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ABSTRACT This paper reports the synthesis and charac-
terization of fluorine-doped tin oxide (FTO) thin films via
intermittent spray pyrolysis utilizing a solution mixture of tin
chloride pentahydrate and ammonia fluoride. Utilizing the same
solution, nanorod arrays were fabricated via template-based
growth. Uniform and crack-free FTO films over 20 x 20 mm
with a thickness up to 900 nm have been routinely achieved;
such FTO films demonstrate electrical resistivity as low as
2.2x 107* Qcm as well as good optical transparency ranging
from 75 to 85%. In addition, FTO nanorods were fabricated
using template-filling methods at a temperature of 440 °C.
The nanorods have a diameter of ~ 160—250 nm, appear to be
comprised of small nanoparticles 5—10 nm in size, and have
a resistivity value of 4 x 10~! Q cm.

PACS 81.07.-b; 73.61.-1; 81.16.Be

1 Introduction

Transparent conductive oxides (TCO) have be-
come increasingly important in a large variety of applica-
tions due to demands for optically-transparent, conductive
materials. Applications of these devices include thin-film
solar cells [1], display devices [1], optoelectronic devices [2],
polymer-inorganic composite solar cells [3], gas sensors [4],
and frost-resistant surfaces [4]. A common TCO used in re-
search and industry is tin-doped indium oxide (ITO). I[TO is an
n-type semiconductor where indium oxide (In,O3) has been
doped with tin oxide (typically on the order of 10 at. %) [5]
in order to improve many of the material’s properties, includ-
ing its electrical conductivity [6]. ITO has several advantages
over other TCOs such as superior conductivity [7] and high
optical transparency [8]. In the indium—tin oxide system, there
are two extrinsic sources of charge-carrying electrons. The
Sn dopant, which substitutes for indium in the crystal lat-
tice, functions as an electron donor (generating one additional
electron per Sn atom). The other electron source is oxygen va-
cancies, whose presence functions as an electron donor gen-
erating two electrons per oxygen vacancy [9]. However, ITO
experiences a reduction of electrical conductivity when ex-
posed to oxygen at elevated temperatures (> 300 °C) [7]. At
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higher temperatures, oxygen in the atmosphere combines with
oxygen vacancies. When the number of oxygen vacancies
decreases and the number of charge carriers reduces accord-
ingly, the electrical conductivity decreases [10]. Since many
of the above-mentioned devices undergo thermal treatments,
this reduction of conductivity becomes problematic. There-
fore, FTO, which is much more thermally stable, is often used
as an alternative to ITO.

FTO is an ideal candidate for applications requiring TCO
due to its ability to adhere strongly to glass, resistance to phys-
ical abrasion, chemical stability, high optical visible trans-
parency, and electrical conductivity [11]. In the case of FTO,
fluorine (F) is doped into tin oxide where fluorine substitutes
for O~2 and acts as an electron donor, resulting in an n-type
degenerate semiconductor [6]. Fluorine is an ideal substitu-
tion for oxygen because the anionic sizes are rather similar
(Réﬁ =1.32Aand R =1.33 A) and the energy of the Sn—F
bond (~ 26.75D°/kJ mol~") is similar to that of the Sn—O
bond (~ 31.05 D°/kJ mol~') [12]. FTO is frequently used as
an alternative to ITO when chemical and electrical stability
at elevated temperatures is required for device fabrication or
application. FTO is more thermally stable because it does
not depend on oxygen vacancies to provide charge carriers.
As a result, when exposed to elevated temperatures, FTO
does not experience the characteristic decrease in conductiv-
ity seen in the ITO system [6]. Additionally, as device size
continues to decrease, the potential use of nanoscaled struc-
tures of these TCOs grows. Methods for fabricating metal-
lic [13] and semiconducting [14] nanorods have already been
detailed in various published works. Certain transparent con-
ducting oxide nanorods have also been synthesized, such as
SnO; nanorods [15] and ITO nanorods [16]. In particular,
the ITO nanorods were fabricated via sol—gel electrophoretic
deposition as reported in our previous work [16]. However,
very little to no work has been published regarding the fabri-
cation of FTO nanorods. Via solution techniques along with
template-based growth, several parameters such as doping
level, nanorod diameter, and nanorod density can be con-
trolled when fabricating TCO nanorods.

