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The Pr and Ta separately doped FTO (10 at.% F incorporated SnO;) films are fabricated via spray pyrolysis. The mi-
crostructural, topographic, optical, and electrical features of fluorine-doped TO (FTO) films are investigated as functions of
Pr and Ta dopant concentrations. The x-ray diffraction (XRD) measurements reveal that all deposited films show polycrys-
talline tin oxide crystal property. FTO film has (200) preferential orientation, but this orientation changes to (211) direction
with Pr and Ta doping ratio increasing. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) anal-
yses show that all films have uniform and homogenous nanoparticle distributions. Furthermore, morphologies of the films
depend on the ratio between Pr and Ta dopants. From ultraviolet-visible (UV-Vis) spectrophotometer measurements, it is
shown that the transmittance value of FTO film decreases with Pr and Ta doping elements increasing. The band gap value
of FTO film increases only at 1 at.% Ta doping level, it drops off with Pr and Ta doping ratio increasing at other doped FTO
films. The electrical measurements indicate that the sheet resistance value of FTO film initially decreases with Pr and Ta
doping ratio decreasing and then it increases with Pr and Ta doping ratio increasing. The highest value of figure of merit is
obtained for 1 at.% Ta- and Pr-doped FTO film. These results suggest that Pr- and Ta-doped FTO films may be appealing

candidates for TCO applications.
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1. Introduction

The degenerate oxide semiconductors have received great
attention. They have been utilized on a large scale as transpar-
ent conductive oxide (TCO) electrodes in light emitting diodes
(LEDs), solar cells, display devices. [1-3] Among the TCOs, tin
oxide (TO-SnOy) is an n-type wide-band-gap material result-
ing from oxygen vacancies and tin interstitials.!*>! A variety
of studies have been carried out about thin film TO because
of its convenient electrical and optical features.!*! In order
to improve and control characteristic features of TO films, tin
oxide can be doped with foreign elements such as F, Sb, Mo,
Nb, Nd, Pr, Ta, W, and In. Of them, fluorine is the most im-
portant dopant element, because fluorine has caused a very im-
portant healing in electrical and optical features of tin oxide.
The fluorine-doped TO (FTO) has a commercial importance
now, 19 but more studies should be made on FTO films to heal
its properties. The praseodymium and tantalum can exist in
mixed valance states up to 5. The replacement of Sn** ions
by Pro* and Ta>* ions or substituting any ion states of Pr and
Ta in the F-doped SnO, lattice can lead to an improvement in
electrical and optical features of FTO films. In the literature,
there has been no study on Pr and Ta separately doped FTO
films. Therefore, it is essential to make a study on the Pr and
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Ta contribution influence on features of FTO so that transpar-
ent conductor FTO can be more efficient.

FTO, Pr and Ta separately doped FTO thin films can
be prepared by several deposition methods, such as thermal
evaporation,!'!l sputtering,['?! chemical vapor deposition, 3]
spray pyrolysis,['* reactive evaporation,!'>! and the sol-gel
spin coating technique.!'¥ Among these deposition tech-
niques, spray pyrolysis is a useful technique to fabricate thin

[17

films due to its basic and cheap apparatus,'”! easy adding of

contribution atoms, re-growth capability.'®!

Herein, in this investigation, FTO material is doped with
Pr and Ta by spray pyrolysis to change electrical and optical
characteristics of FTO. The deposited films are characterized
by x-ray diffraction (XRD), atomic force microscopy (AFM),
scanning electron microscopy (SEM), Ultroviolet visible (UV-

Vis) spectrophotometer and electrical measurements.

