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In this work we present structural studies made on SnO2 deposited on macroporous silicon structures. The
porous silicon substrates were prepared by anodization of p-type silicon wafers. The SnO2 doped layers
were synthesized by the sol–gel method from SnCl4·5H2O-ethanolic precursor, where the effect of fluorine
doping level on structural properties was investigated. The fundamental structural parameters of tin oxide
such as the lattice parameter and the crystallite size were studied in correlation with the dopant concentra-
tion. In addition, the effect of fluorine incorporation into the structure of tin oxide was analyzed on the basis
of theoretical calculations that take into account the structural factor. The results obtained indicate that in-
corporation of fluorine occurs only at substitutional sites for SnO2 deposited on porous silicon.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Heterostructures formed by porous silicon (PS) and transparent con-
ductive oxide (TCO), such as SnO2 have been of great interest in recent
years. The interest lies in a wide range of properties of these junctions
such as light emission [1], the realization of electrical contacts in the vol-
ume of the porous film improved the electroluminescence efficiency [2],
and implementation of structures with particular sensing properties [3].

The aggregates used in these oxides tend to act as dopant. Typical
dopants in the case of SnO2 may be F, Cl, or Sb. The inclusion of these
dopants in SnO2 alters the original oxide properties [4], not only those
related to the electronic transport, but also modifying the structural
properties like the lattice parameter. Various authors have discussed
the influence of the doping level on structural, electrical and optical
properties when the oxide is deposited onto flat substrates [5–8].
Oshima et al. found that some orientations are prominent with in-
creasing of fluorine concentration [9]. The same authors also report
that fluorine doping causes the degree of crystallinity of the SnO2

films to increase. On the other hand, theoretical calculations made
by Vienna Ab-Initio Simulation Package have determined that fluo-
rine ions occupy the corresponding oxygen sites in the crystal lattice
[10], and F doping produces a decrease in the resistivity [5,10].

The synthesis of SnO2 can be done by a variety of methods, among
them: Chemical Vapor Deposition [11], reactive sputtering [12], and
s).

rights reserved.
spray pyrolysis [13]. These techniques allow the growth of materials
in the form of thin films with a high degree of homogeneity. Never-
theless, the application of these techniques to the insertion of con-
ductive oxide like SnO2 into a PS matrix does not provide good
homogeneity in composition; even more, the coverage is not com-
plete [14].

Sol–gel synthesis [15] has recently gained great interest for theman-
ufacture of materials based on metal oxides like SnO2, which can be at-
tributed to several advantages: easily adjust of proportion of the
compounds of interest, simple and cheap implementation of the equip-
ment, and mostly, the process is done at a relatively low temperature.

In this paper we show results obtained for SnO2/PS heterostructures
synthesized by sol–gel method. Good filling of the porous structurewas
achieved by functionalizing appropriately the PS macrostructure. The
process reduces the hydrophobicity of its surface, and allows the SnO2

precursors to penetrate deeply into the PS pores.
The effects of fluorine doping on SnO2 were analyzed within the

frame of a theoretical model, which can be used to identify possible
routes for the occupation of lattice sites by fluorine ions. Characteriza-
tion techniques, such as scanning electronic microscopy, infrared trans-
mittance and X-ray diffraction, were used in order to get insight of the
structural behavior of the layers. The role of doping effect on tin oxide
structure and PS surface modification is discussed as well.

2. Experimental details

Porous silicon layers were obtained by electrochemical anodiza-
tion of p-type boron doped crystalline silicon wafers, orientation
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(100) and resistivity 25.5–42.5 Ω-cm, in a hydrofluoric acid 49.9% and
N,N dimethylformamide electrolyte solution in proportions 1:9 in
volume. The galvanostatic process was carried for 900 s using a
10 mA/cm2 current density in darkness. The process is carried out in
a Teflon beaker with platinum wire electrode as the cathode and
the silicon wafer as the anode. Aluminum 99.99% was evaporated as
a backside contact of the Si wafer to improve the distribution of the
current density in the anodization stage. With this procedure we
obtained the p-type region of the heterojunction. The n-type region
was fabricated synthesizing fluorine doped tin oxide by the sol gel
method [13]. SnO2 and SnO2:F solutions were deposited onto PS
layers by chemical bath and dip coating procedures. Previously, po-
rous surface was functionalized with tetra-butyl hydroxide ammonia
(TBHA) 1% during 10 min in an ultrasonic bath. This treatment
removes hydrophobic effects in PS caused by hydrogen termination
[16]. Precursor solutions were obtained by adding different propor-
tions of NH4F dissolved in ethyl alcohol to a 0.042 M ethanolic
SnCl4·5H2O solution [17]. The NH4F concentrations in the solution
ranged from 0% to 14%. These solutions were maintained at 65 °C dur-
ing 60 min until metal hydroxylation takes place. For the TCO deposi-
tion onto PS, we used a chemical bath temperature of 65 °C, and the
homogenization of the gel thickness on PS was achieve with a spinner
system rotating at 3000 rpm. Then, the samples were heated at 65 °C
to eliminate residual solvents. These parameters were kept constant
for all prepared samples. Once the residual solvent was eliminated, a
thermal annealing was performed in a rapid thermal annealing furnace
(RTA) at atmospheric pressure, to obtain a condensed tin oxide struc-
ture [1,18]. The RTA thermal ramp executed was as follows: (i)
10 min. at 400 °C (Pre-condensation structure), (ii) 10 min. at 550 °C
(Crystallization). The heating rate between the steps was kept at 5 °C/
min in all cases.