An ordered array of these transparent, conductive oxide
nanorods can provide distinct advantages for devices that uti-
lize TCO. For example, nanorod arrays provide far greater
surface area (over 100 times more) than thin films and thus
offer great advantages in applications where surface area
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plays a critical role. Transparent conductive oxide nanorods
have been successfully used as electrodes to improve the per-
formance of light emitting diodes [17]; as a highly selec-
tive and sensitive gas sensor capable of detecting CO, Hj,
0O,, and NO, [18], and as lithium ion batter anodes, which
achieved significantly higher than theoretical specific cap-
acity values [19]. More recently, conductive oxides have been
employed as biological and chemical sensors [20], as ultra-
violet lasers that are ideal microlight sources [21], and as
photodetectors [22]. Zinc oxide nanorods have also been used
as high performance nanologic circuits, helping to develop
the field of oxide-based nanoelectrical devices [23]. In add-
ition, the possibility of utilizing transparent conductive oxide
nanorods in both dye-sensitized solar cells and organic so-
lar cells may help to boost device performance. This ap-
proach has already been attempted in zinc oxide systems
[24,25], but not with several other TCO material systems.
Given the current intense interest in nanotechnology and en-
ergy harvesting systems, TCO nanostructures are set to make
great impacts. Although transparent oxide nanorods com-
prised of ITO and pure tin oxide have been used in many of the
applications above, FTO nanorods have not. Given additional
research, it may be possible to apply the distinct advantages of
FTO to many of the above-noted specific systems.

2 Experimental

2.1 Solution synthesis

Although there is a wide range of recipes for FTO
synthesis [26—28], the recipe used was adopted from the work
of Kawashima et al. due to its ease of fabrication and its pro-
duction of consistent results [10]. The chemicals used are
tin chloride pentahydrate (SnCly x 5SH,0, 10.5 g from Sigma-
Aldrich) dissolved into 150 mol of ethanol (200 proof from
Aaper) in a sealed container. The solution is stirred for at
least 5 h until all the tin chloride pentahydrate has completely
dissolved. At this point the solution will appear nearly com-
pletely clear with a very slight amount of turbidity. Simultan-
eously, 1.86 g of ammonium fluoride (NH4F from Fisher Sci-
entific) is dissolved into 4.05 ml of distilled water in a sealed
container. This solution is also allowed to stir until the am-
monium fluoride has been fully dissolved and the solution
is completely clear. After both solutions have been allowed
to fully stir, the tin chloride pentahydrate solution is placed
in a water bath and heated to 60 °C. Next, the ammonium
fluoride solution is then admixed. The combined solution is
allowed to stir overnight to ensure complete mixing, and the
resulting solution is clear and stable. This solution can then be
used for thin film and nanorod synthesis. The result is a solu-
tion where the fluorine doping is fixed at 20 wt. %, which is
acommon concentration seen in several publications [10, 26].
It has been found that at this concentration, optimal material
performance in terms of resistivity can be achieved [26, 27].

2.2 Film synthesis

Several thin films samples were fabricated on glass
slides (2.5cm x 2.5cm x 0.11 cm) (VWR Microslide). Film
synthesis was via spray pyrolysis (the spray apparatus is
a VWR Atomizer 125 ml); in this process, a reservoir of so-

lution is atomized through a nozzle with nitrogen. The noz-
zle was kept 10 cm above the substrate. The substrate was
heated to temperatures ranging from 220 to 440 °C. The so-
Iution was deposited by compressed nitrogen, at a pressure of
0.0344 MPa, and at a rate of 0.5 ml/min. Between bursts of
deposition, the temperature of the heated surface was moni-
tored with a thermocouple and it was found that after a burst
of deposition the temperature could drop by as much as 20 °C.
Therefore, sufficient time (typically around 1-2 min) was al-
lotted to allow the heated surface to return and equilibrate at
the designated temperature. Through the above process films
as thick as 900 nm could be successfully fabricated.

