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Fluorine-doped tin dioxide (SnO,:F) films were deposited from a tin tetrachloride solution in
methanol utilizing a pyrosol deposition process. It is shown from thermodynamic calculations
that the atmosphere during deposition is oxygen-rich and also suggested that chiorine and
hydrogen chloride, which are produced during the deposition reaction, influence crystal
growth. Detailed electrical, optical and structural properties of the material with respect to
varying film thickness and substrate temperature are presented and discussed. Resistivity of
the films deposited at 450 °C decreased from 6 x 107% to 2 x 10~ % Q cm, while the mobility
increased from 14 to 45 cm?V~"s ™7, respectively, when the film thicknéss was varied from
100 to 1650 nm. The carrier concentration was relatively unchanged for film thicknesses
higher than 200 nm. Optimized SnO,:F films (~600 nm) having a resistivity of

~6 x 1074 Qcm, a carrier mobility of ~20cm?V~'s™", a carrier concentration of

~8 x10%2° cm 2 and a transmittance in excess of 80% are quite suitable as electrodes for

amorphous silicon solar cells.

1. Introduction
Transparent conducting oxide (TCO) thin films have
found a wide range of applications especially in opto-
electronic devices, photovoltaic devices, sensors, etc.
Thin layers of non-stoichiometric metal oxides like tin
oxide, indium oxide, cadmium oxide, zin¢ oxide and
their alloys when deposited under appropriate condi-
tions are optically transparent as well as electrically
conducting [1]. Ever since the first successful imple-
mentation of the spray pyrolysis deposition process
[2] for the commercial production of tin dioxide
coated glass substrates, several techniques have been
developed for TCO deposition. Depending on the
nature of its application, an appropriate deposition
process is chosen for the growth of TCO films. TCO
coatings on glass have been traditionally grown either
by spray pyrolysis or by “atmospheric pressure chem-
ical vapour deposition” (APCVD) processes [ 1]. Often
spray pyrolysis is preferred to chemical vapour depos-
ition (CVD) because of the relative simplicity in the
control of the process parameters.

In the spray pyrolysis process, an inorganic, or
organometallic precursor is dissolved in a solvent
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which is then sprayed on a heated substrate where the
constituents react to form a chemical compound. The
reactants are chosen such that the products other than
those desired are volatile at the deposition temper-
ature. The essential difference between spray pyrolysis
and the pyrosol technique is that in the former case a
carrier gas is saturated with the reactant solution
which is then transported onto the substrates by
injection through a sprayer under adequate gas pres-
sure. In the pyrosol process, however, the reactant is
nebulized by ultrasonic excitation and the resultant
aerosol is then carried by a gas onto the heated
substrate. Much better control of the droplet size and
distribution can be achieved and hence control of
process parameters becomes easier when using the
pyrosol deposition technique [3-6].

Fluorine-doped tin dioxide (SnO,:F) thin films
have attracted a lot of attention in recent times espe-
cially because of their application as an electrode of
amorphous silicon (a-Si) solar cells [4, 5, 7, 8]
SnO,:F films have improved opto-electronic proper-
ties compared with undoped tin dioxide films and are
also more resistant to chemical attack [1, 9, 10]. There
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are several commercial manufacturers producing spe-
cial coatings of SnO, :F films on glass for application
in a-Si solar cells. In a previous paper we reported the
implementation of the pyrosol deposition process for
large area uniform deposition of SnO,:F thin films
[11]. Here we examine the chemical nature and quant-
ities of species produced during the deposition process
based on a thermodynamical approach. These results
are correlated with the film morphology and the
variation of film properties with the film thickness and
the deposition temperature is also addressed.

