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Pure and fluorine incorporated tin oxide thin films are synthesized using
a cost — effective spray pyrolysis technique. The dependence of the morphology,
structure, optical properties, and sheet resistance of the prepared SnO.: F
films, on the concentration of fluorine in spray solution are reported. The 2D &
3D AFM images show observable changes in grain size and shape. The XRD
patterns are considered as a good monitor for fluorine in SnO; lattice. The
crystallite size is found to be in the range 18 to 40 nm as calculated from XRD
patterns. The energy gap of the pure sample is larger than that reported for
samples having larger crystallite size, in micron and submicron ranges. The
plasma frequencies wyp Of the F incorporated samples exhibit blue shift due to
increase in carrier concentration. The electron concentration, mobility, mean
free path and Fermi energy are calculated from the experimentally determined
ap. Sheet resistance is measured and correlated with the reflectance at A =
2500 nm. The figure of merit and performance coefficient are estimated. It is
found that prepared SnO.: F could be considered as a promising candidate for
solar energy applications and optoelectronic devices.

1. Introduction:

Thin films of transparent conducting oxide (TCO) are characterized by
possessing high electrical conductivity and high transparency in the visible
region. Moreover, they are very efficient in reflecting broad band infrared heat
radiation. These properties allow them to be excellent candidates as heat
mirrors and for optoelectronic device applications. To further improve their
performance, the films are doped with a higher valence cation [1] or a lower
valence anion [2]. Tin oxide (SnO,) films are promising for solar thermal
energy conservation due to their environmental stability, and anti acid and base
corrosion. The incorporation of fluorine in SnO; films enhances the electrical
conductivity without appreciable decrease in the optical transmittance [3]. Due
to the wide applications of SnO.:F films with optimum conductivity and light
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transmission, their production with low cost technique becomes a goal of great
interest.

A large variety of techniques have been developed for SnO2:F thin film
deposition. Spray pyrolysis is one of the most convenient techniques because of
its simple, inexpensive experimental arrangement, high growth rate and wide
possibility of varying the film characteristics by changing the composition of
the starting solution and the spray pyrolysis parameters. SnOz: F films had been
extensively studied, the reported results are diverse [4 -6]. The likelihood to
this diversity may be due to the great dependence of film properties on the
spray pyrolysis parameters which have high degree of freedom.

The aim of the present study is to produce highly conducting and highly
transmitting SnO-: F films with high figure of merit and high performance
coefficient as TCO, by a low cost technique. Also, the structural, optical and
sheet resistance will be studied, focusing on tracing the process by which the
incorporated fluorine atom was accommaodated in SnO; lattice, as the reported
data in literature are not definitely clear.

2. Experimental Details:

Pure and F doped (incorporated) tin oxide films are prepared by the spray
pyrolysis technique. The used spray set-up was described elsewhere [7] and
shown in Fig. (1). It consists of a locally made glass nozzle, peristaltic pump,
air compressor, flow meter, and hot plate heater provided with controller circuit
to adjust its temperature via Cu/Cu constantan thermocouple. The substrate on
heater surface and the spraying nozzle are mounted in a glass enclosure to
maintain temperature stability. The spray system is placed in fumed cupboard
provided with a fan to remove the byproduct gases.
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Fig. (1): Schematic Diagram of the Spray System.
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The mother 0.8 M spray solution is prepared by dissolving 14 gm of
SnCl4.5H,0 in 50 ml ethyl alcohol. The 0.8M dopant solution is prepared by
dissolving 2 gm of NHsF in 50 ml of bi-distilled water. The doped
(incorporated) samples are prepared from the spray solution composed of 50 ml
of mother solution and added different volumes of dopant solution ranging
from 1 ml up to 12.5 ml. The added volumes of dopant solution are considered
as the concentration ratio of the dopant. The spray parameters were varied
alternatively until a film with apparent homogenous features was obtained. The
spray parameters are then kept at their optimum values. The spray time 4 min
and the substrate temperature (425°C) are kept constant. The structure
information are obtained from the X-ray diffraction patterns. The specular
transmittance and reflectance of the investigated samples are measured by
double beam spectrophotometer. The blank glass substrate is used as the
reference. The sheet resistance is measured for the investigated samples by the
four probe method. The film topography is elucidated by AFM.

