced,
and which also accounts for the presence of the narrow component in
the line-profiles. In particular, they examined two extreme cases: the
case of weak disorder dominated by an effect due uniquely to a lateral
defect-correlation-length, €y, and the case of strong disorder domi-
nated by strains and giving a mosaic rotational disorder, Aw. Both
cases were treated independently and the peak broadening was taken
as being either constant in the angular space coordinate if its cause
was purely rotational or constant in the reciprocal space coordinate, if
it was linked uniquely to a defect-correlation-length. The most
common, intermediate, case of the peak broadening depending on a
scattering vector in which both effects are combined was treated by N.
Herres et al. and L. Kirste et al. who separated the correlation length
and mosaicity effects by assuming Gaussian profiles for the transverse
scan peaks, in the study of both InAs/GaSb superlattices [34] and (Al)
GaN thin layers [35]. It should be noted that these films did not
actually display any narrow and intense component, which is most
likely due to the higher layer thicknesses employed in the study. The
method we propose to separate the correlation length and mosaicity
broadening of the transverse-scan diffuse-scattering peak employs
assumptions for impacts on the line profile function from each effect.

In powder diffraction, line profile analysis of the »/26 Bragg-
Brentano diffraction peaks is a well-known method to obtain a
measure of both the coherent-domain-size (termed crystallite size)
and the micro-strains. Among these techniques, the IB method, using
the simulation of the diffraction line-profile through Voigt functions
or pseudo-Voigt functions, for instance, provides a rapid and
convenient measure of both these parameters. However, compared
with powder diffractometry, the case of epitaxial thin films analyses
has to be treated differently, since the broadening mechanisms are
due to orientation-dependent structural parameters which lead to an
anisotropic broadening of the reciprocal lattice points. Therefore, the
different broadening mechanisms can be discriminated using /26
and transverse scans.

For the transverse scans, two broadening mechanisms specific to
mosaic-thin-films have to be considered: the line broadening caused
by the in-plane defect-correlation-length, €,, and the mosaicity tilt,
AM (giving the mosaicity broadening Aw,,), due to the rotational
disorder characteristic of mosaic crystals, resulting in a reflection
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broadening of the angular-space coordinates [34]. In the following,
since only (00.1) surface orientation and transverse-scans on (00.l)
diffraction planes are considered, broadening due to inhomogeneous
strain perpendicular to the sample plane is not taken into account
(even for partially relaxed films) since only asymmetric reflections,
i.e. where either h or k (or both) Miller index is different from zero,
would be affected by such a variation of the strain [34]. As in common
powder diffraction, the &4 correlation length can be measured using
the Scherrer relation [36], applied to the lateral reflection broadening
and expressed in terms of the reciprocal space coordinates:

K

[5gX ) = g*

(5)

where [ (S) is the IB of the transverse scan diffraction peak due to
broadening from the lateral correlation length €, and K is the Scherrer
constant (fixed at 1 in the following). In this way, the correlation-
length component of the diffuse scattering width is independent of
the scattering vector [12]. The mosaicity can be obtained through the
following relationship:

Bu(S) = AMLS, ®)

where B(S) is the IB due to the mosaicity, expressed in terms of the
BulS) of
the diffuse scattering is independent of the scattering vector [13].

The effects of both the mosaicity and correlation length contribu-
tions to the observed broadening depend on the shapes of the
individual diffraction profiles. Usually, IB methods assume that the
constituent profiles are either Cauchy or Gaussian (Williamson-Hall
plots). However, Schoening [37] plus Halder and Wagner [22] have
shown that the diffraction profile from a particle can be adequately
modelled using a Cauchy (Lorentzian) function. In the following, we
assume that the average correlation length measured using the
Scherrer relation is similar to the average size of the crystallites [35].

Moreover, assuming that the rotational misorientation of the
mosaic blocks is randomly distributed, as independent random
variates around the surface normal (with a finite variance value)
the Central Limit Theorem predicts a Gaussian probability distribution
for the mosaic blocks. Thus, a Gaussian shape can be assumed for the
mosaicity-induced broadening of the reflection. One has to mention
that the existence of preferential tilt angles instead of random
rotational misorientation should induce “shoulders” on the narrow
Bragg peak [38]. Therefore, a better representation of the experimen-
tal profile is given either by a convolution of both Cauchy and
Gaussian functions [39,40] (Voigt functions) or by a linear combina-
tion of these functions (pseudo-Voigt functions) [41]. Halder and
Wagner [22] have shown that an approximation to the IB of a Voigt
function is given by a parabolic equation (to an accuracy within about
5%):

reciprocal space coordinates. Therefore, the angular width

B(5) = Beauchy ()-B(5) + Beauss (S) 7)

with 3(s)being the measured transverse scan IB, in our case. Then, this
equation allows a separation of both effects, using (5) and (6), i.e.
from lateral correlation length and mosaicity. Therefore, by employing
Egs. (5) and (6), Eq. (7) can be written, as the following fundamental
equation:

B(S))2 2 1B
=AM + — 8
(5 § s ®
2
Therefore, the slope of <[3’é5) as a function of %yields the
Z 4

Cauchy component due to the correlation length, €y, and the intercept
gives AM. In the following, this plot will be called the “Williamson-
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Fig. 5. Analyses of the line-broadening of the diffuse scattering transverse scans, using
WHL plots.

