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Abstract Structural characterization of nanosized Fe-

doped semiconducting oxide SnO2 is reported. Samples of

Sn1-xFexO2-y (with x ranging from 0.11 to 0.33) were

processed in a planetary ball mill, subsequently HCl-

washed to eliminate metallic iron impurities introduced by

the milling tools, and characterized by X-ray diffraction

and Mössbauer spectroscopy. Results showed that Fe enters

the host matrix randomly replacing Sn in octahedral sites

regardless of iron concentration. It has been found the

presence of oxygen deficient iron sites attributed to the

stoichiometric unbalance of precursor materials used in the

milling process. It is known that structural features like

particle size and residual microstrain are highly affected by

the milling process. Values of average particle sizes as

calculated by Scherrer’s method alone decreased with

increasing Fe concentration. This result was shown, by

means of the Williamson-Hall correction method, to be

misleading as a large degree of microstrain is expected for

mechanically milled powders. In fact, corrected values of

average particle sizes turned out to be reasonably homo-

geneous regardless of iron content and milling time with no

consistent trend. Residual microstrain, on the other hand,

was found to increase with iron content giving way to the

conclusion that broadening of diffraction peaks are mostly

due to increasing microstrain as a function of iron doping

and milling time. Williamson-Hall analysis also showed a

large degree of particle size inhomogeneity. Milling of

undoped SnO2 showed that this inhomogeneity is due

mostly to doping as opposed to milling.

Introduction

Although most oxides are good insulators, some are

semiconductors like CuO, Cu2O, SnO2, ZnO, amongst

others. Semiconducting oxides present many aspects of

technological appeal, and therefore, they attract the inter-

ests of scientists and engineers. New growth techniques

allow these oxides to be used as host compounds for the

production of magnetic semiconductors [1]. Magneto-

optical devices and spintronics-based technologies are

likely the most promising applications of magnetic semi-

conducting oxides. Specifically, development and func-

tionalization of magnetic semiconductors are key to

spintronics which explores the possibility of using electron

spins in electronic devices for processing, transferring, and

storing of information. Many of such applications would

require a combination of semiconducting and magnetic

properties in the same material [2]. Room temperature

ferromagnetism is a preferred property for these magnetic

semiconductors, which can be achieved in many oxide

semiconductors when doped with a magnetic ion, like Co-

doped CeO2 [3] and SnO2 [4]. In short, combination of

semiconductivity and magnetism in the same class of

material opens up a realm of possibilities in the device

technology [1].

Tin dioxide (SnO2) has many technological applications

due to properties like transparency in the visible region of

the electromagnetic spectrum and high thermal stability.

This compound is used in many fields which include
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development and fabrication of electronic and optical

devices [5], solar cells [6–8], liquid crystal displays [9], gas

sensors [10], and batteries [11]. SnO2 has a rutile-like

tetragonal crystal structure where Sn?4 ions occupy octa-

hedral sites, while O-2 ions occupy plane trigonal sites.

Fe-doped SnO2 is a magnetic semiconductor with chemical

formula Sn1-xFexO2, where x is the amount of doping.

Fe?3 has a similar ionic radius as Sn4? (0.64 and 0.69 Å,

respectively) making substitutional doping possible.

Because tin ions have a higher valence than iron ions, Fe

impurities play the role of receptor, making it a type-p

semiconductor [12].

Nanostructured powders of Sn1-xFexO2 have been suc-

cessfully prepared by various techniques, such as high-

energy ball milling [13–17], Pechini [10], hydrothermal

methods [18–20], polymeric precursors method [10, 21,

22], and sol–gel [17, 23–26]. Paramagnetic [18, 27] and

ferromagnetic [23, 26, 27] properties are found in the

Sn1-xFexO2 compound. According to Thurber et al. [26],

the ferromagnetic nature of Sn0,95Fe0,05O2 nanopowders is

inversely proportional to the oxygen concentration in the

synthesis environment. Bilovol et al. [27] suggest that the

ferromagnetism in these materials may be associated to

a-Fe impurities. On the other hand, Nomura et al. [23]

claim the material presents a very complex ferromagnetism

behavior that depends on the synthesis method and is

related to the interaction between ferroic ions but also to

magnetic defects.