All layerswere characterized bymeans of X-ray diffractionmeasure-
ments, scanning electronmicroscopy (SEM) and infrared transmittance
spectroscopy (IR). X-ray diffraction was carried out on a Panalytical
X'Pert PRO MPD diffractometer operating with λ:1.541 Å Cu Kα radia-
tion in a θ–2θ drive configuration; SEM images were obtained in a scan-
ning electronic microscope JEOL J5M-35C. The images were taken
Fig. 1. SEM images of SnO2:F coated on macroporous silicon layers (a) w
operating themicroscope at 20 kV,while infrared transmittance spectra
were measured with a NIKOLET 8700 FTIR in a range of measurement
from 400 cm−1 to 4000 cm−1, performing an average over 100 spectra.

3. Results and discussion

Fig. 1 shows SEM images of two similar samples, (Fig. 1a) without
TBHA treatment and the other treated with TBHA 1% solution
(Fig. 1b). The layer without TBHA treatment shows pores filled with
tin oxide but not completely, leaving empty spaces inside the pore,
whereas a thick tin oxide crystallized on the surface can be observed.
This suggests rapid oxide crystallization at the top of the pores, inhi-
biting the entrance for the rest of the material deposited into pore
depth. The hydrophobicity of PS structures after the anodization pro-
cess [15] can be themain cause for this behavior. In order to avoid this
problem, we functionalized the porous layers dipping them in a TBHA
solution 1% to obtain the polar group (−OH) adsorbed on the pore
walls. Treated samples with this modification process allowed a big-
ger proportion of SnO2:F to penetrate into the porous structure
(Fig. 1b), leading to a more efficient filling of the pore.

It is believed that the functionalization process produces Si–(OH)x,
and Si–O [19,20] terminators that favors the tin oxide deposition.

We performed infrared spectroscopy on the samples to confirm
the pore wall functionalization with −OH groups. Fig. 2 presents in-
frared transmittance spectra of the same sample before and after
TBHA surface treatment. It can be seen the modification introduced
by the use of this compound over the PS layers for a given concentra-
tion. In order to highlight the effects introduced by the TBHA, each
spectrum shown in this figure has been obtained using different ref-
erences. The spectrum of the PS sample without functionalization
treatment is referred to a plane silicon wafer, while the spectrum cor-
responding to the functionalized sample is referred to a PS sample.
The presence of Si–O–Si antisymmetric stretching about 1050 cm−1

and the O–H stretching of Si(OH)x in 3550 cm−1 after the TBHA treat-
ments indicates that the surface acquires a hydrophilic character, en-
abling the tin oxide precursor to penetrate the porous structure.
Moreover, the mirror peaks observed in the TBHA treated sample
ithout TBHA and (b) with TBHA 1% for10 min in an ultrasonic bath.



Fig. 2. Infrared spectra of samples without TBHA (0%) and with TBHA (1%) treatment.
One of the spectrums has been shifted in the vertical direction for the sake of clarity. PS
with TBHA was measured using as reference the PS without TBHA, and this in turn was
referred to a crystalline silicon substrate. The positives peaks (640–667, 900 and
2100 cm−1) correspond to the liberation of hydrogen.

Fig. 4. Lattice parameter a as a function of fluorine concentration calculated from data
of X-ray diffraction in Fig. 3. The dotted line is drawn to aid the eyes.
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(640–667, 900 and 2100 cm−1) indicate that hydrogen is removed
from the PS surface as the functionalization process take place.