3. Results and Discussion:

3.1. Structural Properties:

The obtained XRD patterns for the investigated pure and incorporated
samples are shown in Fig.(2). The XRD pattern of the pure sample Fig.(2-a)
shows six peaks at 20 equal to 26.58, 33.58, 38.18, 54.78, 61.78 and 66.28
which correspond to the (110), (101), (200), (211), (310) and (301) planes
respectively. These peaks are in accordance with that reported in JCPDS file
number (41-1445) for pure SnO..

The XRD patterns reveal that the samples are polycrystalline single
phase of tin oxide (SnO.) having tetragonal (cassiterite) structure,
corresponding to the space group (Da'* P, /mnm). The lattice parameters a & ¢
are calculated and found to be a =4.71 A° and ¢ = 3.179 A°. These values
are consistant with (JCPDS) data (41-1445) and published articles [8]. The
intensity of the (200) plane is too high compared with the other peaks’
intensities which indicates that the plane (200) is the preferred growth
orientation. The structure factor for (110) & (200) which appeared in pure tin
oxide as function of occupation probability of interstitial tin is calculated by
Agashe [8]. It is found that as the tin concentration increases, tin atoms (Sn) go
gradually to interstitial sites, so |F(110)[? decreases whereas |F(200)? increases.
Based on this result the observed high intensity of (200) accompanied with very
low intensity of (110) in the investigated pure samples Fig.(2-a) could be
considered as a result of the excess Sn atoms in interstitial positions. This
conjecture is supported by the low values of the measured sheet resistance (200



Hassan Hassan Afify, et al. 6

/1) and reasonable absorption in NIR region Fig.(6). The low intensity of
(101) & (211) peaks in XRD of pure sample point out that there are oxygen
vacancies [9,10]. This indicates that the investigated pure sample is
nonstoichiometric tin oxide with predominant Sn interstitial atoms
accompanied with oxygen vacancies. The general features of the peaks are
broad and have low intensity. This may be due to the nanosize of the
crystallites forming the film.

Significant change in both peak intensity and preferred growth
orientation without observable change in peak position in XRD pattern for the
investigated SnO,: F samples are observed. This observation is recorded in
some of the published articles [4, 11, and 12]. The most probable explanation
for that is structural changes in pure SnO; due to fluorine doping is expected to
be very small or non existent due to the fact that the ionic radii of fluorine and
oxygen are close. Also, the energy of the Sn-F bond ~112 kcal/mole is
comparable to that of the Sn-O bond ~ 130 kcal/mole [13].
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As fluorine incorporation proceeds from (5% F) in the tin oxide film,
Fig.(2,b-f) the intensity of (110),(101), (211) and (301) planes increase
simultaneously with significant decrease in (200) plane. The (211) & (301)
planes exhibit low intensity in pure sample and show considerable increase as
fluorine atoms are incorporated. Those same planes exhibit gradual decrease
with increasing fluorine concentration up to 20% F. The observed dramatic
decrease in the intensity of (200) may be due to the replacement of oxygen
atoms by F atom which gradually tends to be in interstitial position in SnO,
lattice. Therefore, the lower intensity of (110), (101), (211) & (301) peaks in
conjunction with the relatively higher intensity (200) in XRD pattern of
samples incorporated with 20% F could be considered as a good evidence for
the nearly complete accommodation of fluorine atoms in oxygen vacancies and
bonded oxygen and some of fluorine atoms are in interstitial position. The
approximate similarity between XRD patterns for pure sample with those for
the incorporated sample with 20% F, favor the equilibrium state in SnO; lattice
which is then violated by the higher increase of fluorine incorporation (25%).
Since the charge on fluorine ion is only half that of the charge on the oxygen
ion, the coulomb forces that bind the lattice together are reduced. Therefore, it
is anticipated that the higher increase of incorporated fluorine will destroy the
equilibrium of the SnO lattice and generate oxygen vacancies. This conjecture
is backed up by the high intensity of (211) and (301) in conjunction with the
lower intensity of (200). This may be due to the substitution of fluorine in new
generated oxygen vacancies and bonded oxygen as shown in XRD of
incorporated sample with 25% F which is nearly similar to that of 5 % F
samples.

