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a b s t r a c t

X-ray diffraction curves and reciprocal space maps from self induced GaN nanowires on Si(1 1 1) substrates
were examined theoretically and experimentally. Numerical simulation shows how distribution of such
NWs parameters as diameter, length, strain and orientation influence broadening of X-ray diffraction peak
profiles. Calculated shape of symmetric 0002 GaN reciprocal space map well correlates with experimental
result, which indicates the validity of selected theoretical model.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently the GaN nanowires (NWs) grown on various sub-
strates have been extensively studied. At the same time many
diagnostic methods are developed that allow analysis of NWs
properties. For structural characterization the nondestructive
X-ray diffraction (XRD) is mainly used.

The structure of GaN NWs, as well as of planar layers, is described
by a model of mosaic crystal [1], which takes into account such
parameters as tilt, twist and size of mosaic blocks (coherent length).
All these parameters cause broadening of the X-ray diffraction
profiles (XDP) for both types of epitaxial structures. However, there
are strong differences between the full width at half maximum
(FWHM) of XDPs of nanowire and planar GaN layers. For GaN layers
the XDP broadening is caused mainly by different types of disloca-
tions [2], while for dislocation-free GaN NWs broadening is caused
by their small size as well as by large values of both in-plane (twist)
and out-of-plane (tilt) angular distributions [3].

In most works the XRD is used mainly to determine the align-
ment of the GaN NWs with the substrate normal [4–6] or their
polarity [7]. Recently [8], Jenichen et al. applied XRD for character-
ization macro- and micro-strain in GaN NWs on a Si(1 1 1) substrate.
They also determined tilt, twist and size of NWs by X-ray φ-scans,
reciprocal space map (RSM) and Williamson–Hall plots. However,
only few works report on the influence of mosaicity parameters on
the X-ray diffraction peak profiles from GaN NWs.

In [9], by using grazing-incidence XRD, the effect of mean GaN
NWs diameter and its statistical distribution as well as influence
of the root mean square twist on XDP broadening was studied.

By comparing measured and fitted XDP a good correlation between
the theoretical model and the experimental data has been shown.
In [10], the theoretical study of the effect of inhomogeneous
microstrains along the growth axis of GaN NWs on diffracted
X-rays was presented. It was shown that an exponential decay of
the mean-squared strain along the nanowire describes the peak
profiles. The characteristic length of this decay is found to be about
two times larger than the nanowire diameter. Thus, XDP and RSM
modeling, and their comparison with experimental results allow
to get the real structural parameters of the objects.

The purpose of this work is to develop a theoretical approach
for calculation of the symmetric XDP of GaN NWs (in different
directions relatively to the diffraction vector, so-called ω-, ω-2θ
scans) taking into account various parameters, such as size,
orientation, and their distribution functions. Then, XDP calculation
with all these parameters taken into account would allow model-
ing of RSM from NWs ensemble.

2. Theoretical description

The kinematical scattering theory is applied to study XDP from
NWs with aim to estimate their structural parameters, such as
distribution of microstrain along the NW ε(z), size and out-of-
plane (stilt) distributions. To simplify the theoretical calculation,
we consider that NWs have a cylindrical shape with length L and
radius R, whose form-factor is well-known and it is given by:
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sin ð2πqzLÞ
2πqzL
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where qx, qy, qz—the components of diffraction vector; ~qx; ~qy—angular
position of the analyzing crystal; J1(x)—first order Bessel function.
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Usually the X-ray diffraction profile (XDP) of GaN NWs cannot
be described by using distribution function of only one mosaicity
parameter. We suppose that different structural parameters have
different influence on each part of XDP. The broadening of rocking
curves (ω-scan) of the symmetric reflections is influenced only by
the tilt and diameter (D) of NWs. To describe tilt and D distribution
of GaN NWs the Gaussian (Eq. (2)) and asymmetrical gamma
(Eq. (3)) functions were chosen, respectively [11,12].

f ðqx; qyÞ ¼
1ffiffiffiffiffiffi
2π

p
sh

exp �q2x þq2y
2s2

h

 !
; ð2Þ

where sh—dispersion parameter of distribution.