High-energy ball milling carries a number of advantages

over other techniques as it is a fast, simple, low-cost, and

low-maintenance technique. Nevertheless, this technique

has a few drawbacks like the high amounts of impurities

and disorder, and defects introduced in the material. San-

chez et al. [16, 17] report the synthesis of Fe-doped SnO2

by mechanical milling. They were, however, not able to

obtain pure Sn(Fe)O2 as iron impurities remain in the

powder. Another group of researchers managed to produce

pure mechanically milled Sn(Fe)O2 [13–15] but with a

large amount of Fe?2, as determined by Mössbauer spec-

troscopy, which may be an indication of the existence of

another iron phase not detected by X-ray diffraction. All

the previous studies on this subject have not been able to

fully address the important fact of structural disorder and

defects introduced by the milling process. This knowledge

may come down to be detrimental to the actual techno-

logical usefulness of ball-milled Sn1-xFexO2 as disorder

and defects are expected to influence the physical proper-

ties of these materials. This study attempts to fill in this

void by presenting this much needed approach. Grain size,

microstrain, and Fe coordination in high-energy ball-milled

Fe-doped SnO2 (x ranging from 0.11 to 0.33) were studied

by X-ray diffraction and Mössbauer spectroscopy.

Experimental procedure

Samples of Sn1-xFexO2-y were prepared by high-energy

ball milling. Commercial SnO2 and Fe2O3 (Sigma-Aldrich,

purity C99.9%) powders, and steel vials and balls (ball-to-

powder mass ratio of 20:1) were used in a Fritsch Pul-

verissette 6 planetary mill operating with an angular

velocity of 500 rpm. According to Sorescu et al. [19], the

solubility of Fe2O3 in SnO2 imposes a limit to the iron

content of approximately x = 0.30. In this way, samples

with x = 0.11 through x = 0.33, as determined by X-ray

fluorescence spectroscopy, were prepared. Doping of SnO2

with Fe2O3 causes an oxygen deficiency introducing an

uncertainty on the concentration 2 - y of this element.

Undoped commercial SnO2 without milling and after being

milled for 3 h were also analyzed to provide a basis for

comparison.

Similar reaction kinetics of Fe2O3 incorporation by

SnO2, as the milling time elapsed, was observed regardless

of iron concentration, as monitored by X-ray diffraction

and Mössbauer spectroscopy. The major difference recor-

ded was regarding the duration of reaction: the larger the

iron concentration the longer the milling time taken to

complete the incorporation, i.e., from 2 h for x = 0.11 to

4 h for x = 0.33.

The last sample of each time series was selected to be

HCl washed [28] to remove metallic iron impurities

introduced during the milling process. The samples were

then washed with distilled water to remove the excess of

HCl and dried at temperature of 100 �C for a period of

24 h.

X-ray diffraction patterns were collected at room tem-

perature using a Panalytical Xpert Pro MPD diffractometer

operating with a Ka-Co source (k = 1,788965 Å) at 40 kV

and 40 mA. The high-resolution diffraction is obtained

with a hybrid monochromator for incidence beam, which

consists of parabolic mirror and Ge monochromator pro-

ducing a parallel and highly monochromatic beam. The

data were collected with Pixcel, Panalytical 2nd generation

solid-state detection technology.

Rietveld refinement procedures were applied to all the

X-ray patterns using DBWSTools 2.3 [29] software based

on the standard crystal structure of SnO2 (ICSD-39173).

Particle sizes were estimated by Scherrer’s relation and

corrected by the Williamson-Hall method [30] which sep-

arates contributions of particle size and residual micro-

strain to the breadth of diffraction peaks.

The width of a diffraction peak is affected by both the

average particle size and the residual microstrain. The

average particle size D contribution (bD) to the width of a

diffraction peak is described by Scherrer’s equation (dis-

regarding microstrain and inhomogeneity):
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D ¼ kk
bD cos h

; ð1Þ

where k is the radiation wavelength, h is the diffraction

angle, and k is a constant related to the shape of particles

(k = 1 for spherical particles). On the other hand, the

contribution b� of residual microstrain (� ¼ Dd
d , where d is

the interplanar space) to the width of a diffraction peak is

described by the relation of Stokes and Wilson [31]:

b� ¼ 4� tan h: ð2Þ

Combining the contributions of average particle size in Eq.