2. Experimental details

All the depositions were done on alumina-coated soda
lime glass substrates (80 cmlong x 10 cm wide x 0.2
cm thick). Alumina coating on the glass (deposited at
520°C) was essential as a diffusion barrier to prevent
contamination of SnO,:F layers by Na*, K* or
Ca™* from the glass substrate. The SnO,:F depos-
ition was carried out from a starting solution of tin
tetrachloride, SnCl, (0.4moll™*) in methanol
{CH;OH). Ammonium fluoride (NH,F) was added to
this mixture for fluorine doping. The F/Sn atomic
ratio in the starting solution was kept constant (5%)
for all the depositions reported here. The deposition
set-up, which is shown in Fig. 1, essentially consists of
a pyrosol generator and a pyrolysis region. The pyr-
osol generator includes a pot containing the reactant
which is separated from a piezoelectric transducer
through a thin non-permeable membrane. The energy
dissipated by the piezoelectric transducer which is
immersed in deionized water is transferred, through
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Figure 1 A deposition set-up.
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the membrane, to the reactant liquid which is to be
nebulized. Such a design is necessary to avoid any
possible damage of the transducer by the reactant
solution (such as corrosion of the metallic electrodes
etc.). Details of the pyrosol generator and the funda-
mental processes governing the aerosol generation are
given elsewhere [11]. The pyrosol generator is cou-
pled to a level controller which works on the principle
of a manometer in order to maintain a constant
volume of reactant liquid in the pot to achieve con-
stant-volume averaged energy dissipation at all times.
The nebulized liquid was carried by a flow (200 [h™1)
of nitrogen gas into the furnace. A separate port in the
furnace was used to feed additional air (8001h™!) in
the deposition zone to proceed with the reaction of the
precursors. The glass substrate is mounted on a per-
forated plate which is enclosed in a metal shield as
shown in Fig, 1. Heating is carried out from both sides
of the furnace using resistive elements. An exhaust is
drawn out from the other end of the furnace and the
unreacted gases are passed through activated charcoal
before being removed through the exhaust duct. The
samples were loaded from the exhaust side of the
furnace and left to thermalize for 30 min prior to each
deposition.

To keep the nebulized liquid flow constant, which is
necessary for a stable and reproducible deposition
process, it is very important to monitor the variation
in the mass flow from the pyrosol pot with respect to
time. In fact, we observed previously that it takes
about 40 min for the system to stabilize [11]. In order
to obtain maximum transfer of energy to the reactant
liquid in our configuration, the excitation frequency
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was optimized. Fig. 2 shows the changes in mass flow
of the nebulized liquid with varying frequency of
excitation at 40% power (total power of the source
was 200 W). The mass flow measurement was carried
out in a system as described elsewhere [11]. All depos-
itions were carried out after allowing the operating
frequency to settle down, with 40% power at 900 kHz
frequency where the mass flow is highest. The higher
aerosol generation directly results in increased growth
rates as shown in Fig. 3.

Since a large volume of dynamic gas flow is involved
in the deposition process (10001h~%) it is always
necessary to determine the temperature in the vicinity
of the substrate surface under gas flow. In Fig. 4a the
temperature profile on a glass substrate (furnace tem-
perature 500°C) with and without gas flow
is shown and was determined by placing copper-
constantan thermocouples at every 5cm of the sub-
strate (Fig. 4b). It can be seen that the temperature
profile is rather flat around 30-40 cm from the edge of
the glass plate near the inlet of the aerosol flow.
Knowing the exact temperature drop in this region we
made appropriate corrections to the temperature
measurements carried out with the thermocouple fit-
ted on to the furnace to determine the substrate
temperature during deposition.