Fig. 3 shows the X-ray diffraction spectra for SnO2:F/PS layers with
different fluorine doping concentration in the precursor solution.
There is an intense peak (PS) about 32.5°, which is attributed to PS
substrates [21]. This has been subtracted for better comparison. The
SnO2 contribution corresponds to polycrystalline film with a promi-
nent peak in the (110) orientation. The angles' positions for the
other planes as well as their relative intensities are in good accor-
dance with the patterns of cassiterite phase (reference 1-072-1147
reported in the ICSD database), denoting the existence of the tetrago-
nal phase of SnO2 with no preferential orientations. The spectra also
show peaks (labeled with asterisks in Fig. 3) that may correspond to
complex silicate formation [22].

Although PS is grown from a single Si crystal substrate with (100)
orientation, some peaks observed in the X-ray spectra do not corre-
spond with this orientation. This phenomenon has been reported pre-
viously and it is attributed to different causes: PS oxidation [23,24],
anodized process [25], microcrystal distortion [26] and to a micropore
random distribution [27]. They have been labeled as “PS” in Fig. 3.

The vertical dashed lines superimposed to the X-ray spectra in
Fig. 3 indicate the expected position for the most intense peaks of
Fig. 3. X ray diffractions patterns of SnO2:F/PS for different concentrations of NH4F, as
indicated in the figure. Vertical dashed lines indicate the pattern of SnO2 for all orien-
tations, the dotted lines (PS) correspond to orientations of PS substrate and dotted
lines (*) indicate the diffraction peak positions for complex silicate.
SnO2 crystallized in the tetragonal structure. From Fig. 3 it has been
detected a shift of the twomajor peaks of the SnO2 structure to higher
diffraction angles as the fluorine content increases in the samples. In
order to measure the shift, the (110) and the (101) peaks were fitted
with a Gaussian curve. The position of both peaks is used to deter-
mine the lattice constants. The observed shift is indicative of a change
in the lattice parameters. The shift may be accounted by a decrease of
the lattice parameter a, keeping the relation a = b, while c remains
constant (see Fig. 4). Even when the ionic radii of the F (1.36 Å) is
not too different from the O ionic radii (1.40 Å), there has been previ-
ous reports in other material where the partial replacement of oxygen
by fluorine produces similar results [28,29].

CF ¼
n NH4Fð Þ

n SnCl4·5H2Oð Þ ; ð1Þ

Whenever we refer to fluorine concentration in this work, we
mean the number resulting from Eq. (1) [8].

In Eq. (1), n(NH4F) and n(SnCl4·5H2O) correspond to moles of
ammonium fluorine and moles of tin chloride in the solution, respec-
tively. The explored concentration range corresponds to fluorine/tin
relation that goes from 0 to 0.9 fluorine atoms for each tin atom in
the solution. Note that this ratio exists in the precursor solution,
and not necessarily in the deposited film.

An estimation of the grain size is possible from the X-ray spectra
of Fig. 3 by using the Scherrer's formula [30]:

D ¼ 0:9λ
β cosθ

; ð2Þ

where λ is the X-ray's wavelength (0.154 nm in this case), β is the
peak width at half-maximum (in radians) and θ is the angle of the
corresponding peak. A large-grained polycrystalline sample was
used as a reference for the determination of the instrumental broad-
ening. The crystallite size is obtained considering the FWHM (Full
Width Half Maximum) of the (110) and the (101) peaks. The peaks
were fitted by a Gaussian. The FWHM values, and their corresponding
errors, are presented in Table 1. The sizes calculated from the two
peaks using Eq. (2) are averaged in order to get the final size. The
error bars correspond to the standard deviation resulting from this
average.

The results are presented in Fig. 5 where the grain size is shown as
a function of fluorine concentration. The calculations yield a grain size
in the range of 4–12 nm as the fluorine atoms proportion varies from
0 to 0.9 in tin oxide structure, respectively. Previous publications
reported on films deposited onto flat substrates, show that these

image of Fig.�2


Table 1
FWHM values, with the corresponding errors, for peaks (110) and (101).

CF (%) FWHM (°) (110) Error FWHM (°) (101) Error

0 2.078 0.0397 1.510 0.0493
4 1.133 0.0258 1.060 0.0400
6 0.915 0.0180 1.063 0.0250
8 0.952 0.0107 1.260 0.0217
10 0.906 0.0210 0.975 0.0448
12 0.914 0.0180 0.892 0.0346
14 0.736 0.0154 0.932 0.0224

Fig. 5. Crystallite size as a function of fluorine concentration obtained using the Scherrer's
formula and the data obtained of the full width at half-maximum in each diffraction peak
of Fig. 3. The dotted line is drawn to aid the eyes.
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films could growth in an epitaxial way, allowing sizes between 30 and
40 nm [8,9]. In our layer, the crystallite sizes are half of those reported
previously. It could be attributed to the fact that the substrates uti-
lized in this work are porous layers. It is expected a large number of
nucleation sites on the surface of the pores due to defects that occur
along this surface. The large number of nucleation sites may lead to
smaller crystal sizes than previous reports. Additionally, we can ob-
serve an appreciable change in the crystallite size as the fluorine con-
centration increases indicating that F doping caused the degree of
Fig. 6. Scheme of the tin oxide structure unit cell. The larger spheres (O) repres
crystallinity of the SnO2 films to increase. A similar behavior has
been observed in Ref. [9] for SnO2:F films deposited on flat surfaces.

