Vol. 131 (2017)

ACTA PHYSICA POLONICA A

No. 2

Structural and Electrical Properties of SnOs:F Thin Films
Prepared by Chemical Vapor Deposition Method

N. NAJAFI AND S.M. ROzATI
CVD Laboratory, Physics Department, University of Guilan, 41938-33697 Rasht, Iran

(Received August 10, 2015; in final form January 22, 2017)

Fluorine doped tin oxide (FTO) thin films were deposited onto glass substrate at different substrate tempera-
tures by a simple and inexpensive method of air pressure chemical vapor deposition. The substrate temperature
was kept constant at about 500°C as the optimum temperature, and air was used as both a carrier gas and the
oxidizing agent. A very simple method of characterization were carried on to investigate the electrical and structu-
ral properties of the prepared thin films. The electrical parameters variations showed that these parameters vary
with substrate temperature ranging from an insulator thin film to a highly conductive layer. X-ray diffraction also
revealed the structure to be polycrystalline at higher temperatures compared to amorphous structure for lower

temperatures.
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1. Introduction

The growing of optoelectronic applications such as so-
lar cells, electrochromic devices or flat panels causes a
demand for transparent conductive oxides (T'COs) [1-
5]. Non-stoichiometric and doped films of oxides of cad-
mium, tin, zinc, indium, and their various alloys, which
are deposited by various techniques, show high transmit-
tance in the visible optical range, high reflectance in the
IR region, and very high conductivity. Based on these
fantastic properties, some of the TCOs applications in-
clude transparent electrodes in solar cells [6], light emit-
ting diodes [7], liquid crystal displays [8], heat mirrors [9],
dye-synthesized solar cells [10], wave guide electron de-
vices [11], thick-film sensors [12], organic light emitting
diodes [13], flat panel displays [14] and so on. TCOs
are generally manufactured as undoped and doped form
of indium oxide (IngOg3), tin oxide (SnO3), zinc oxide
(ZnO) and cadmium oxide (CdO) which show high visi-
ble transmittance, high electrical conductivity, and high
near IR reflectivity which is applicable in energy conser-
ving [15]. Tin oxide thin films are well-known for their
economical production and stability towards atmospheric
conditions [16]. Traditionally, tin oxide is doped to im-
prove its expected properties by some dopants such as in-
dium [17, 18], antimony [19], palladium [20], cobalt [21]
and fluorine. Depositing fluorine doped tin oxide thin
films is usually done by spray pyrolysis [22], sputtering
[23], sol-gel [24], and chemical vapor deposition (CVD),
which in turn includes different variations such as low
pressure CVD [25], plasma enhanced CVD [26], and at-
mospheric pressure chemical vapor deposition (AP-CVD)
which is very productive and economic [27, 28§].

2. Experimental techniques

The glass substrates were degreased using water and
bleach, then rinsed in deionized water. These glasses
are cleaned ultrasonically in an acetone/ethanol mixture,
then rinsed again in deionized water. The cleaned glass

substrates are then placed in a tubular furnace. To avoid
the oxidation of the glass substrate surface during heating
the substrate, nitrogen flow is used to clean the tubular
furnace before introducing the source materials.

Deposition was carried out in a previously adapted
home-made air pressure chemical vapor deposition by our
colleagues in another work [29], schematically shown in
Fig. 1. It contains a horizontal tubular furnace which
has a diameter of 8 cm and about 100 cm long. The
properties of films depend on various parameters such as
ventilation flow rate, amount of evaporating precursors,
deposition time and substrate temperature. The sam-
ples were grown at different substrate temperatures from
325°C to 600°C and constant SnCly mass for 5 min.
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Fig. 1. Air pressure chemical vapor deposition [13].

0.1 g of SnCl, powder was added to different amounts
of NaF (ranging 2-30 wt%) as the precursor. The lay-
ers structures were studied by X-ray diffraction (XRD)
using an X-ray diffractometer with 1.54060 A Cu K, ray
(PHILIPS PW 1840 apparatus). The optical properties
are studied with a UV-visible spectrophotometer (Cary
100 Scan Varian) in the wavelength range of 250-800 mm
at room temperature. We define the sheet resistance R,
as follows: Ry is related to the resistivity by

p(t) 1
Bon==7= o(t)t’
The dependence of o on the film thickness ¢ is implicit,
through stoichiometric and microstructural changes with
changes in film thickness. The average transmittance of

an unsupported film at any wavelength is given by

(2.1)

(222)
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T)\ = (1 - fz/\)2 exp(—a)\t)7 (22)
where Ry is the reflection coefficient and « is the ab-
sorption coefficient which in the visible region is primarily
due to free carriers [30].