Small pieces (1.5 x 1.5 cm) of the samples were cut
from the glass substrate, 35 cm from the edge of the
substrate where the aerosol was injected (Fig. 4b).
Thickness was determined using a Sloan-Dektak 11
step profiler after etching a step on the coating with
hydrochloric acid in the presence of zinc powder. All
the electrical, optical and structural characterizations
were done at room temperature, The infrared (IR)
spectra were also recorded at room temperature in a
Perkin-Elmer 1750 Fourier transform spectrophoto-
meter using KBr windows. The resistivity, carrier
mobility and carrier concentration were determined
by measurement of Hall resistivity in a maximum
magnetic field of 8.4 kG by the Van der Pauw tech-
nique. Square configuration of the samples was chosen
to avoid contact placement errors as pointed out by
Koon et al. [12]. The optical transmittance of TCO
films on glass substrates was measured in the
400-1100 nm wavelength range using a ROFIN-
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SINAR fast spectrophotometer (RSO 6240). 1n air,.
total transmittance consists of specular and diffuse
components due to the TCO roughness. The specular
transmittance of the as-deposited sample was meas-
ured in air. Moreover, in order to obtain an equivalent
of the total transmittance, the sample was covered by
a low absorbing liquid having a refractive index
n = 1.78, approximately matching the TCO refractive
index, which reduces light scattering from rough sur-
faces. This type of measurement gives a reasonable
estimate of the total transmission of the rough TCO
films as has been evidenced by earlier measurements
and theoretical models [13]. Hereafter, this measure-
ment is referred to as matching liquid transmittance
(MLT). The transmission spectra was integrated over
the 400-1100 nm range. Scanning e¢lectron micro-
scopy (SEM) was done using a Hitachi 2000 electron
microscope with an acceleration voltage of 30 kV.

3. Results and discussion

3.1. Chemical species during film formation
The pyrosol process can be described as a two-stage
process. First there is the production of the precursors
in the aerosol followed by the CVD of the reactants. In
order to identify the chemical nature of species re-
sponsible for the deposition, we carried out a distil-
lation experiment with a solution of tin tetrachloride
(0.4 moll™!) dissolved in methanol. All the glass parts
(container, distillation column, condensation coil, col-
lecting flask), were carefully dried before mounting,
The whole glass assembly was demoisturized prior to
the experiment. These precautions were necessary to
avoid any unwanted hydrolysis of tin tetrachloride
[14]. The starting solution boiled at 65°C and the
temperature at the top of the distillation column was
also 65 °C (stage I). This suggests that the evaporated
gas remains at the solution temperature. Stage I cor-
responds to the distillation of methanol since its
boiling point is 65°C [15]. Once the alcohol was
mostly distilled off, the temperature of the solution
increased to about 100 °C (stage II) at which point
some solid condensation took place on the glass con-
tainer. As the experiment continued, the temperature
in the flask went up to 114°C (stage III) and the
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previously condensed solid redissolved in the hot
vapour. When ammonium fluoride (F/Sn = 5 at%)
was added in the solution of tin tetrachloride
(0.4 moll ™) dissolved in methanol we did not notice
any modification of the distillation stages previously
described.

Before interpreting the phenomena occurring at 100
and 114 °C, let us first examine the chemical nature of
species in the starting solution. In the absence of
moisture, SnCl,, which is a strong Lewis acid, forms
colourless complexes with methanol, mostly of the
type SnCl,.2CH,OH [14]. Each molecule of the com-
plex is surrounded by solvent molecules forming a
cluster. As the distillation proceeds in stage 1, the ratio

~of n(CH;OH)/n(SnCl,-2CH;OH) decreases, where
n(CH;OH) and n(SnCl,-2CH,OH) correspond to the
molar concentrations of solvent and tin (IV) com-
plexes respectively. The condensed solid at stage II is
obviously SnCl,-2CH;OH because it has been re-
ported that its melting point ranges between 99 and
106 °C [14]. An IR spectrum of the distillation residue
in the flask at this stage of the experiment (Fig. 5)
shows that the C-O vibration at 970cm™! corre-
sponds to a shift by about 50 cm ™! below its value in
CH;OH, which is characteristic of SnCl,-2CH;OH
complexes. Stage I1II correlates with the boiling point
of SnCl, [16]. As the temperature goes up and
the reaction proceeds (stage II to stage I1I), SnCl,-
2CH,OH complexes transform into SnCl, according
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to the following reaction:
SnCl,-2CH;OH = SnCl, + 2CH;0H (1)