A scheme of the tin oxide structure is shown in Fig. 6.
This compound has a tetragonal lattice with two molecules per

unit cell; it has also a spatial group P42/mnm, with four oxygen
atoms and two tin atoms per unit cell. The positions in the unit cell
for the tin atoms are (0, 0, 0) and (1/2, 1/2, 1/2) and the oxygen
atoms are at ±(u,u,0) and±(u+1/2, 1/2-u, 1/2), where u=0.307 [8].

The fluorine incorporation was simulated using three different op-
tions. These options are: I — substitutional replacement of oxygen, II —
F being located on interstitial sites such as (1/2, 0, 1/2), (0, 1/2, 1/2),
and III — the two events (I and II) occur simultaneously with the same
probability.

Considering the above information and using the prominent peaks
for the rutile structure in the directions (110), (101), (200) and (211),
it is possible to compute the structure factor F(hkl) as [31,32]

F hklð ÞSnO2
¼

Xunit cell

i

f iOi exp
Bi sin

2θ
λ2

 !
� exp 2πi hxi þ kyi þ lzið Þj j; ð3Þ

where i represents Sn, F and O atoms, fi is the atomic form factors for
the three atoms in the unit cell, and Bi corresponds to the Debye-
Waller correction factor due to thermal vibrations [26]. For the atomic
form factor we used the coefficients tabulated for Sn, O and F in Ref.
[33]. We use the Bi factor reported to be 0.04 Å for SnO2 [34]. The oc-
cupation probability for each atom in the unit cell Oi introduces a no-
tion of the substitution or occupation for the three atoms of the unit
cell for each position. Finally, hkl corresponds to diffraction directions
for each plane of interest in the unit cell. The calculation of the struc-
ture factor allows evaluating the trend in the X-ray spectra with in-
creasing fluorine concentration. The factor is calculated taking into
account the three possible localizations mentioned, for the doping
atom. We calculate the ratio of the structure factors of the measured
main peaks ((101) and (110)). The relationship between other
peaks does not provide major information, because the error bars
for these relationships are too large, giving in consequence no further
information.

It is possible to observe in Fig. 7 the peak's relation for the three
possibilities considered for the fluorine location in the tin oxide struc-
ture. These show a linear trend with different slopes, when plotted as
a function of the fluorine concentration. The variation of the intensity
ratio, F(101)/F(110), measured as a function of the doping level is
compared to the theoretical computed results. The resulting ratios
show a small negative slope as a function of fluorine concentration.
ent the oxygen atoms and the small spheres (Sn) represent the tin atoms.



Fig. 7. Structure factor relation F(101)/F(110) calculated in this work for different fluo-
rine concentrations. Lines represent calculations made by using Eq. (3), while circles
denote the structure factors taken from the measured X-ray diffraction spectra.
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This slope has a similar behavior to that of the structure factor calculat-
ed for the substitutional replacement of oxygen ions by fluorine ions.
Therefore, the tendency of this experimental ratio as a function of fluo-
rine concentration shows a strong evidence that the oxygen atoms are
replaced in a substitutional way by fluorine atoms. Then, fluorine ions
are located in oxygen positions with increasing fluorine concentration.
This result is in accordance with the dependence of lattice parameter
as a function of fluorine concentration shown in Fig. 4, where we can
see a decrease of this parameter as fluorine concentration increases in
the solution.

4. Conclusions

The TCO/semiconductor heterostructures were obtained through
sol–gel synthesis of SnO2:F on macroporous silicon. We show that ap-
propriated functionalization of macroporous silicon structures allow a
better deposition of the tin oxide, improving the interface SnO2:F/PS
union. We found that the fluorine concentration affect the structural
properties of SnO2, by changing its lattice parameter and crystallite
size. For larger fluorine concentrations, smaller lattice parameter is
obtained; whereas the crystallite size increases with more fluorine
atoms present as dopant. By comparing the structure factor calculations
with the experimental data of X-ray spectra we demonstrate that the
fluorine ions occupy substitutional sites, replacing oxygen atoms in
SnO2. This conclusion is in agreement with previous publications.
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