γðtðr;RÞ;NÞ ¼ tN�1e
� t
2

2NΓðNÞ
; ð3Þ

where tðr;RÞ ¼ 2ðN�1Þr=R; Г(N)—gamma function.
X-ray scattering functions with the form-factor (Eq. (1)) and

distributions (Eqs. (2) and (3)) were given by:
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where C—constant; Is, Ior—intensity distributions where only
nanowire size or orientation is taken into account, respectively.

The length and microstrain distributions along the c-axis of
NWs cause a broadening of symmetric ω�2θ diffraction peaks.
The NWs length contribution on broadening of symmetric ω�2θ
diffraction peaks is given by:

IðqzÞ ¼
sin 2ð2πqzLÞ
ð2πqzLÞ2

; ð6Þ

It is evident that microstrain is not uniformly distributed along
the NWs length, because of strain relaxation at their side walls.
Therefore, an important issue to study is the evolution of micro-
strain along NWs. According to [13], the intensity distribution in
the direction of diffraction vector can be written as:

IðqzÞ ¼
Z L

0

dz
εðzÞexp �1

2
qz

εðzÞQ

� �� �
; ð7Þ

where ε(z)¼εoL/z; εo—describes the minimum strain fluctuations
in the nanowire and Q is the reciprocal lattice vector.

3. Experiment

Self-induced GaN NWs were grown by plasma-assisted molecular
beam epitaxy on Si(1 1 1) substrate at �760 1C under highly nitrogen-
rich conditions. Before the growth started, the substrate was exposed
to a nitrogen flux for 30 min at the nitridation temperature �450 1C
(see [14] for details).

The samples were examined ex-situ by using a scanning electron
microscope (SEM) Hitachi SU-70 and high-resolution X-ray diffrac-
tion (XRD) PANalytical X’Pert Pro MRD XL. We used a standard four-
bounce Ge(2 2 0) monochromator and three bounce (0 2 2) channel
cut Ge analyzer crystal as well as 1.6 kW X-ray tube with CuKα1
radiation and vertical line focus. The symmetric 0002, 0004, and
0006 GaN reflections were measured by ω and ω�2θ Bragg scans.
Finally, the symmetric RSM around the 0002 GaN reflection was
measured.

4. Results and discussion

The theory described above was used for the calculation of ω and
ω�2θ scans of the 0002 reflection from GaN NWs. Fig. 1(a) shows X-
ray diffraction profiles calculated for constant tilt value (11) and
diameters varied from 10 nm to 80 nm. It is visible that ω-scans

Fig. 1. X-ray diffraction profiles of ω and ω�2θ scans of the symmetric 0002 GaN reflection from GaN NWs with different structural parameters: (a) diameter; (b) tilt;
(c) length and (d) strain.
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become broader when diameter of NWs decreases. The obvious
situation is presented on Fig. 1(b) where the larger tilt value causes
the broadening of XDP. In order to obtain information about the
length and distribution of microstrain along NWs we calculated
ω�2θ-scans. For the constant strain value (εo¼1�10�4) the diffrac-
tion curve from longer NWs is narrower and has smaller contribution
to the tails of the curve (Fig. 1(c)). If the microstrain along the NWs
increases (when the length of NW is constant) we get broader XDP
and the contribution to the tails of the diffraction curve is bigger
(Fig. 1(d)).

The contribution of each described parameter of GaN NWs into
the shape of XDP is shown in Fig. 2. Fig. 2(a) presents the XDPs
with the NWs parameters of only diameter (red solid line
calculated by Eq. (4)) and only tilt (black dashed line calculated
by Eq. (5)) distribution plotted together to estimate their con-
tribution to the common XDP. As can be seen from Fig. 2(a), the
NWs diameters provide a larger contribution on the tails of XDP,
whereas the broadening near the Bragg position is mainly caused
by tilt distribution. In the same way, by using Eqs. (6) and (7), we
estimate the contribution of the length and strain distribution of
GaN NWs to the common XDP (Fig. 2(b)). In this case, the
broadening of XDP in a large angular range is mainly caused by
microstrain along the NWs c-axis. The NWs vertical size prevails
only near the Bragg position.