2. Experimental details

Single F, double Pr+ F and Ta + F incorporated SnO,
The 0.7-M
SnCl,-2H,O dissolved in methanol was used as SnO, start-
ing solution. For F, Pr, and Ta doping, NH4F, PrCl3-H, 0O, and
TaCls were separately solved in ultra-pure water and ethanol

samples were deposited via a spray pyrolysis.
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solvents, respectively. These solutions were mixed in essen-
tial quantities to make 10 wt.% F+ 0—4 at.% Pr incorporated
and 10 wt.% F+ 0-4 at.% Ta incorporated solutions. The
prepared solutions were pulverized on the glass substrates at
500(=45) °C. The substrates were cleaned with various alco-
hol and pure water. The other spray parameters like nozzle-
substrate distance, flow rate of air, quantity of solutions were
fixed to be 40 cm, 3 ml/min, 30 ml, respectively. The 10-wt.%
F-doped SnO», 1-at.% Pr, 2-at.% Pr, 3-at.% Pr, 4-at.% Pr, 1-
at.% Ta, 2-at.% Ta, 3-at.% Ta, and 4-at.% Ta-doped SnO;:F
films were named FTO, PFTO-1, PFTO-2, PFTO-3, PFTO-4,
TFTO-1, TFTO-2, TFTO-3, and TFTO-4, respectively.

The micro-structural characterizations of films were done
by a Rigaku/Smart Lab x-ray diffraction (XRD) with CuKo
radiation (4 = 0.154059 nm) operated at 40 kV and 30 mA
at the room temperature. The XRD data were taken in ge-
ometry of coupled 6-26 varying between 20° and 80°. The
topographic characterization was made by an atomic force mi-
croscopy (AFM, which was produced in Nanomagnetics In-
strument) and scanning electron microscopy (SEM, inspect
FEI 50).
four-point probe. The optical features were investigated with

The sheet resistance analysis was done with a

transmittance analysis taken by UV—Vis spectrometer (Perkin-
Elmer, Lambda 35).

3. Result and discussion
3.1. XRD analysis

The crystalline structures of PFTO and TFTO films are
examined by XRD analysis. The SnO, tetragonal cassiterite
structures (JCPDS 41-1445) are observed from XRD graphs
given in Figs. 1 and 2 for PFTO and TFTO films, respectively.
The secondary structure peaks, such as SnO, Sn; O3, SnF,, and
metallic Pr or Ta compounds have not been identified in the
graphs. It could be concluded that doping elements are dis-
persed homogenously in SnO, lattice.[!*!

As seen from XRD patterns, FTO film has (200) prefer-
ential orientation and this orientation changes to (211) plane
for high Pr and Ta doping level content. Preferred orienta-
tion is very important for determining crystal tendencies in
XRD graphs. There are many different causes responsible for
preferred orientations in a plane. Some of them are precur-

[19,20]

sor solution chemistry, incorporation of Sn in the SnO,

structure, [>12%) spray precursor solution molarity,!>*! and sub-

[24] In this work, it is

strate temperature of sprayed SnO;.
shown that the chemical composition of solutions influences
the preferential orientations of the films. These kinds of re-
sults have been observed by Li et al.>! for Pr doping and Lee

et al.'® for Ta doping.
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Fig. 1. (color online) XRD patterns of PFTO.
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Fig. 2. (color online) XRD patterns of TFTO.

In PFTO films, peak intensities increase with Pr dop-
ing ratio increasing. The 1-at.% and 3-at.% Pr-doped FTO
samples have higher intensities than 2-at.% and 4-at.% doped
films. In TFTO films, peak intensities also increase with Ta
doping level increasing and reach a maximum intensity for
2-at.% Ta doping then decrease with Ta content increasing.
The peak intensity of each peak gives information about the
growth of polycrystalline thin films. To obtain information

about growth mechanism, the texture coefficient (TC) is cal-

culated from the following relation: [>6]
Loty /o
TComy = 77w T 77 ey
() (1/N) X1y /o
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where Iy, Ionir). and N are the observed peak intensity, peak
intensity in JCPDS card no: 41-1445, and the reflection num-
ber, respectively. The changes of TC with Pr and Ta doping
ratio are tabulated in Table 1. If a crystal grain is randomly
directed, its TC ;) value is equal to one, but the value of
TC 4is) higher than one indicates that the greater quantity of
crystallites directed at the (hkl) orientation.[?) In this study,
for Pr-doped thin films, the values of TC for (210), (200), and
(301) directions are all greater than one for all samples.

Table 1. TC values of Pr- and Ta-doped FTO samples for different planes.