This simple distillation experiment signifies that the
chemical species contained in the droplets which ar-
rive in the pyrolysis region are the solvent, CH,OH,
and tin in the form of a complex SnCl,-2CH,OH. The
gaseous molecules, like oxygen and nitrogen, are
brought in by the carrier gas. The CVD of the re-
actants in the pyrolysis region corresponds to several



simultaneous reactions. First of all, the solvent is
decomposed through a combustion reaction:

CH,OH + 3/20, = CO, +2H,0 (2

With calculations based on the minimization of the
Gibbs free enthalpy of the system, and mass conserva-
tion equations for all the elements, it is possible to
calculate the quantities of gaseous species resulting
from the pyrolysis of precursors available for the final
deposition process [17, 18]. This approach, which is
frequently used to describe the CVD processes, gives
interesting insight into the chemical nature of the
gaseous species which take part in the deposition. In
our case, since the volume of nebulized solution was
about 2 cm®min~! (Fig. 2) and the gas flows were,
respectively, 3.3 Imin~! and 13.3 Imin " *, for nitrogen
and air: the starting quantities of the constituents
were 49.3x 107> molmin~! for CH,OH, 8x107*
molmin~! for SnCl,, 4 x 10™° molmin~! for NH,F,
0.125 mol min~! for O, and 0.619 molmin~* for N,.
The calculations show that in the temperature range of
our interest (360-500°C), methanol is completely
burnt out and the surrounding atmosphere is oxidi-
zing. Apart from solid SnO,, oxygen is in the form of
O,, H,0 and CO,. The quantities of O,, H,O and
CO, are, respectively, equal to 0.051, 98.6 x 10~ and
49.3 x 1073 molmin~*. H,O and CO, result from the
decomposition of CH;OH, while the oxygen quantity
represents what is left after the combustion reaction 2.
Concerning tin, the complex undergoes reaction 1.
Since SnCl, is produced, it converts into SnO, [19],
either by reaction with the ambient oxygen or with the
water produced through reaction 2:

Sl‘lCl4 + 02 = Sn02 + ZCIZ (3)
SnCl, + 2H,0 = SnO, + 4HCI @)

The quantities of both O, and H,O reacting with
SnCl, to form SnQ,, as described by Ghostagore
[19], are small compared with the available amounts.
The caiculations based on the approach used by
White er al. [17, 18] for our situation show that the
amount of HCI produced by reaction 4 is constant
between 360 and 500°C and is equal to 3 x 1073
molmin~!, while the amount of Cl,, produced
by reaction 3, decreases linearly with increasing tem-
peratures from 1.11 x 10”* molmin~? (at 360°C) to
1.42 x 107° molmin " * (at 500 °C). Reactions 3 and 4
lead to the production of highly chlorinated gases
which can etch the growing SnO, layer [20, 21]. At
this point in the discussion it is emphasized that the
gaseous species can either be in the boundary layer
close to the substrate, or on the solid surface itself.

3.2. Variation of morphology

3.2.1. Effect of thickness

In order to study the growth of the crystallites and its
influence on the film properties, films of different
thicknesses were deposited under identical conditions.
Films were deposited at 450 °C for various deposition
times to obtain samples of thicknesses varying from
100 to 1650 nm. Earlier we observed that films thinner

than 100 nm are not well crystallized [11] and hence
we did not attempt to include the properties of films
thinner than 100 nm in this study. Fig. 6a-g are
micrographs of some of our SnO,:F films of different
thicknesses varying from 100 to 1650 nm and depos-
ited at 450 °C. Films less than 350 nm thick were very
heterogeneous with noticeable voids (Fig. 6a—c). Such
voids can originate from a non-uniform nucleation at
the Al,O; surface arising from thermal relaxation
processes. Similar heterogeneous deposition has been
observed in the case of thin metal films [22]. Beyond a
thickness of 350 nm, the films were very homogeneous
(practically no voids (Fig. 6d—g)) and were well crys-
tallized. The crystal sizes in typical 100 nm thick films
were around 50-200 nm, while for the 1650 nm thick
film the crystal sizes varied between 150 and 750 nm.
The crystal size and the size distribution of crystallites
in the films between 350 and 650 nm thick were fairly
similar, with the maximum and ‘minimum sizes be-
tween 350 and 50 nm respectively. It is thus not
surprising that most of the results reported in the
literature as optimized TCO films are for 400-
650 nm thick films [1].