1 and residual microstrain in Eq. 2 to the peak width yields

the Williamson-Hall relation [30]:

b cos h
k
¼ k

D
þ 4�

k
sin h; ð3Þ

where b is the measured peak width, corrected for instru-

mental line broadening.

Equation 3 can be fitted to experimental data (plotted as

sin h� b cos h
k ) to obtain D and � through the linear and

angular coefficients, k
D and 4�

k , respectively. This is true

provided particle sizes are homogeneous in all crystallo-

graphic directions, and thus, the experimental data fall into

a straight line as described by the Williamson-Hall relation.

Room temperature Mössbauer spectra were measured in

transmission mode using a 57Co(Rh) radioactive source

mounted on a velocity driver operating in sinusoidal mode.

Powdered samples were inserted in an acrylic sample

holder with a 0.5-cm central round slot. A lead mask was

used to collimate the beam. Transmitted photons were

collected by an ion chamber operating in the proportional

counter mode while the spectra were counted and defined

by a multi-channel analyzer synchronized to the velocity

driver. The data were evaluated by least square fitting to

series of discrete Lorentzian-shaped subspectra by means

of the software package Normos. Isomer shifts (d) are

quoted with respect to a-Fe.

Results and discussion

As mentioned in the previous section, similar reaction

kinetics of Fe2O3 incorporation by SnO2 was observed for

all values of x. To show all the data would be redundant

and thus only the data for x = 0.18 is presented and

discussed.

X-ray patterns for samples with x = 0.18 milled for 0,

0.5, 1, 2, 3, and 4 h are shown in Fig. 1a. The diffracto-

gram for the 0-h sample showed peaks relative to both the

SnO2 and Fe2O3 phases. After 0.5 h, Fe2O3 peaks are no

longer distinguishable suggesting complete incorporation.

Expected broadening of peaks due to reduction of particle

size and increase of microstrain is also observed.

Figure 1b shows the Mössbauer spectra for these sam-

ples together with best fits to the data. The reaction can be

clearly depicted by the appearance of a central doublet

(blue subspectrum) with hyperfine parameters (not shown)
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Fig. 1 (color online) a X-ray

diffraction patterns with best

Rietveld fits and b Mössbauer

spectra with best fits to the data,

of milled Sn1-xFexO2-y

x = 0.18
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consistent with octahedrally coordinated Fe?3, at the

expense of the Fe2O3 sextet (magenta subspectrum). The

reaction was already underway after 0.5 h but not yet

completed, in contrast to what was suggested by the

analysis of the X-ray patterns. In fact, Fe2O3 incorporation

by SnO2 is not completed before 3 h of milling, which is

close to an optimum time, as formation of an unpreferred

Fe-bearing phase is observed after milling for 4 h (orange

doublet). It has been found that the optimum milling time is

a function of iron concentration and increases from 2 h for

x = 0.11 to 4 h for x = 0.33.

The local nature of Mössbauer spectroscopy allows for

identification of minority phases that X-ray diffraction fails

to detect. Besides failing to detect Fe2O3 after 0.5 h of

milling, X-ray patterns also did not show the presence of

a-Fe impurities for all the milling times (green sextets in

Mössbauer spectra). Chosen samples for each iron com-

position were HCl washed and further analyzed.

X-ray diffraction patterns for undoped SnO2 (unmilled

and milled for 3 h) are shown in Fig. 2 while patterns for

ball-milled samples of Sn1-xFexO2-y are shown in Fig. 3.

Peaks of SnO2 (ICSD-39173) are the only ones present in

all the patterns. Moreover, Fe doping, regardless of con-

centration, has not affected the diffraction patterns indi-

cating random incorporation of Fe into the SnO2 matrix.

Williamson-Hall plots are shown in Fig. 4. Curves for

the undoped SnO2 samples (red curves in the Fig. 4) are

linear, indicating homogeneous particle size distributions.

The larger slope of the 2-h curve reflects the introduction of

microstrain as an effect of milling. Black curves in the

figure suggest that incorporation of Fe in the host SnO2

matrix leads to inhomogeneity in particle size distribution.