Samples (110) (101) (200) (210) (211) (220) (301) (112) (310) (202) (321)

FTO 0.14 0.14 2.19 4.08 0.63 0.37 1.35 0.19 0.61 0.57 0.73
PFTO-1 0.15 0.10 2.12 491 0.45 0.37 099 0.20 0.62 0.46 0.64
PFTO-2 0.26 0.15 2.34 337 0.71 047 1.41 0.24 0.68 0.56 0.81
PFTO-3 0.29 0.19 2.16 3.04 0.90 048 1.61 0.22 0.55 0.63 0.94
PFTO-4 0.26 0.14 2.82 3.12 0.55 0.50 1.34 0.22 0.81 0.47 0.77
TFTO-1 0.28 0.27 1.60 3.39 090 0.44 1.40 0.30 0.57 0.81 1.05
TFTO-2 0.25 0.15 2.50 3.29 0.65 0.53 1.35 0.21 0.71 0.59 0.81
TFTO-3 0.34 0.19 2.65 298 0.64 0.59 127 0.21 0.81 0.46 0.86
TFTO-4 0.19 0.19 1.94 3.18 091 0.36 1.59 0.23 0.32 1.35 0.75

FTO film has the highest TC value of (210) and this high-
est TC value does not change for all Pr-doped FTO films. As
FTO is incorporated with 1-at.% Pr, the TC value of (210)
peak reaches a maximum value and TC values of (200) and
(301) start to decrease. For 2-at.% Pr doping level, TC value
of (210) direction decreases and the values for other two peaks
increase. After this doping level, TC values of (210) and (301)
stay nearly constant but TC value of (200) peak reaches a max-
imum value for 4-at.% Pr doping level. Moreover, TC value
of (321) peak increases up to unity for 3-at.% Pr doping con-
tent. All changes for TC values confirm the reorientations in
the PFTO films.

TC values of (210), (200), and (301) peaks are higher than
unity in all samples for Ta-doped FTO, too. The highest TC
values of (210) of FTO film do not change for all Ta-doped
FTO films. For FTO, as contribution level is 1-at.% Ta, TC
values of (210) and (200) peaks decrease but TC value of (301)
stays constant. When contribution level increases until 3-at.%
Ta, TC of (210) continues to decrease. However, TC value
of (200) continues to increase and TC value of (301) remains
constant. For 4-at.% Ta doping, TC quantities of (210) and
(301) increase and TC value of (200) decreases. Furthermore,
TC value of (321) peak increases up to one with 1-at.% Ta
doping content. These changes verify that all TFTO films have
reorientations in their structures. This Kind of result could be
found in Refs. [23] and [27].

Interplanar distance (d) values of the PFTO and TFTO

films are calculated by Bragg’s law:[?8]

nA = 2dsin6. 2)

In this equation, n is a constant generally equal to one, A is the
wavelength of x-ray, and 6 is the diffraction angle. Interplanar
distances given in Table 2 are nearly the same as the standard
d values cited from JCPDS card No:41-1445.

The lattice constants of ‘a =5’ and ‘c’ of the tetragonal
structure are identified by using the following formula: (>°]

2,012 2

where h, k, and [ are Miller indices. The determined a and ¢
values in Table 3 agree with those from JCPDS card No.: 41-
1445 (a = b = 0.47382 nm, ¢ = 0.31871 nm). Lattice param-
eters of doped films are higher than the standard lattice values

for all doped films, but these parameters do not change with
doping contents increasing. The increase in the lattice param-
eter of the film indicates that F, Pr, and Ta elements penetrate
into tin oxide lattice and this case was also observed in earlier
studies. [23-26:30]
The average crystallite size is evaluated for the most strik-
ing peaks with Scherrer relation:[*!]
0.914
- BcosO’
In Eq. (4), D is the crystallite size of nanoparticles, 3 is the full
width at half maximum (FWHM), and 6 is the Bragg’s angle.
The values of D have also been given in Table 3 and these val-