There is a consensus about the decrease or increase of the peak intensity
in pure tin oxide when fluorine is incorporated but there is no agreement which
of the peaks systematically increases or decreases as a function of fluorine
concentration [15]. At higher fluorine doping about 40%, only the (200) peak
with lower intensity is seen, while other peaks are not observed [4 &10].

The crystallite size for the investigated samples is calculated from XRD
patterns using Scherer formula, FWHM values corrected for the instrumental
broadening. The change in crystallite size between 20 and 40 nm as a function
of fluorine concentration is shown in Fig.(3).
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Fig. (3): The crystallite size as function of fluorine
concentrations for SnO,: F samples.

3.2. Morphological Properties:

To get more details about roughness and microstructure of the
investigated samples, AFM was employed. Two —and three — dimensional
atomic force microscopy (AFM) images for pure and incorporated SnO;
samples with different concentrations of fluorine are displayed in Fig. (4 & 5).

The RMS roughness extracted from the AFM images Fig. (4) & Fig. (5)
as a function of fluorine concentration are given in Table (1). It is seen from the
Table (1) and Fig. (4) & Fig.(5) that the pure film has lower roughness than that
of incorporated ones, up to 15%F. The 2-D AFM image for pure sample
Fig. (4 -a) shows compact and homogenous small grains. Some of these grains
are clustered cauliflower-like shape with well defined boundaries while the
others are without border (independent). The 3-D image shows homogenous
grains with clear facets and sharp heights. The small size and homogeneity of
the grains stem from the preferred orientation (200) growth as explained in
XRD earlier.
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Fig.(4): The 2-D AFM image for 0.8 M SnO2: F (a) 0% F, (b) 5 % F,
(€)10%F, (d) 15%F, () 20% F, ()25 % F
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Fig. (5): The 3-D AFM image for 0.8 M SnO2: F (@) 0% F, (b) 5% F,
(c)10%F,(d)15%F, ()20 % F, ()25 % F

The AFM 2-D image for sample incorporated 5% F Fig. (4-b) has the highest
roughness and shows random and nonhomogenous distribution of grains.
Smaller grains in between bigger grains are apparent, which may be due to the
growth enhancement of clusters and independent grains, in pure sample, by the
incorporated fluorine. The big and small grains could be discriminated since
they seem protruding from the surface as shown in 3 D — image (Fig.5b). As
fluorine concentration increase from 5% up to 15% the surface roughness
decreases and the grains are more regular in size and look more uniform and
tend to have an oval shape and oriented in one direction. As depicted in 2-D
images Fig. (4). The sample incorporated 20%F and 25% F show elongated
grains and higher roughness which suggests innomogeneous growth.
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It is could be concluded that the incorporation of fluorine in SnO: lattice
induces changes in grain shape and size which correspond to changes in
roughness, and changes in intensity and preferred orientation in some planes in
the XRD pattern.

Table (1): The RMS roughness as a function of fluorine concentration for (0.8

M) SnO,: F

F% RMS Rough (Rq) RMS Rough (Rq) RMS Rough (Rq) area.z
Ver. (nm) Hori. (nm) (nm)
0 11.70 14.12 14.07
5 39.27 31.85 44.23
10 || 21.70 | 22.87 | 22.73
15 || 18.77 | 16.88 | 18.64
20 38.08 35.00 47.10
25 31.05 34.40 30.56

3.3. Optical properties

Transmittance (%)

The measured specular transmittance and reflectance spectra in the
wavelength range 0.2 to 2.5 um for pure and fluorine incorporated tin oxide are
presented in Fig.(6).
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Fig. (6): Measured transmittance and reflectance spectra for 0.8 M SnO,: F
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The observed sharp absorption edge for pure and incorporated samples in
the shorter wavelength region of T-A curve assumes allowed direct transition
from the top of the valence band to the bottom of the conduction band.