The larger the doping percentage, the more inhomogeneous

the particle size distribution, as seen by the consistent

departure from linearity of the black curves in Fig. 4. It is

important to stress that these results suggest that inhomo-

geneity is mostly a consequence of doping and not milling

time, most likely due to the slightly smaller ionic radius of

Fe?3.

In light of this inhomogeneity, average particle size was

calculated for the {110} family of planes represented by

the (110), (220), and (330) reflections, indicated in Fig. 3.
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Fig. 2 (color online) X-ray diffraction patterns for undoped SnO2,

unmilled, and milled for 3 h
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Williamson-Hall plots for the doped samples are shown in

more detail in Fig. 5, together with uncertainties and the

best linear fit to the three points corresponding to the (110),

(220) and (330) reflections.

Table 1 shows results of Rietveld refinement and Wil-

liamson-Hall correction for the diffraction patterns. The

unit cell volume decreases slightly with Fe content since its

ionic radius (0.64 Å) is smaller than that of Sn (0.69 Å),

indicating incorporation of Fe as a substitutional doper.

Values of average particle sizes as calculated by Scherrer’s

method alone (DS in Table 1) decrease with increasing Fe

concentration.

This result is misleading as a large degree of microstrain

is expected for mechanically milled powders, which is

confirmed by the Williamson-Hall corrected values. In fact,

corrected values of average particle sizes (DWH in Table 1)

are reasonably homogeneous, regardless of iron content

and milling time with no consistent trend. Residual

microstrain, on the other hand, increases with doping giv-

ing way to the conclusion that broadening of diffraction

peaks are mostly due to increasing microstrain as a func-

tion of iron content.

High degrees of disorder and defects introduced by the

milling process give rise to non-homogeneous particle

shape and size distributions yielding nonlinear Williamson-

Hall plots. As a matter of fact, the higher the doping per-

centage, the more nonlinear is the Williamson-Hall plot as

can be seen in Fig. 5. Linear fits to these nonlinear data

carry inherently large uncertainties, even when the {110}

family of planes alone are considered in the fits. The effect

is more noticeable in the corrected average particle size

uncertainties as, for sample with x = 0.24, the uncertainty

is of 15.7 nm which is about one half the value of DWH (see

Table 1), whereas, for samples with x = 0.29 and

x = 0.33, the three points do not even fall on a straight line

even when error bars are considered (see Fig. 5). Uncer-

tainties of DWH for these samples are of the same order of

magnitude as DWH itself, rendering the fitted values unre-

liable. Despite this shortcoming, it is still important to point

out the importance of using a correction method like

Williamson-Hall when interpreting the breadth of diffrac-

tion peaks taken from high-energy milled samples to avoid

underestimating of particle sizes.

Mössbauer spectra of HCl-washed samples and respec-

tive best fits are shown in Fig. 6, while hyperfine param-

eters are presented in Table 2. Best fits were achieved

using two doublets, and the absence of sextets confirms the

successful incorporation of Fe to the matrix and removal of

metallic iron impurities by the HCl washing procedure.

Isomer shift and quadrupole splitting values of both
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Fig. 5 (color online) Detailed Williamson-Hall plots for HCl-washed

Sn1-xFexO2-y showing the best linear fits to the three points

corresponding to the {110} family of planes

Table 1 Structure of unit cell (a = b = c = 90�) alongside with particle sizes as given by Scherrer’s relation (DS) and Williamson-Hall method

(DWH) and residual microstrain ð�Þ for the {110} family of planes

Sample a = b (Å) c (Å) vol (Å3) DS (nm) DWH (nm) � (%)

x = 0.00; 3 h 4.7395(2) 3.1843(2) 71.53(7) 14.8(4.0) 62.90(6.0) 0.500(1)

x = 0.11; 2 h 4.7387(3) 3.1831(2) 71.47(1) 18.6(2.4) 37.60(6.9) 0.190(4)

x = 0.18; 3 h 4.7392(6) 3.1785(5) 71.43(1) 10.1(1.6) 33.00(9.6) 0.520(6)

x = 0.24; 3 h 4.7385(7) 3.1765(5) 71.41(1) 09.1(1.6) 37.7(15.7) 0.66(14)

x = 0.29; 3 h 4.7374(8) 3.1769(6) 71.35(2) 07.6(1.3) – 0.77(24)

x = 0.33; 4 h 4.7397(5) 3.1731(8) 71.25(2) 06.5(1.3) – 1.06(37)
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doublets are consistent with octahedral coordinated Fe?3

substituting for Sn?4 in the SnO2 [19] matrix confirming

successful doping as suggested by the X-ray diffraction

results.