“

ues generally increase with Pr and Ta doping level. Accord-
ing to Table 3, D values are 24.27 nm, 25.18 nm, 25.62 nm,
24.54 nm, and 48.90 nm for FTO, PFTO-1, PFTO-2, PFTO-3,
and PFTO-4, respectively. For TFTO films, these values are
24.31 nm, 25.55 nm, 27.84 nm, and 28.81 nm for TFTO-1,
TFTO-2, TFTO-3, and TFTO-4, respectively. The crystallite
sizes of Pr- and Ta-doped films are all bigger than that of un-
doped FTO. The increasing of crystallite size can be attributed
to the replacement of Sn** ions with Pr and Ta ions. Such
replacements lead to the increases of the crystallite sizes in
PFTO and TFTO thin films.!"”! The crystalline size variations
demonstrate that the Pr and Ta ions have been doped success-
fully into SnO» lattice and Pr and Ta dopants have an effect on
the increment in the crystalline size.[?>)

The geometric mismatchc between film and substrate can
cause stress in film?! and it has a negative effect on struc-
tural feature of material. The dislocation and micro-strain (€)
can result from stresses. The values of dislocation density ()
and micro-strain for sample are determined from the following

expressions: 32331

§=1/D 5)
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= ()lB)-bese].

Dislocation density value of PFTO film does not so change
till 4-at.% Pr doping into FTO, and for 4-at.% Pr doping con-
tent, dislocation density value decreases sharply which can be
attributed to the reorientation of stabler crystal structure.>’]
Dislocation density value of TFTO film decreases slightly with
increasing Ta doping content. The explanation to this case

can also be based on the reorientation of crystal structure.

Micro-strain value of FTO film exhibits a decreasing tendency
from the value of 10.37 x 107* to the value of 9.83 x 107*
in the case of 2-at.% Pr content. Then it increases up to a
value of 10.24 x 10~* for 3-at.% Pr, after it decreases sharply
to 4.03 x 10~* with 4-at.% Pr dopant. For TFTO samples,
micro-strain values continuously decrease from 10.36 x 10~
to 6.8 x 10~* with increasing Ta doping level. These reduc-
tions also attributed to the fact that Pr and Ta elements pene-

trate into SnO, lattice.[?]

Table 2. Calculated and standard d values of Pr- and Ta-doped FTO samples for different planes.

Samples (110) (101) (200) (210) (211) (220) (310) (112) (301) (202) (321)
Standard d/A 3347 2643 2369 2.118 1.764 1.675 1498 1439 1414 1322 1215
FTO 3477 2791 2525 2273 1975 1897 1.758 1.712 1.693 1.634 1.577
PFTO-1 3475 2789 2526 2272 1973 1897 1757 1.712 1.696 1.636 1.577
PFTO-2 3470 2785 2526 2271 1974 1897 1757 1.712 1.696 1.633 1.577
PFTO-3 3470 2788 2523 2294 1974 1897 1.757 1.714 1.696 1.636 1.577
PFTO-4 3468 2789 2519 2283 1971 1897 1.754 1.712 1.692 1.633 1.576
TFTO-1 3485 2791 2531 2294 1974 1896 1.756 1.714 1.696 1.636 1.578
TFTO-2 3483 2792 2527 2274 1976 1896 1.757 1.712 1.693 1.634 1.577
TFTO-3 3473 2788 2527 2286 1976 1899 1.757 1.712 1.697 1.633 1.578
TFTO-4 3478 2788 2526 2274 1974 1899 1.757 1.714 1.694 1.633 1.576
Table 3. Some parameters of Pr- and Ta-doped FTO films for preferred orientations.
Samples  Preferred orientation  6/(°) d/A  FWHM/(°) D/nm §/(10' lines/m?) a*/A c¢*/A ¢/107*
FTO (200) 37.74  2.525 0.414 24.27 16.98 5.050 3.349  10.37
PFTO-1 (200) 37.72 2526 0.399 25.18 15.78 5.052 3345  10.00
PFTO-2 (200) 37.72 2526 0.392 25.62 15.23 5.052  3.338 9.83
PFTO-3 (200) 37.84 2523 0.410 24.54 16.61 5.046 3345 10.24
PFTO-4 211) 51.50 1971 0.261 48.90 4.18 5.038 3349  4.03
TFTO-1 (200) 37.70 2531 0.413 2431 16.92 5.062 3345 10.36
TFTO-2 (200) 3770 2527 0.393 25.55 15.32 5.054 3.350 9.86
TFTO-3 (211) 5146 1976 0.458 27,84 12.90 5.054 3.343 7.08
TFTO-4 211) 51.50 1.974 0.443 28.81 12.05 5.052  3.343 6.83

3.2. AFM analysis

The effects of Pr and Ta doping on morphological struc-
ture of spray deposited FTO thin film are investigated by AFM
analysis.