TABLE I

Variations in the figure of merit with different tempera-

tures Ts for A = 550 nm

Ts [°C) T %] Rsn, [Q/0] Oy =T"/Ry,
325 88.18 34 x 10° 0.9 x107°
350 83.67 35 x 103 4.8 x 1076
450 64.81 97 1.35 x 1074
500 54.42 14 1.63 x 1074
600 65.18 62 2.23 x 1074

Haacke made a great contribution and defined a useful
figure of merit,
TlO
Rsh ’
where T is the transmittance at A = 550 nm and Ry, is
the sheet resistance. ®;,; value was supposed to directly
reflect the performance of the TCO applications [31]
(Table I).

Dy = (2.3)

3. Results and discussions

The sheet resistance was found to decrease with increa-
sing the substrate temperature to a minimum of 14 Q/o
at Ty = 500°C (Table I). Wang et al. minimum sheet
resistance for FTO layers using APCVD is in the range
of 8-11 /o [32]. The obtained Ry, values are less than
a few reported for these films which are 38 /o [33, 34],
136 /o [35], and 30 /o [36]. Also, our work is con-
sidered unique in terms of the deposition timing, only
5 min. Shadia et al. explain that in the beginning the
resistivity decreases due to the growth of grain size but
when the crystal growth is complete no further incre-
ase in grain size occurs, from this point on, by increa-
sing the substrate temperature, the removal of chlorine
that was incorporated as SnCly and improvement of stoi-
chiometry results in an increase in the resistivity [37].
Tahi et al. also explain that the absorption of oxygen
at the films surface and an increase in SiOy thickness
at interface SnOy/Si at very high temperatures causes
the sheet resistance to increase [35]. The conductivity
of non-stoichiometric tin oxide films is influenced by the
presence of doubly ionized vacancies serving as donors.
When fluorine is incorporated in tin oxide films, each F~
anion substitutes an O%~ anion in the lattice and the sub-
stituted O?~ anion introduces more free electrons. This
is probably resulting in an increase in free electrons and
decreases the value of Rgp. At higher doping concentrati-
ons the sheet resistance increases which is probably sug-
gesting that the excess F atoms do not occupy the proper
lattice positions, and at the same time may increase the
structural disorder [16, 38]. Compared to other dopants
such as antimony, the minimum sheet resistance of 8 /o
for a 3% doping has achieved [19]. Antimonium tin oxide

(ATO SnO,:Sb) was also deposited using atomic layer
epitaxy and the optimum resistivity of ~ 1073 Qcm [39],
comparable to our results which is 1.75x 1073 Qcm (sheet
resistance = 149 /o).

Figure 2 shows the X-ray diffraction patterns of
SnOs:F thin films deposited by the CVD technique at dif-
ferent substrate temperatures. When the substrate tem-
perature during deposition is low (less than 350 °C), the
resultant SnOs:F films exhibit an amorphous structure.
Increasing substrate temperature causes the FTO thin
films to exhibit a strong orientation along (200). There
is no feature of fluoride in the patterns of FTO films,
providing the experimental evidence of the incorporation
of fluorine into the SnO4 lattice. The films deposited at
about Ty > 450°C present a polycrystalline structure.
The narrowing of the lines of crystal growth at the hig-
her substrate temperature means that the grain size had
increased [37]. At temperatures higher than 500 °C, the
crystalline changes because of the Si interference from the
substrate into our thin film and we can see new orienta-
tions at 600 °C. Figure 3 shows the X-ray diffraction pat-
terns of SnOy:F thin films deposited by the CVD techni-
que with different fluorine weight percents. Only with
5 wt% of the fluorine dopant, we could find the (200)
orientation and as we move towards higher dopant con-
centrations, the film structure shows a more amorphous
thin film.
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Fig. 2. X-ray diffraction spectra of SnOz:F thin films
at different substrate temperatures (325, 350, 450, 500,
and 600 °C) for 5 min.