23 Nanorod synthesis

FTO nanorod arrays have also been synthesized
applying the somewhat similar method used by Limmer et
al. [16], who used electrophoretic deposition, and Takahashi
et al., who used capillary-based techniques [29]. An anodic
alumina template (Whatman 200 nm channel diameter) is ad-
hered to a glass substrate and solution is transferred to the
templates and via capillary induction or spray pyrolysis, the
solution permeates the membrane. After the template has ab-
sorbed the solution and the solution has dried, the template
and substrate are transferred to a hotplate at a known tempera-
ture. After several minutes, the templates and substrates are
removed and allowed to cool. This procedure can be repeated
to construct longer nanorods to the extent the template allows.
After cooling, the substrates and templates are transferred to
a bath of 40 wt. % potassium hydroxide (Fisher Scientific)
dissolved in water and allowed to soak overnight. During this
step, the aqueous potassium hydroxide solution chemically
reacts with and removes the albumin oxide template. After the
potassium hydroxide bath, the samples are transferred to a dis-
tilled water bath, allowed to soak for several hours, and are
then dried and ready for examination or characterization.

2.4 Characterization

X-ray diffraction for the thin films and nanorod
samples was performed on a Phillips 1830 diffractometer.
The films and nanorod samples were observed with a JOEL
JSM-7000 scanning electron microscope (SEM). Resistivity
values were measured with a four-point probe digital multi-
meter (Fluke 8842 A Multimeter).

3 Results and discussion
31 FTO thin films

Uniform crack-free films can be readily fabricated
through the intermittent spray pyrolysis of a mixture solu-
tion of tin chloride pentahydrate in ethanol mixed with am-
monium fluoride in water on glass substrate at temperatures
ranging from 220-440 °C. When using a spray pressure of
0.0344 MPa, films up to 70 nm thick can be grown per minute.
Film thicknesses of up to 900 nm have been achieved. XRD
spectroscopy revealed that FTO films grown at 400 °C con-
sist of FTO with only trace amounts of potential impurity.
Figure 1(a) shows an XRD pattern of a thin film deposited
at 400°C; the diffraction peaks can be indexed to SnO,
phase [1, 10, 26]. No appreciable peak shift can be observed,
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FIGURE 1 XRD pattern for FTO: a thin film processed at 440 °C (* peak
may be a result of tin chloride residue), b thin film processed at 220 °C (**
indicates tin chloride), ¢ FTO nanorods in alumina membrane

which is reasonable considering the doping level is relatively
small for this system and the anionic radii are rather simi-
lar (R = 1.32A and Ry = 1.33 A with CN = 6) [12]. Fig-
ure 1(b) shows an XRD of a thin film deposited at 220 °C;
at this temperature, crystalline tin oxide cannot form. This
film resulted in a combination of tin chloride and amorphous
tin oxide. The formation of amorphous tin oxide at low pro-
cessing temperatures has been established in other published
works [30].

Figure 2 displays the optical transmission range for sev-
eral samples; the first two samples were fabricated at low
temperatures (220 °C and 320 °C). Figure 2 also shows the
transmission range for a FTO sample synthesized at 440 °C
via spray pyrolysis. Between 450 and 800 nm the transmis-
sion varies between 75 and 85%, with a peak transmission of
93% around 650 nm. This value is comparable (and in certain
ranges is superior) to literature values [10]. In addition, Fig. 2
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FIGURE 2 Optical transmittance for sample processed at 220 °C, sample
processed at 320 °C, sample processed at 440 °C, and commercial FTO sam-
ple (for reference)
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displays the transmission range for a commercial sample of
FTO (Solaronix TCO22-15) for the purpose of a reference.
Between 450 and 800 nm the transmission varies between 80
and 85% with a peak transmission of 91% near 650 nm. It
is clear that as the processing temperature decreases the op-
tical transmittance of the samples decreases. At the lower
temperature, greater concentrations of impurities are present,
which results in less transparent samples. In addition, grain-
boundary scattering [31] due to the presence of smaller grains
and the presence of voids in the film also decreases the optical
transmittance. As the grain size increases due to higher de-
position temperatures (see Fig. 3), there is notably less grain-
boundary scattering. For the range of wavelengths examined,
the commercial FTO sample has an average transmission of
87%, while the in-house synthesized FTO sample has an aver-
age transmission of 86%.