The two-dimensional (2D) AFM images of Pr- and Ta-
doped FTO films are given in Fig. 3. When AFM images are
analyzed in terms of granule gratitude, it is clearly seen that
the smallest granule size is in FTO film, whereas the highest
granule size is observed from PFTO-1 film. However, it is the
evidence that the surfaces of all the samples in the series are
granulized and the morphological structures are homogenous.
Ta-doped film has bigger grain sizes than FTO film. In the Ta-
doped films, surfaces of all the samples are granulized and the
morphological structures are also homogenous. Granule sizes
increase nearly with increasing up to 2-at.% Ta doping level

then decrease.

The three-dimensional (3D) AFM images of Pr- and Ta-
doped films are shown in Fig. 4. In these films, the smallest
granule sizes are observed also in the FTO film. In conclusion,
it can be said that Pr and Ta elements have been incorporated

into FTO structure.[?]

3.3. SEM analysis

The topographic characterizations for films are also made
by SEM images. The SEM images (in Fig. 5 for Pr- and
Ta-doped films) indicate that the films are composed of sub-
micron particles. These particles are well-defined dense
small needle-shaped and pyramidal-shaped. They nearly ho-
mogenously dispersed on glass substrate surface. A similar
nanoparticle structure was also observed in Ref. [34]. The
pyramidal and dense small particles probably belong to (211)
and (200) peaks.
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Fig. 3. (color online) The 2D AFM images of Pr- and Ta-doped FTO thin films.
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Fig. 4. (color online) The 3D AFM images of Pr- and Ta-doped FTO thin films.
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Fig. 5. SEM images of Pr- and Ta-doped FTO films.

3.4. Electrical characterization

The electrical features of films are investigated with the
four-point probe technique. The sheet resistance (Rs) values
of the PFTO and TFTO films are shown in Table 4. The sheet
resistance of FTO film is 2.51 /0 and it initially decreases
to the value of 1.63 Q/0 in the case of 1-at.% Pr doping. The
higher Pr contribution level causes the increase in sheet resis-
tance. For Ta-doped FTO samples, R first decreases to the
values of 1.70 Q/0O and 1.27 Q/0J at 1-at.% and 2-at.% Ta
doping levels, respectively, then they increase to the values of
1.96 /0 and 2.29 Q/0J at 3-at.% and 4-at.% Ta doping lev-
els respectively. The decreasing of sheet resistance can clarify
that (i) Pr and Ta elements can exist in various oxidation states
up to 5723351 and if their 5+ oxidation states are substituted
by Sn*t ions, there will be an increment in free carrier concen-
tration and sheet resistance will decrease; (ii) Pr and Ta ions
can be replaced at interstitial lattice positions and they give
free electrons to SnO;:F lattice. An increase in sheet resis-

tance of FTO can result from substituting low valance states
of Pr and Ta atoms with Sn** and structural imperfections. 3!
For Ta-doped SnO,, Nakao et al. found that low Ta doping
ratio induces the decrease in resistivity of tin oxide and then
high Ta content leads to an increase in resistivity.[**! In studies
of Sb,37-381 E 22 and doubly doping,3?*! it was also found

that sheet resistance sharply decreases to nearly one.

Table 4. Electrical and optical values for samples.

Sheet
Samples resistance Ey/eV E,/meV oy/1072 ¢/(Q/0)~! (IR-R)/%
Ry/(Q/0)

FTO 251 3.92 586 441 3.67x1072 97.38
PFTO-1 1.63 3.88 765 338 1.60x 1072  98.29
PFTO-2 2.44 3.69 1231 210  1.46x 1073 9745
PFTO-3 3.01 3.64 1286 201 1.08x1073 96.87
PFTO-4  3.66 3.57 1360 190 548x107* 96.22
TFTO-1  1.70 398 668 3.87 1.75x1072  98.22
TFTO-2 1.27 3.81 748 346  9.08x1073  98.66
TFTO-3 1.96 376 1320 196 1.07x1073  97.95
TFTO-4 229 335 1836 141  1.46x107°  97.61
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3.5. Optical measurements

The variations of optical transmittance with wavelength
for various PFTO and TFTO films are shown in Figs. 6 and 7,
respectively. PFTO films have 60%—-90% transmittance, and
TFTO films have 40%-90% transmittance on the visible re-
gion. The FTO film has the highest optical transmittance in all
films, and all the optical transmittances decrease with Pr and
Ta contribution content increasings.
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Fig. 6. (color online) Variations of transmittance with wavelength of
different PFTO films.
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Fig. 7. (color online) Variations of transmittance with wavelength of
different TFTO films.