To obtain the energy gap Eq we plotted the graph between (ahv)? and hv
according to the formula of direct band gap [16]

ahv=A(hv—Eg)1/2 @

The energy gap Eg was determined by extrapolating the linear part of the
curve (ahv) 2 versus hu to intercept hv axis at (ahv)?= 0. The value of Eq for
pure sample was found to be (3.72 eV) which is greater than the reported value
3.2 eV [10] for samples with submicron crystallite size. This difference could
be attributed to quantum size effect since the crystallite size of the investigated
sample is ~ 18 nm as revealed by XRD. The values Eq4 for incorporated samples
is given in Table (2). The change in Eg (3.72 — 3.86 eV) due to fluorine
incorporation may be attributed to Moss- Burstein (M-B) shift [17, 18].
Fluorine atom behaves as a donor if it replaces the oxygen atom until it acts as
an acceptor when it goes in interstitial positions, in SnO; lattice. This means
that the free carrier concentration, which affects the (M- B) shift, depends on
the position of fluorine atom. The obtained results are in agreement with that
reported [10].

The doped samples are of the same thickness, due to fixation of
preparation conditions, then the variation in transmittance and reflectance are
then mainly related to the concentration of incorporated fluorine in the film. In
the visible region, the pure sample has high transmittance ~ 90% while the
incorporated samples have relatively lower transmittance ~ 70%. The
reflectance values of pure and incorporated sample are close to (12%). In near
infrared (NIR) region, the T-A curve is characterized by an observable high
absorption, its level depends mainly on the free carrier concentration which
originates from nonstoichiometry and incorporated fluorine atoms. The plasma
edge (Ap) could be estimated reliably from the intercept of the extrapolated
linear portion of T - A curve with A axis Fig.(6). It is found to shift to shorter
wavelengths as the flourine concentration increases.

It is clear from Fig.(6) that A, , the plasma edge is nearly the same for
samples incorporated with 5 % up to 25 % F except the sample incorporated 20
% F which shows higher Ap. This may be explained by the substitution of O, by
fluorine atom is predominant in the samples. As for the samples doped 20%F
the fluorine goes interstitially. The plasma frequency o, could then be
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considered as a monitor for tracing the accommodation of fluorine atom in
SnO; lattice. A, shifts to shorter wavelength when substitution of fluorine is
predominant and shifts to longer wavelength when the interstitial fluorine
prevails. The XRD patterns of the samples are compatible with these results.
The plasma frequency is used for calculating some parameters such as the free
carrier concentration, mobility, Fermi energy and mean free path.

The carrier concentration (N) is calculated from [19]

27C N e? 2)

p *
z &€, My

where g, and & represent the high frequency and free space dielectric constants,
respectively, mo* is the effective mass of the charge carriers. Here substituting
&-= 4 and mo" = 0.3 mg [20], N is the carrier concentration and A, is the plasma
wavelength.

Also, the Fermi level is calculated from [21].

2

2
3N |3
E.= -
i (Sm*)(ﬂ ) )

where m* is the effective mass = 0.3 mo [20] and N is the calculated carrier
concentration.
The mobility is also calculated from [4]

_\/Z g°EZ I3 (4)
A7\ | Ze 20N

where ¢ is the high frequency dielectric constant, m* the effective mass = 0.3
mo, Ef is the Fermi energy at room temperature, N is the free carrier
concentration.

The mean free path of the free carrier is then estimated using the relation [22].

e

The calculated values of (Eg, 1, N, Es, I, o, p) from optical transmittance
of the investigate samples of SnO.:F as a function of fluorine concentration in
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spray solution are given in Table (2). The pure sample shows that A, is out of
the measuring range, 200 to 2500 nm. The calculated carrier concentration for
the incorporated samples is (5.35 x10?* to 5.81 x 10?* Cm®). The free carrier

concentration for the pure sample calculated according to (2) would be too low
and may be less than 10% /cm?, since A, is out of the measuring range.