3.2.2. Effect of substrate temperature

SnO,:F films were deposited at different substrate
temperatures and Fig. 7a-e are micrographs of
samples deposited at 360, 380, 410, 450 and 510°C,
respectively. The films have an amorphous texture
when deposited at lower temperatures (< 410 °C) but
crystals begin to form at deposition temperatures
around 410°C and higher. The crystal size is not
uniform and generally many different crystal sizes
(50-250 nm) could be observed in such films. Also the
smallest and largest crystallites were equally distribu-
ted (Fig. 7c). For the films deposited at 450 °C, the
number of large crystallites increased rapidly as also
did crystallite size, which varied from 80 to 400 nm
(Fig. 7d). On further increase of the substrate temper-
ature (510 °C in our case) the distribution of small and
large crystallites is about the same except that some
large crystallites of 500 nm could also be observed
(Fig. 7e). The effect of substrate temperature can be
interpreted as follows [23]: at T < 410°C, the depos-
ition process is led by nucleation and the fine-grained
morphologies result in the deposit which is amorph-
ous in the absence of any crystal growth. The excess
surface-free energy of the deposited nuclei provokes
coalescence phenomena leading to the well known
“spherulites” or “cauliflowers”. In the present case the
resulting morphology is smooth. Cl,, which is parti-
cularly known as an etchant, and HCI for coarsening
of oxides during their sintering, may lead to the
smoother surfaces at lower temperatures [20, 21]. As
the temperature increases, the combined effects of a
decrease in Cl, concentration compared with the
available HCI (as seen from our calculations) and the
crystal growth, lead to a rougher surface. Such vari-
ations in the process could also lead to the differences
in grain sizes observed on films deposited above
450 °C. Again, the deposition rate increases with the
substrate temperature from 0.092 nms~* at 360 °C to
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0.65nms™' at 510°C (Fig. 3). The activation energy
calculated from the Arrhenius plot of the deposition
rate and the deposition temperature is about 10 kCal,
which implies that the deposition process is thermally
activated. This suggests that the deposition process is
not limited by gas-phase diffusion but is controlled by
surface reaction consisting of adsorption and desorp-
tion of the gas phase species [24] and it falls in the
chemical vapour deposition regime. Similar observa-
tion of vapour phase growth in pyrosol process has
been reported [25].

3.3. Variation of electrical properties
3.3.1. Effect of thickness

Fig. 8 shows the variation of the electrical resistivity
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Figure 6 Scanning electron micrographs of films deposited at

450°C of different thicknesses (bar: 1000 nm): (a) 100 nm,
(b) 230 nm, (c) 330 nm, (d) 350 nm, (e) 630 nm, (f) 1070 nm,
(g) 1650 nm.

and the electron mobility in SnO,: F films of different
thicknesses deposited at 450 °C. The resistivity of the
films shows a steady decrease from 6 x 10~ % to about
2x107* Qcm as the thickness increases from 100 to
1650 nm. Similarly the carrier mobility mounts stead-
ily in films of higher thicknesses and does not show
any saturation up to a thickness of 1650 nm. The
variation of carrier concentration as a function of
thickness is shown in Fig. 9. It was observed that the
carrier concentration was slightly higher in the thinner
films (< 200 nm thick) but did not vary significantly
with increasing film thicknesses and was around
6x102%cm 3,

The higher mobility with increasing thicknesses of
the SnO, : F films deposited at 450 °C results from an
increase in the grain size (and also the volume fraction
of the crystallites) with thickness (Fig. 6). Similar
variation of the mobility with thickness has been
reported by several authors [26, 27]. The higher car-
rier concentration in the thinner films (< 200 nm
thick) may arise from the presence of oxygen-rich
surface layers as has also been observed by others [28,
29]. Thermodynamical calculations show that the at-
mosphere during deposition is oxidizing. This further
Justifies the view that oxygen-rich surface layers result
in the higher carrier concentration observed in the
thinner films.