Band gap values of PFTO and TFTO films can be found
from transmittance values. The coefficient of absorption ()

is found from the following equation:['8]

o =In(1/T)/t. 7

Then (athv)? versus i curves are plotted by using the follow-

ing equation: (40!

ahv=A(hv — Ey)"?. (8)

In Egs. (7) and (8), ¢ is the film thickness, A is a constant,
and n = 1. The films prepared in the present study have di-
rect allowed transitions. The curves of (ahv)? versus hv are

plotted in Figs. 8 and 9 for PFTO and TFTO films, respec-
tively. The band gap values for samples are also shown in
Table 4. The band gap value of FTO film continuously de-
creases from 3.92 eV to 3.57 eV with increasing Pr incorpora-
tion ratio, however 1-at.% Ta doping gives rise to an increase
in optical band gap value of FTO and then it causes continuous
decrease in E; value. The highest band gap value is observed
to be 3.98 eV at 1-at.% Ta doping level, another values grad-
ually decrease. This fluctuation could be based on an increase
of carrier concentration in the beginning, but a decrease in car-
rier concentration is responsible for the dropping of band gap
values. 4]

This band gap increasing could be expressed as follows;
SnO; is a degenerate semiconductor and its Fermi energy
level is inside the conduction band.*?! The band gap of SnO,
is based on the excitation of the electrons from the valance
band to Fermi level!”! and an increase in carrier concentra-
tion causes Fermi level to increase and optical band gap to
broaden. This is known as Moss—Burstein effect.[*3] Accord-
ing to the sheet resistance values, it would be expected that
1-at.% Pr and 2-at.% Ta doping cause Eq values of FTO films
to increase. But, the re-orientation effect, which can be clearly
seen from XRD analysis, could lead to a shift of E, to lower

energy and a red shift of the transmittance. >3]
2-00 T T T T
B FTO  E,=3.92¢V
. 171 @ PFTO-1 E,=388cV
= 150] A PFTO-2 E,=3.69 eV
< V¥ PFTO-3 E,=3.64eV
% 1251 € PFTO4 E,=3.57eV
S 1.001
o]
—
> 0.751
N
S 0.50

hv/eV

Fig. 8. (color online) Band gap energy graphs of PFTO films.
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Fig. 9. (color online) Band gap energy graphs of TFTO films.
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The localized states around E; may cause band tails. The
absorption edge is known to be the Urbach tail. The energy of
Urbach (E,) is based on possible defects. E, is given in the

hv —Ey

u

following relation: [34]

oc:ocoexp(

If logarithm of Eq. (9) is performed, the following equation
can be found:

ant:EEi <ln((xo)-|—EO). (10)

u EU
In these equations, Ey and o are constants. The values of E,
for samples are determined from the slopes of In & versus hv
graphs (Fig. 10) by using E,~' = A(Ina)/A(hv). The deter-
mined E, values are given in Table 4. The E, value of FTO
film continuously increases from 586 meV to the values of
761 meV, 1231 meV, 1286 meV, and 1360 meV for PFTO-1,
PFTO-2, PFTO-3, and PFTO-4, respectively. Similarly, for
Ta-doped samples, they increase up to the values of 668 meV,
748 meV, 1320 meV, and 1836 meV for TFTO-1, TFTO-2
TFTO-3, TFTO-4, respectively. The E, is based on structural
defects and an increase in the number of defects causes an in-
crease in E,.*Y But, for this study, there are discrepancies
between structural defects and Urbach energy values. These
discrepancies can be attributed to the preferred orientations of
the films which are effective to determine dislocation densities
and structural defects, and other orientations are also effective

to dope an element into the structure, sometimes. The discrep-
ancies of this kind could be seen in Refs. [34] and [45]. The
optical band gap values change reversely with E, values. The
broadening of Urbach tail causes the optical band gap of SnO,
to decrease due to transitions from band to tail and from tail to
tail. [40]