The slight change in N for incorporated samples may be due to the
competition between substitution and interstitial processes of fluorine atom.

The values of Er given in Table(2) are in agreement with that reported
[4, 12] and could be considered as an indication for the degeneracy of the
investigated samples. The fluorine donor electron states hybridizes with tin
oxide host conduction band at energies about 1.4 — 2.0 eV above the lowest
conduction band which is populated by the free carriers of N = 3.9 x 102 cm®

Table (2): Optical and Electrical parameters for (0.8M) SnO,: F

N x102! Es Heal 2 Popt. t Eq RO Pelec.
F % 3 (cm?/ P x 104 L(nm)| x104
(cm3) | (eV) Vs) (nm) (Q.cm) (nm) | (eV) | () (Q. cm)

0 418 | 3.72 40 0.5 0.16

5 5.35 2.38 | 1.41 | 1580 6.03 789 | 3.78 3 0.46 2.37

10 5.66 248 | 1.28 | 1536 5.70 494 3.8 9 0.44 4.45

15 5.63 247 | 1.23 | 1540 5.73 392 | 3.82 14 0.43 5.49

20 5.60 247 | 1.20 | 1544 5.76 177 | 3.83 9 0.44 1.60

25 5.81 253 | 1.22 | 1516 5.56 474 | 3.86 6 0.50 2.85

3.4. Sheet Resistance Ro:

It is essential to evaluate the performance of the prepared material as
TCO films. Sheet resistance Ro is a useful parameter in comparing thin films,
particularly those of the same material deposited under different conditions.
The measured Rp values for the samples are traced as a function of F
concentration with the reflectance in IR region (A = 2.5 um) on the same Fig.
(7) to clarify the variation of one relative to the other. It is clear that the
decrease in Ry corresponds to an increase in reflectance which may be due to
the increase in number of free carriers (electrons).
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Fig. (7): Change in the Sheet Resistance and Reflectance % at 2500 nm as a

function of fluorine concentration

When fluorine (F) is incorporated in tin oxide films, each F* anion may
substitute an O% anion in the lattice and introduces more free electrons [23].
This results confirm the increase of free electrons and hence decreases the
value of Rq.

3.5. Figure of merit ¢

The figure of merit ¢ has been a common rating method for TCO films
for their possible use in solar cell applications. The device performance is
determined from ¢ [23]:

TlO
¢: S (6)
R 0
where T is the transmittance at A = 550 nm and R, is the sheet resistance.
Also, a performance coefficient (PC) formula is [24]:
PC = Tws RNIR @)

T,rRy;s +0.01

where Tvis, Tnir, Rvis and Ryir  are the transmittance and reflectance in visible
and NIR regions.
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The calculated values for Figure of merit ® and the performance coefficient PC
for the investigated samples of SnO,: F are summarized in Table (3).

Table (3): The values of Figure of Merit ® and the Performance Coefficient PC

of SnO, as a function of fluorine concentration:

F R, T(750) | T(2500) | R(750) | R(2500) | @ (QY) PC
Qemd) | % % % %
0 |40 95292 | 60.14 | 8.79 | 4.583 1.54E-02 | 0.695
5 |3 65.128 | 0598 | 114 | 44.789 4.58E-03 | 27.3
10 |9 68.669 | 0553 | 488 | 49.913 2.59E-03 | 33.4
15 | 14 63.362 | 0.54 131 | 41431 7.45E-04 | 245
20 | 9 70467 | 1.782 | 471 | 51.839 3.35E-03 | 33.7
25 |6 62.329 | 0589 | 654 | 55.96 1.47E-03 | 33.6

The obtained values of ® & PC for the investigated SnO,: F samples

indicate that this is a cheap and easy to prepare material, may be promising and
has potential applications in solar energy, heat mirror and optoelectronic

devices.
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