Figure 7 Scanning electron micrographs of films deposited at different substrate temperatures (bar: 500 nm): (a) 360°C and 330 nm thick,
(b) 380°C and 400 nm thick, (c) 410°C and 430 nm thick, (d) 450°C and 630 nm thick, (e) 510°C and 590 nm thick.
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3.3.2. Effect of substrate temperature

The variation of resistivity and mobility of SnO,:F
films deposited at varying substrate temperatures
(thicknesses varying between 400 and 600 nm) is plot-
ted in Fig. 10. Resistivity decreases from
2x107*Qcm for films deposited at 360°C to
6 x 10~* Q cm for films deposited at 450 °C, but then
increases to 2 x 1073 Qcm for the films deposited at
510 °C. Mobility follows a reverse trend and reaches a
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Figure 9 Carrier concentration versus thickness of films deposited
at 450 °C.

maximum of ~ 21 cm? V™ !s ™! for samples deposited
at 450 °C, but then decreases to about 18 cm? V ~!s™!
for the samples deposited at 510 °C, not really changing
as sharply as the resistivity in the films deposited at
temperatures higher than 450 °C.

Following similar arguments as presented in the
previous section, the increase in crystal size distribu-
tion with increasing substrate temperature (Fig. 7)
leads to an increase in carrier mobility and hence a
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decrease in the resistivity of the films deposited up to a
substrate temperature of 450 °C, as the carrier concen-
tration does not vary appreciably in these films
(6 x 10%° cm ™~ *). However, for the films deposited at
510 °C the carrier concentration reduces dramatically
(Fig. 11) leading to an increase in resistivity. This
reduction in carrier concentration could be due to
lower oxygen vacancies and/or lower active fluorine
sites in the films [1]. The decrease in active vacancy
sites can be reasoned to arise from the change in
deposition mechanism. It may be noted here that the
deposition rate increases rapidly from about 0.3 nm at
450°C to 0.65 at 510°C (Fig. 3). This increase in
deposition rate, which is related to the increase in
deposition temperature, suggests that the vapour pres-
sures of the precursors are not completely thermally
equilibrated [30]. In other words, the time for the
precursors to equilibrate with respect to the substrate
or, equivalently, to diffuse towards energetically favor-
able sites, decreases. The slight decrease in carrier
mobility at 510°C compared with those in the films
deposited at 450°C (Fig. 10) can be attributed to
imperfect crystallization arising due to the higher
deposition rates forbidding the growing SnO, lattice
to relax to energetically favourable configuration, and
hence resulting in the formation of defects. Such
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a phenomenon has been noticed in the deposition
of other thin films like microcrystalline silicon films
[31, 32].

3.4. Optical properties

The optical properties of SnO,: F films are of utmost
importance as these films are generally used as trans-
parent electrodes in opto-electronic devices. However,
since the surface morphology becomes rougher with
increasing thickness and/or substrate temperature, it
is essential to evaluate carefully the optical properties
by taking the morphology into consideration. For
transmittance measurements care has to be taken to
differentiate between the specular and scattered com-
ponents of the incident light. In some applications, as
for example in the preparation of amorphous silicon
solar cells, the surface morphology is profitably util-
ized to increase the light trapping efficiency in the
solar cells {33, 34]. Using the procedure described
above for transmittance measurements, the haze ratio
can be defined as:

(MLT — specular transmittance)
(MLT)

Haze (%) = 100 x

The haze ratio serves as a guide to distinguish between
diffuse and specular transmittances and is a useful
parameter for the evaluation of TCO substrates, espe-
cially for solar cell applications.