Figure 3 displays SEM micrographs of the fabricated thin
films. Figure 3a shows the surface morphology of the thin
films deposited at 220 °C. As the figure shows, the film is
comprised of many small uniaxial grains with a grain size
around 70—100 nm. Although the gains do not appear to be
well packed, there are no visible cracks in the film. Figure 3b
displays the surface morphology of a film deposited at 320 °C.
The sample has a grain size of 100-200 nm with a few larger
grains (~ 250 nm) interspersed. Figure 3c shows the surface
morphology of a FTO film deposited at 440 °C. The grain
size is 200-300 nm, which is considerably larger than that
in film grown at 220 °C or 320 °C. Clearly, the grain size in
films increases with the increasing deposition temperature.
Furthermore, the grains in the film deposited at 440 °C have
developed much more well-defined facets than the grains in
the 220 °C film, implying that the 440 °C film possesses much
better crystallinity. This is consistent with the XRD results,
given the signal-to-noise ratio of the respective samples. The
surface roughness also noticeably increases with the increas-
ing deposition temperature, which can be ascribed to the in-
creased crystalline grain size and the better-developed facets.

Figure 4a displays the cross-section of a thin film fabri-
cated at 220 °C. The thickness of this sample is 300—400 nm.
For this low temperature sample, the film is comprised of
small grains; in addition, the grains are not dense due to the
presence of voids. Figure 4b displays the cross-section of
FTO film deposited at 440 °C. The thickness is ~ 900 nm
and is consistent throughout the sample. The cross-section
image also clearly showed that the film is dense, i.e., no
voids. The film in Fig. 4c (a 1.5x digitally magnified image
of Fig. 4a) has a columnar structure (some of the columns are
outlined in black) with the grains smaller near the substrate

FIGURE 3 Film surface morph-
ology for a film processed at 220 °C,
b FTO film processed at 320 °C, and
¢ FTO film processed at 440 °C
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surface and gradually becoming larger towards the surface.
Such columnar structure is observed in films deposited at high
temperatures but not in films grown at low temperatures. At
lower deposition temperatures, there is not sufficient energy
to promote the desired surface diffusion and thus secondary
nucleation occurs, resulting in the formation of small uniaxial-
grained microstructures. However, at higher deposition tem-
peratures, there is sufficient energy to promote surface diffu-
sion and thus no secondary nucleation occurs, leading to the
columnar growth. The increased grain size from the substrate
surface to the film surface can be easily ascribed to evolution
selection growth. Such columnar structured films are often
observed in many systems ranging from copper to aluminum
oxide where they have been deposited via several different
methods [32].

Finally, the film resistivity as a function of thermal depo-
sition temperature (220-440 °C) was tested with a four-point
probe test. Figure 5 displays the resistivity values; as can
be seen, the films are all conductive and as the deposition
temperature increases the resistivity values decrease. This de-
crease is due to the formation of FTO at higher temperatures,
which is not possible at a temperature of 220 °C. These results

FIGURE 4 FTO thin film cross-
section for samples fabricated at
a 220°C and b 440°C. ¢ 440°C
sample digitally magnified 1.5x and
outlined to reveal column structure

X10,000 1pm

are in agreement with the XRD spectrum shown in Fig. 1. The
samples fabricated at 440 °C have the best performance with
a resistivity value of 2.2 x 107* Q cm and a sheet resistance
value of 2.38 Q2 /square for a film ~ 900 nm thick. This is one
of the better-reported values in literature with literature values
ranging from 5.8 x 107 Q cm [1]t02.0 x 10~* Q cm [33] for
FTO fabricated via spray pyrolysis. As the spray pyrolysis
temperature increases, the crystallinity of the thin film also in-
creases (as seen in the figures above). This increase in grain
size allows for superior charge mobility, thereby improving
the electrical performance [12].