Fig. 3(a) and (b) show experimental and calculated diffraction
curves (ω and ω�2θ scans) of symmetrical 0002 GaN reflection
from NWs ensemble. The average parameters obtained from the
XDP simulations are as follows: the tilt angle stilt¼0.91, length

L¼300 nm and the microstrain along c-axis εo¼1.8�10�4. More-
over, from SEM analysis (insert on Fig. 3(a)) the distribution of
NWs diameters is obtained. The best fit to SEM data with the same
average value of DE30 nm was obtained also by the XDP calcula-
tion of ω scan. Next, measuring in triple-axis geometry 0002, 0004
and 0006 GaN diffraction curves, the Williamson–Hall (WH) plots
were prepared (Fig. 4(a) and (b)). The details of WH plot analysis
can be found elsewhere [15,16]. The fitting of linear function to
experimental points on WH plots allows to determine the mosai-
city parameters of GaN NWs, mentioned above. This procedure
gave the following average values of the tilt stilt¼1.21, the length
L¼274 nm, the microstrain along c-axis εo¼1�10�4 and the NWs
diameter D¼35.4 nm. There is a good correlation between para-
meters, obtained from WH analysis and simulation of XDPs.
However, while WH plots give average values of mosaicity para-
meters, the calculation of XDPs allows to obtain the distribution
function of these parameters.

The agreement of calculations and experiment results is very good
indicating correctness of the model used for XDP calculations. In the
next step, we calculated the two-dimensional intensity distribution
(RSM) in reciprocal space for symmetric GaN 0002 reflection. Fig. 5
(a) and (b) show the simulated and experimental RSM for GaN NWs
around (0 0 0 2) reflection. To calculate the RSM, we used parameters
(stilt¼0.91, D¼29 nm, εo¼1.8�10�4, L¼300 nm) obtained by simu-
lation of ω and ω�2θ scans. With the aim to simplify the calculation,
we assumed the linearity of the ω-scan. A good agreement of
calculated and experimental RSMs can be seen. This indicates the
accuracy and adequacy of the model, selected for the calculation of the

Fig. 2. The XDPs with contribution of GaN NWs parameters: (a) tilt and diameter; (b) length and strain.

Fig. 3. The XDPs of measured and calculated ω (a) and ω�2θ (b) scans of the symmetric Bragg reflection 0002 GaN. The insert presents the NWs diameter distribution from
SEM image and curve calculated from XRD data.
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intensity angular dependence for different directions, relative to the
diffraction vector. Analyzing the shape of RSMs and the parameters
obtained from simulation, we can conclude, that their elongated shape
is caused mostly by wide tilt distribution of GaN NWs.

5. Conclusion

In this paper a theoretical analysis of the distributions of X-ray
intensity around the symmetrical reciprocal lattice nodes from
NW ensemble were studied. Theoretical expressions were adapted
for the analysis of ω and ω�2θ XDPs, measured in the triple axis
mode. It was shown that the XDPs are very sensitive to the
distribution of such NWs parameters as their lateral and vertical
size, in-plane and out-of-plane orientation, and strain state. It was
shown, how the different contribution of quoted parameters
affects the XDP. It was found, that the size (length and diameter)
of NWs significantly contributes to the width of diffraction curve
on its tails, while the tilt and strain dominate in the curve
broadening at the angles near the exact Bragg position. The
parameters obtained by XDP simulation are in good agreement
with those received by Williamson–Hall plots and SEM data. Thus,
the modeling procedure presented in this work allows accurate
determination of structural parameters of nanowires from simple
XRD data.
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