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a b s t r a c t

Two tin dioxide samples undergone to different thermal treatments have been studied by X-ray dif-
fraction profile analysis, using the modified Williamson-Hall and Warren-Averbach methods. Assuming
o10-14{101} slip system and screw dislocations, the area and volume-weighted average particle sizes
have been evaluated for both samples. The assumed log-normal particle size distribution has been cal-
culated from these values. This distribution is in good agreement with the derived from SEM micro-
graphs for the sample with lower particle size. Values of the dislocation densities were estimated around
1014 m�2 for the sample with lower grain size and around 1012 m�2 for the sample with greater grain
size. The difference in the results for the analyzed samples could be explained from the difference be-
tween the treatments after synthesis.

& 2016 Published by Elsevier Ltd.

1. Introduction

Nanostructured materials are of great interest in numerous
applications due to their unique properties. In this way, tin dioxide
(SnO2), an n-type semiconductor oxide with a wide band gap
(3.7 eV), has been extensively studied because of its very attractive
properties and applications such as gas sensor [1–3], in optoelec-
tronics [4,,5], in electrochemical applications [6], etc. These prop-
erties are highly dependent on the microstructural features of the
material such as the dislocation density and the dislocation slip
system involved in the plastic deformation. Therefore, it is very
important to understand the deformation mechanism in terms of
microstructural parameters in order to predict the behavior of the
nanomaterial. In regard to this, X-ray powder diffractometry
(hereafter, XRD) is a powerful technique to perform the micro-
structural characterization of the materials that it has been widely
used [7–9]. It is well known that XRD patterns are broadened due
to the smallness of crystallites and the presence of strains (lattice
distortion). Different methods based on the study of the shape and
width of the diffraction peaks, measured by means of the full
width at half maximum, the integral breadth and the Fourier
coefficients of the profile, allow the separation of the above effects
[10]. Note that, in many cases, XRD analyses provides only mean
values of the crystallite size (or diffraction domain size) and

microstrains –usually, by means of the root-mean squared strain,
or r.m.s. strain-. Although the mean crystallite size and r.m.s. strain
are important microstructural parameters, sometimes a more de-
tailed microstructural information such as the measurement of the
crystallite size distribution is needed in order to explain the be-
havior of the material. Note that, although microscopy techniques
(as TEM or SEM), also can provide particle size distributions, these
have a local character and an exhaustive global analysis is time-
consuming as compared with the determination of crystallite size
distributions by XRD. On the other hand, with respect to the lattice
distortion, it has been shown that the strain anisotropy in XRD
peaks can be well accounted using dislocation models for the root-
mean square strain that depend on the contrast factors of dis-
locations, related to the nature and slip system of dislocations
present in the crystal [11]. In regard to this, recently, two classical
procedures extensively employed in XRD analysis, the William-
son–Hall plot [12] and the so-called Warren-Averbach method [13]
have been modified in order to include the effects of dislocations
in the strain term of the model. The results of these modified
methods can be used altogether with the aim to determine the
particle size distribution – considered hkl independent- and the
dislocation density.

The aim of the present study is the characterization of the
microstructure properties of nanoparticle SnO2 samples by means
of both the modified Williamson-Hall and Warren-Averbach pro-
cedures, assuming a dislocation model of the root-mean square
strain for the modeling of the strain-broadened profiles. In the
next sections we present, firstly, the experimental procedure and
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then, the results of the XRD analysis. Finally, these results are
discussed and the conclusions presented.

2. Experimental procedure

SnO2 nanoparticles were synthesized by a simple sol-gel
method; the details of the procedure are described elsewhere [14].
Briefly, the synthesis of SnO2 was performed from SnCl4 �4H2O :
n-propanol : i-propanol : H2O with different molar ratios, but
using a ratio of n-propanol/i-propanol of 2/1. All reagents were of
analytical grade without further purification. The SnO2 powders
thus obtained were processed in different ways. In regard to this,
the sample named Sn-1 in that paper, was calcined at 600 °C
during one hour period, whereas a second sol, named Sn-2, was
prepared at a calcination temperature of 1200 °C for two hours.
Subsequently, the obtained specimens were characterized at room
temperature by XRD with a Philips X'Pert diffractometer using
CuKα radiation (λ¼1.5418 Å) in step-scanning mode. Measure-
ments were taken under beam-acceleration conditions of 40 kV/
35 mA. The samples were scanned between 15.015° and
74.985°(2θ) with a step of 0.03° and a counting time of 68.955 s

The above two samples described in the paper of [14] -here-
after, A, for Sn-1, and B, for Sn-2-, were selected in order to
characterize them microstructurally. These samples have been also
analyzed from the point of view of their electrical properties [15]
and by means of X-ray photoelectron spectroscopy [16], in this
case using only the sample A.

3. X-ray diffraction analysis

Fig. 1 shows the XRD patterns of the A and B SnO2 specimens,
where the peaks were indexed according to the tetragonal rutile-
type structure (space group P42/mnm).Differences in the widths
between the peaks of the two samples are related to the differ-
ences in the microstructure, especially with respect to the crys-
tallite size. In order to get information about the microstructure,
the XRD patterns of the samples were analyzed by using the
modified Williamson-Hall plot [11], [17–19]. With this goal, the
FWHM (“Full Width at Half Maximum”) and integral breadths of
the SnO2 peaks were determined, correcting them from instru-
mental broadening using a sample of Si.

Assuming that dislocations are the main source of strain in
crystallites, the FWHM can be expressed as
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K sin2 o , D is a size parameter related to the column length
of the crystallites, d is the volume-weighted average column
length, α is a parameter related with the Burgers vector, the ef-
fective outer cut-off radius and the density of dislocations and C is
the average contrast factor of the dislocations, depending on the
relative positions of the diffraction vector and the Burgers and line
vectors of the dislocations and on the character of dislocations. In
this context, the modified Warren-Averbach equation is expressed
as
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where A(L) is the real part of the Fourier transform of the dif-
fraction profile, AS(L) the size Fourier transform, b the modulus of
the Burgers vector, Re the effective outer cut-off radius of dis-
locations and ρ the density of dislocations.

Different dislocation slip systems have been described for SnO2,
although the most usual are the systems based on the o10-14
Burgers vector. For the point group symmetry of SnO2 (4/mmm),
the averaged contrast factor is described by equation [20]:
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Where h, k and l are the Miller indices of the reflection, a and c the
cell parameters of SnO2 and Ei, the coefficients of the fourth-order
strain invariant that define the dependence of strain on the Miller
indices [21].

In order to determine D and d, linear fits of ΔK and ΔK’′against
K C1/2 were performed. In this way, the values of the Ei′s for the
different slip systems of SnO2, for edge or screw dislocations [20],
where used to determine the averaged contrast factor for each
reflection. The best linear fitting was obtained for o10-14{101}
slip system, assuming screw dislocations, for both samples. As
example, in Fig. 2 is shown the integral breadths of the peaks of
both samples versus K C1/2.

The modified Warren-Averbach equation has been used to
determine the area-weighted average column length in both
samples. In this way, the Fourier transform of the diffraction
profile was calculated for different values of L for each reflection
(that is, for the K2C value corresponding to the reflection). Ac-
cording to Eq. (3), the linear fit of A(L) against K2C for a particular
value of L provides as intercept the size Fourier transform for that

Fig. 1. XRD patterns of the SnO2 samples with different grain sizes: A and B. The
Miller indices of the main reflections are indicated.
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