Steepness parameter (Oy) is temperature-dependent and
it characterizes the widening of the absorption edge because
of electron—phonon or exciton—phonon interactions.!*®! The
steepness (Oy) parameter of the film at 7 = 300 K is calcu-
lated from the following equation:

0y = KT /Ey. 11)
Here, K3 is the Boltzmann constant and 7T is temperature. The
steepness value of the sample decreases with adding Pr and
Ta dopant into FTO (Table 4). Absorption edge of the film
narrows with increasing dopant ratio.*”]

In order to evaluate the efficiency of SnO; for being uti-
lized as a front contact material, the figure of merit parameter
is obtained by Turgut et al.!3?! as follows:

o =T"/R,. (12)

The figure of merit values for samples are evaluated to be
550 nm. The determined values are given in Table 4. Fig-
ure of merit values of PFTO and TFTO films decrease with
increasing doping ratios of Pr and Ta dopants.

9851 ¢ FTO 9.86] ® PFTO-1 10.04] ® PFTO-2
9.80 |— linear fit ]— linear fit ]— linear fit
§ 9.75 E 9.82: @10.00:
£ 970 £ 9.78 £ 9.96;
9.65 9.74 1 9.92 4
9.60 : T : T T T 9.70 +— T T T T T T 9.88 T T T T T
3.80 3.84 3.88 3.92 3.78 3.82 3.86 3.90 3.60 3.65 3.70 3.75 3.80
hv/eV hv/eV hv/eV
10.021 o PFTO-3 10.04] ® PFTO-4 9.90{ ¢ TFTO-1
10.00 {— linear fit 1]— linear fit 9.85|— linear fit
3 9.98 210.00] < 9.80-
! g !
E 9.96 = = 9.751
9.94 9.96 4
9.70 4
9.92
9.92 +—+—"—F—————— 9.65 —7——"————T—————
3.54 3.58 3.62 3.66 3.70 3.44 3.48 3.52 3.56 3.60 3.84 3.88 3.92 3.96 4.00
hv/eV hv/eV hv/eV
10.15
) e TFTO-2 10.041 ¢ TFTO-3 10.211 @ TFTO-4
0-101__ linear fit 10.02 ] — linear fit 10,90 ] — linear fit
§10.05 @10.00- E 1
10.19
£10.00 = 9.98 =
’ 10.181
9.95 9.96 1
10.17 1
9.90 9.94
3.74 3.78 3.82 3.86 3.90 3.60 3.64 3.68 3.72 3.32 3.34 3.36 3.38 3.40
hv/eV hv/eV hv/eV

Fig. 10. (color online) Plots of In(a) versus 4v of PFTO and TFTO films.
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The infrared (IR) reflectivity value of the film is given by
relation: 48]

R = (1+2&coRs) %, (13)

where gco = 1/376 Q~!. None of the IR values for FTO,
Pr-doped, and Ta-doped FTO films are so changed for differ-
ent doping ratios (Table 4). All IR reflectivity values are so
high for IR reflective coating materials which could be used

for heating mirrors.

4. Conclusions

The PFTO and TFTO thin films are fabricated on glass
substrates via spray pyrolysis. The XRD measurements indi-
cate that all films are polycrystalline in nature with tetragonal
structure. The AFM and SEM images show that all films are
uniform and homogenous. The transmittance values of FTO
film decrease with Pr and Ta doping content increasing. Band
gap values decrease nearly with increasing the doping ratio for
PFTO and TFTO films. The lowest sheet resistance values are
obtained for 1-at.% Pr and 2-at.% Ta content. Although the
figure-of-merit values continuously decrease with increasing
Pr and Ta contribution ratio, IR reflectivity values initially in-
crease at low Pr and Ta level and then it starts to drop off at
high contribution content. The results in the present investi-
gation suggest that PFTO and TFTO films can be good candi-
dates for different optoelectronic applications.
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