3.2 FTO nanorods

Figure 6 displays SEM images of the FTO nano-
rods fabricated at 440 °C. The nanorods varied in size between
~ 160 and ~ 250 nm. The reason for the variation is inconsis-
tencies in pore diameter and shape (and occasionally merged
pores) due to the manufacturing of these templates. Some
of these nanorods display a minimal amount of shrinkage
(around ~ 10%) compared to the original template diameter.
In addition, the nanorods are rather straight and express little
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FIGURE 5 Resistivity and sheet re-
sistivity of FTO films as a function of
spray deposition temperature
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FIGURE 6 SEM micrographs of
FTO nanorods grown in 200nm
alumina template: a low magnifica-
tion field of FTO nanorods b FTO
nanorods in a standing array, ¢ high
magnification image of one nanorod
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to no curvature. The aspect ratio for these nanorods is ~ 250—
300. Figure 6a shows the relatively large arrays of nanorods
that can be fabricated, while Fig. 6b shows a higher magnifi-
cation image of the nanorod array. In this particular image, the
highly ordered nature of the array is evident. Lastly, Fig. 6¢
shows a high magnification image of a broken nanorod. The
nanorods appear to be comprised of many small particles on
the order of 5—-10 nm. They are relatively well packed and, in
general, do not form large voids.

Given the nature and uses of FTO, approximating the re-
sistivity of the FTO nanorods was deemed valuable. A sample
was synthesized in an anodic alumina membrane and pyro-
lized at 440 °C so as to mimic the conditions that result in
high quality thin films. The resulting product is a compos-
ite structure of FTO nanorods within an alumina membrane.
XRD (Fig. 1¢) was performed in order to verify the existence
of FTO that compares to the spectra of FTO thin films (fired
at 440 °C). Next, electrodes were placed on either side of the
membrane with silver adhesive and leads were attached so
that a resistivity test could be conducted. The resistance was
1.5  after removing the resistance that was a result of the
wires and adhesive (this resistance was established by meas-
uring the resistance of just the wires and silver past adhesive
without the membrane). This data was used to calculate an
estimated resistivity for the nanorod samples based upon the
fact that the electrode area is 0.08 cm? and the density of the
nanorods is 10° units/cm?, with the length of the rods equal to
the thickness of the membrane (60 um) and the diameter of the
rods equal to the membrane pore size (140 nm). Based upon
these values, the calculated bulk resistivity for the nanorods is
4% 107" Qcm.

Due to the nature of the test, the results are not likely to be
identical to the thin film measurements. However, such tests
do allow us to verify the conductive nature of the rods as well
as to estimate the general nanorod resistivity. The difference
between values could be the result of several factors. Firstly, it
is clear that not all the nanorods survive the template removal
process. Some rods are broken while others are sheared off en-
tirely. Therefore, broken rods that do not act as a conductive
pathway will result in a higher calculated resistivity than is
actually true. Additionally, it is possible that not all the mem-
brane pores are filled, resulting in a similar error to the one
mentioned previously. Also, as was seen in Fig. 3, the film is
polycrystalline and so it is safe to assume that the nanorods
are also polycrystalline in nature. Thus, grain-boundary scat-
tering may have an impact on nanorod performance.

4 Conclusions

FTO thin film synthesis via spray pyrolysis can
be a cost-effective method for producing high quality films.
Thin films were produced at a wide range of temperatures;
the optimal temperature was 400—440 °C where highly con-
ductive, transparent, and crack-free films could be produced.
Films produced via this technique have resistivities as low as
2 x 10~* Q cm and optical transparencies around 85%. With
the same solution, nanorod arrays of FTO were produced. At

this time, there is no other known publication concerning the
successful fabrication of FTO nanorods. The FTO nanorods
have a resistivity of 4 x 107! Q cm.
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