Larger values of quadrupole splitting found for doublet

2 are attributed to oxygen-deficient octahedral iron sites. In

fact, oxygen-deficient octahedra carry enlarged electric

field gradients and consequently larger values of quadru-

pole splitting [14]. Moreover, relative spectral areas show

an increase in the number of oxygen-deficient sites with

doping and milling times (Table 2). This is associated to

the disorder induced by increasing doping and milling

times and by the oxygen unbalanced stoichiometry intro-

duced by the doping of SnO2 with Fe2O3.

Conclusions

Doping of SnO2 with Fe2O3 by high-energy ball milling

was successfully achieved for various degrees of doping.

X-ray diffraction patterns of Sn1-xFexO2-y confirmed that,

for x = 0.11 through x = 0.33, only one phase with the

SnO2 structure is present in all the samples. Moreover, Fe-

doping, regardless of concentration, has not affected the

diffraction patterns indicating the random incorporation of

Fe into the SnO2 matrix as a substitutional doper. The

absence of Fe2O3 peaks suggests that the reaction was

complete and the absence of metallic iron peaks confirms

that the HCl wash procedure was successful to remove Fe

impurities with no structural changes.

Mössbauer measurements confirm the incorporation of

Fe into the SnO2 matrix as a substitutional doper as isomer

shift, and the quadrupole splitting values of doublets

obtained from the fits are consistent with octahedral-coor-

dinated Fe?3 substituting for Sn?4 in the SnO2 structure.

The best fit is achieved with two doublets instead of one,

and larger values of quadrupole splitting found for the

second doublet are attributed to oxygen-deficient octahe-

dral iron sites, as doping of SnO2 with Fe2O3 causes an

oxygen unbalanced stoichiometry. This unbalance is con-

firmed by an increase in this second doublet’s relative

spectral area with doping fraction and milling time.

High-energy ball milling is an efficient, fast, and low-

cost technique for synthesizing various kinds of powdered

materials. However, the technique carries disadvantages—

the most remarkable being the large amounts of impurities

and disorder introduced in the material. Structural features

like particle size and residual microstrain are highly

affected by the milling process. In the literature, particle

sizes are broadly determined by Scherrer’s method with no

regards for the fact that both particle size and residual

microstrain contribute to the widths of diffraction peaks.

It has been shown in this contribution that, when dealing

with mechanically milled samples, Scherrer’s method

alone is not adequate, as a correction is needed to account

for residual microstrain contributions to the width of dif-

fraction peaks. Williamson-Hall correction, although

appropriate up to a certain degree of disorder, does not

provide a definitive method for separating these two con-

tributions, as it fails to properly correct particle sizes for
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Fig. 6 (color online) Mössbauer spectra for HCl-washed Sn1-xFexO2-y

with best fits to the data: doublet 1 (blue line) and doublet 2 (green line)

Table 2 Hyperfine parameters obtained from fits to Mössbauer

spectra

Sample Doublet 1 Doublet 2

d D C Area

(%)

d D C Area

(%)

x = 0.11;

2 h

0.37 0.70 0.35 54(5) 0.34 1.12 0.51 46(6)

x = 0.18;

3 h

0.37 0.71 0.36 55(3) 0.35 1.18 0.48 45(3)

x = 0.24;

3 h

0.37 0.68 0.33 41(3) 0.35 1.10 0.52 59(3)

x = 0.29;

3 h

0.37 0.67 0.32 34(4) 0.35 1.12 0.58 66(4)

x = 0.33;

4 h

0.37 0.67 0.35 37(3) 0.35 1.13 0.56 63(4)

d, D and C in mm/s. Uncentainties of d, D and C values smaller than

0.02 mm/s
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highly inhomogeneous samples. Despite this shortcoming,

it is still important to point out the importance of using a

correction method when interpreting the breadth of dif-

fraction peaks taken from high-energy milled samples to

avoid underestimating of particle sizes.
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