The variation of MLT and haze ratio of the SnO,:F
films deposited at 450 °C with respect to the thickness
of the films is shown in Fig. 12. The MLT of the
SnO,: F films reported here is fairly constant (> 80%)
for up to about 500 nm thick films but reduces steadily
for thicker films. This is not at all surprising as the
films attain an adequate crystalline structure for thick-
nesses ranging between 300 and 500 nm (as explained
earlier) and hence the increased absorption by the
crystallites is counterbalanced by the decrease in the
number of grain boundaries, which otherwise absorb
more light than the crystallites due to the higher level
of defects in the grain boundary region. The steady
rise in the haze ratio with increasing thickness of the
films can be correlated to the increased surface rough-
ness of the films.

QOT 80
- Substrate temperature = 450 °C :‘
1Q O ]

801 . - 60
= — j =
* 3
— 70 40 ¢
- ‘L - (I?Il
= F 1 o

i ]
60~t ~ 20
e ]

50 . I T B S 0
0 500 1000 1500 2000

Thickness (nm)

Figure 12 Variations of matching liquid transmittance and haze
ratio with film thickness.
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The variation of MLT and haze ratio with respect
to the deposition temperature of the films is plotted in
Fig. 13. The MLT of the films increases with increas-
ing deposition temperature up to 450 °C. At higher
deposition temperatures (510°C) it decreases. The
increase in the MLT of the films with increasing
deposition temperature is also a direct consequence of
the better crystalline structure attained in the films
deposited at higher temperatures. The decrease in
MLT for the film deposited at 510°C is due to in-
creased absorption in these films [13].

4. Conclusion

Pyrosol deposition is well suited for deposition of
SnO, :F films on glass as the deposition rates are high
(0.1-0.65 nms ™ 1) and the technique is fairly simple. It
is a two-stage process in which the precursors are
produced in the aerosol followed by the CVD of the
reactants. It has been demonstrated that the depos-
ition from a solution in methanol actually starts from
a SnCl,-2CH,OH complex. In order to know the
chemical nature and the quantities of species during
film deposition, the authors have developed an ap-
proach which consists of minimizing the enthalpy of
the whole system. They have shown that (i) SnCl, is
completely converted into solid SnO,, (ii) the sur-
rounding atmosphere during deposition is oxygen-
rich, and (iii) chlorine, initiailly in the form of SnCl,,
transforms mainly into Cl, and HCI, which are be-
lieved to influence the growth of the crystallites and
the surface morphology of the deposited films.

The growth pattern of thin SnO,:F (< 350 nm)
depositions was found to be heterogeneous and sev-
eral thermal cracks were visible, possibly arising due
to lattice mismatch. The volume fraction of crystallites
does not change appreciably in films thicker than
350 nm. However, the crystallite size increases con-
tinuously up to 1650 nm thickness. The crystallinity in
the films improved with the deposition temperature
and films deposited above 410 °C develop crystallites.
Films deposited at temperatures higher than 450 °C
were found to develop crystallites of scattered sizes.
This was correlated to the high deposition rates at
such high temperatures which does not allow the

species responsible for the film growth to diffuse over
long distances over the growing film surface, hence
decreasing the possibility of selecting energetically
favourable sites. This has been argued to be the reason
for the changes in mobility and resistivity observed in
the films deposited at temperatures higher than
450°C.

Detailed electrical and optical characterization of
the deposited films was carried out. It was observed
that the resistivity decreased and mobility increased
with increasing film thickness due to the increase in
grain size of the crystallites in the films. The majority
carrier concentration was however practically unaffec-
ted by the increase in thickness { > 200 nm). The MLT
of the films was constant up to a thickness of about
500 nm but decreased thereafter, which has been re-
lated to the increased absorption in the films. Optim-
ized films around 600 nm thick had a resistivity of
6 x 107* Qcm, a mobility of 20 cm? V™ 's ™1, a carrier
concentration of 8 x 10*°cm™* and an MLT of
> 80%. These films are quite suitable for applications
as transparent electrodes in opto-electronic devices
and especially in solar cells.
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