Hall"-like plot (WHL plot). Fig. 5 shows the WHL plot from the
symmetric transverse scans shown in Fig. 3. Each transverse scan has
been fitted with two Voigt functions, one for the resolution-limited
narrow-component and the other for the broader component. Table 1
summarizes the input data for the WHL evaluation applied to the
broad component. From the relation (8) applied to the broad diffuse
component in the (00.2), (00.4) and (00.6) peaks (Fig. 5), the
correlation length parallel to the surface, €, is 110 nm + 9 nm and the
mosaicity, Aw, is 0.063 +0.005°.

The longitudinal ®/26 scans are similar when measured either
along the resolution-limited component or just off the specular
condition (near the peak of the diffuse scattering). Indeed, these »/26
curves (not shown here) display exactly the same shape, multiplied
by a constant. Therefore, to explain the limited lateral correlation
length, defects originating at the substrate surface, which have an
effect only along the growth direction, can be invoked. Similar two-
component line shapes from transverse scans have been reported in
studies for a variety of thin epitaxial films and have been attributed
either to threading dislocations [30,42] and/or misfit dislocations
[12,25,30,43] which accommodate the lattice-mismatch at the
interface film-substrate, or strain fields due to imperfect stacking
faults [44]. In our case, highly localized strain fields, due to planar
defects, are unlikely since this would have lowered the correlation
length along the growth direction and should have entailed a vertical
strain distribution. This was not observed. Thus, it is likely that the
defects responsible of the finite correlation-length, are either misfit or
threading dislocations. It should be noted that many reports affirm
that misfit dislocations are the main source of such two-component
transverse-scans line-shapes [30] since the densities of misfit
dislocations are much larger, in the relaxed heterostructures, and,
should thus have a stronger effect on the peak widths. However, it has
also been reported that, while misfit dislocations actually dominate in
the diffraction peaks of thin films, threading dislocations become
important when thickness increases [42]. In our case, since film
thickness is several tens of nanometers, more structural analysis
experiments such as Transmission Electron Microscopy are necessary

Table 1
Experimentally observed peak positions and peak broadenings of the ZnO (00.l)
reflections.

Peak position Peak broadening

Reflection hk.I 20 (°) S, (nm™") Blw) (%) Bx(S) (nm~1)
00.1 34.3883 3.8377 0.1657 0.0111
00.2 72.4842 7.6751 0.1001 0.0134
00.3 124.9536 11.5130 0.0939 0.0189
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to determine whether the structural defects reducing the lateral
correlation length measured by X-Ray scattering are either threading
and/or misfit dislocations. Finally, careful inspection of the (00.2)
transverse scans from two other ZnO samples, 150-nm and 70-nm
thick, respectively (Fig. 4) reveal satellite peaks (S). Such satellite
peaks are characteristic of either misfit/threading dislocations (which
may arrange periodically in order to reduce their elastic energy [30])
or a periodical distortion at the ZnO-c-Al,03 interface (which may
arise if the substrate surface is miscut so that it forms regular terrace
[18]). To differentiate between these possibilities, transverse scans
were performed for different azimuthal values around the [001] axis.
Since the transverse scans display the satellite peaks for azimuthal
angles of both 0° (along the [1 0.0] direction) and 90° (along the
[1 2.0] direction), such satellite peaks cannot arise from a miscut and
are, therefore, more likely to be a characteristic of misfit/threading
dislocations. It should be noted that the satellite positions vary slightly
with the azimuth angle. Thus the positions of the satellites may
correspond to a mean spacing related to a periodic arrangement of
misfit or threading dislocations. This periodicity is well-defined (as
revealed by the satellite sharpness) at 190 nm, for an azimuthal angle
of 0°, and 235 nm, for an azimuthal angle of 90°, for the 150 nm-thick
sample. For the 70 nm-thick sample it was smaller (165 nm for an
azimuthal angle of 0°). It is possible that the differences between the
periodicities in the samples is mainly due to slight differences in the
growth conditions rather than the different thicknesses. The relatively
high value of the periodicity, and the azimuthal angles where it has
been observed, are not evident in the context of the large lattice
mismatch between the ZnO and the c-Al,0s.

4. Conclusion

In summary, this paper presented an analysis of the interpretation
two components observed in HR X-ray scattering  transverse scans
of PLD-made mosaic ZnO thin films on c-Al,O3 substrates. The
narrower, resolution-limited, peak, was interpreted as characteristic
of long-range correlation, and the broader peak, was attributed to
defect-related diffuse-scattering resulting in a limited transverse
structural correlation length. Thus, the conventional “open detector”
o rocking curve linewidth was found to be ill adapted as an overall
figure-of-merit for the structural quality for such mosaic films, in that
these different contributions were not meaningfully represented. A
WHL IB metric for the HR (00.) transverse-scans was developed as a
reliable, fast, accurate and robust alternative. Thus, it was proposed
that this would be a better approach for routine non-destructive
testing of various mosaic thin film systems including (00.1)-oriented
wurtzite materials (such as ZnO and GaN) and (001)-oriented zinc-
blende materials (such as GaP and InAs).

A WHL plot method was applied to the diffuse component in the
transverse scans for our ZnO films. It gave an average value for the
defect lateral correlation-length of 110 nm 49 nm for a typical layer.
It was deduced from the presence of satellite peaks in transverse scans
for films of various thicknesses that this finite lateral correlation
length may arise from misfit and/or threading dislocations which

exhibit some periodic ordering to accommodate the lattice-mismatch
at the film-substrate interface.
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