The values of thickness were determined using
Eq. (3.1):

d = )\1)\2/2()\171 ()\2) — )\gn (/\1)), (31)
where n(A1) and n(A2) are the refractive indices corre-
sponding to the wavelengths A\; and Ay, respectively [40].

Based on the calculations, the amount of used precur-
sor powder is almost in direct proportion with the film
thickness as expected. The measured thickness for 0.1,
0.2, 0.3, 0.4, and 0.5 were 800, 1600, 2400, 3200, and
4000 nm, respectively. We considered 800 nm thickness
produced using 0.1 g of the powder mixture as the best
thickness for the rest of this work and kept it constant.
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Fig. 3. X-ray diffraction spectra of SnOg:F thin films
with different fluorine wt% (2, 5, 10, 20, and 30) for
5 min.

By increasing the film thickness, we get a better sheet
resistance but the transparency sacrificed (Fig. 2). De-
pending on the application, one may utilize a thicker
layer with a one digit sheet resistance or a thin layer with
high transparency. As an electrode, we may use a thick
layer (> 2 pm) for higher conductivity and for higher
transparency one may use thinner layers (< 1 pym). We
considered Tx = 500 °C as the best substrate temperature
for the rest of this work.

Figure 4 shows the transmittance and sheet resistance
with different thin film thickness. By increasing the
thickness, electrical resistance and transparency decre-
ase. The transparency reduction could be attributed to
the absorption via states within the gap [13]. Layers show
bulk state properties in higher amounts of the powder
mixture in a way that we see 54.42% and 16.5% trans-
mittance (A = 550 nm) for the thinnest and the thickest
films, respectively. Therefore, the decreasing transmit-
tance was mainly due to the increasing thickness of FTO
films [41].
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Fig. 4. Transparency and sheet resistance variations

with different thin film thicknesses.

Figure 5 shows the optical transmittance of SnOq:F
thin films (800 nm thickness) with different substrate
temperatures. Optical transmittance measurements of
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Fig. 5. Optical transmittance of SnO2:F (800 nm

thickness) thin films with different substrate tempera-
tures (320, 350, 450, 500, and 600 °C).
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Fig. 6. Transparency vs. temperature of SnOaz:F
(800 nm thickness) in A = 550 nm.

SnOs:F shows that in the temperature range of 325 °C to
600 °C, with increasing substrate temperature, transmit-
tance decreases up to around 500 °C. This can be explai-
ned by carrier concentration increase and so increase of
absorbance and transmission decrease. Also, it can be re-
lated to the polycrystalline structure of tin oxide film at
temperatures up to 500°C. As we increase the substrate
temperature, transmittance improves and at 600°C we
reach to a maximum of 65.18% with all the other pa-
rameters kept constant. Fluorine doped tin-oxide was
found to be governed by its free electron properties in
the infrared while it exhibits the features of a wide band
gap semiconductor in the UV and lower part of the visi-
ble [42]. Figure 6 shows the variations of transparency in
different temperatures for a 800 nm thickness FTO film.

4. Conclusions

XRD measurements indicated that the SnOs:F films
were preferentially oriented along (200) for temperatures
T, > 500°C, which means the crystal growth was en-
hanced and the grain size had increased. The best films
sprayed at 500°C with lowest sheet resistance 14 Q/o.
The maximum transparency of 88.18% (at wavelength of
550 nm) is observed when substrate temperature is kept
at 325°C. Our best sample was the one with 54.42%
transparency and 14 Q/o of resistance, simultaneously.
We can conclude that the substrate temperature is an
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effective parameter on the properties of FTO thin lay-
ers. In this paper, thin films of fluorine doped tin ox-
ide prepared on glass substrates by the simple technique
of APCVD. The variation of sheet resistance, resistivity,
carrier concentration and mobility with temperature were
investigated. The results indicate that the best resisti-
vity can be achieved at substrate temperature of 500 °C.
XRD analysis revealed that SnOs deposited at 400 °C are
mainly amorphous whereas films deposited at the sub-
strate temperature of above 450 °C have fine polycrystal-
line with the tetragonal rutile structure. Investigation
of temperature effects on optical transmittance also re-
vealed a reduction of transmittance and bandgap with
increasing temperature.
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