International Journal of Trend in Scientific Research and Development (ILJTSRD)
Volume 9 Issue 1, Jan-Feb 2025 Available Online: www.ijtsrd.com e-ISSN: 2456 — 6470

L 4

Characterization of the TCO Layer on a Glass Surface
for Photovoltaic different Generation Applications

Sneha Bharti!, Umakant Prasad?

'Research Scholar, University Department of Physics, T.M.B.U. Bhagalpur, Bihar, India
?Retd. Associate Professor, Department of Physics, T.N.B. College Bhagalpur, Bihar, India

ABSTRACT

In the dynamic field of photovoltaic technology, the search for
efficiency and sustainability has led to continuous innovation, which
has shaped the landscape of solar energy solutions. One of the key
elements affecting the efficiency of second and third generation
photovoltaic cells is the presence of transparent conductive oxide
(TCO) layers, which are key elements affecting the efficiency and
durability of solar panels, especially for DSSC, CdTe, CIGS (copper
indium gallium diselenide) or organic, perovskite and quantum dots.
TCO with low electrical resistance, high mobility and high
transmittance in the VIS-NIR region is particularly important in
DSSC, CIGS and CdTe solar cells, serving as a window and electron
transport layer. This layer must form an ohmic contact with adjacent
layers, usually a buffer layer (such as CdS or ZnS), to ensure efficient
charge collection. In addition it ensures protection against oxidation
and moisture, which is particularly important when transporting the
active cell structure to further process steps such as lamination, which
ensures the final seal. Transparent conductive oxide layers, which
typically include options such as indium tin oxide (ITO) or fluorine-
doped tin oxide (FTO), serve a dual purpose in photovoltaic
applications. Mainly located as the topmost layer of solar cells, TCOs
play a key role in transmitting sunlight while facilitating the efficient
collection and transport of generated electrical charges. As the global
demand for clean energy grows and the photovoltaic industry
develops rapidly, understanding the differential contribution of TCO
layers becomes particularly important, especially in the context of
using PV modules as building-integrated elements (BIPV). The use
of transparent or semi-transparent modules allows the use of building
glazing, including windows and skylights. In addition, given the
dominant position of the Asian market in the production of silicon-
based cells and modules, the European market is intensifying work
aimed at finding a competitive PV technology. In this context, thin-
film, organic modules could prove to be competitive. To this end, in
this work, we focused on the electrical parameters of two different
thicknesses of a transparent FTO layer. First, the influence of the
FTO layer thickness on transmittance over a wide range was verified.
Next, the chemical composition was determined, and key electrical
parameters, including carrier mobility, resistivity, and Hall
coefficient, were quantified.

1. INTRODUCTION

The use of renewable energy sources is becoming a
social norm today. The most popular alternative
energy sources include hydropower, biofuels, solar
energy, wind power, biomass, and geothermal energy.
Among these, solar energy is the most reliable, least
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expensive, and easiest to use [1]. Various types of
solar cells have been developed, including crystalline
silicon cells (c-Si), amorphous silicon cells (a-Si),
dye-sensitized solar cells (DSSCs), hybrid solar cells
[2-4], nanocrystalline solar cells, multijunction SCs,

@ IJTSRD | Unique Paper ID —IJTSRD76188 | Volume-9 | Issue—1 | Jan-Feb 2025

Page 1090



International Journal of Trend in Scientific Research and Development @ www.ijtsrd.com eISSN: 2456-6470

perovskite SCs, organic SCs, photoelectrochemical
cells (PECs), plasmonic SCs, quantum dot SCs
(QDSCs), multilayer SCs with gradient band gaps,
and semiconductor SCs [5,6]. The physical basis and
photovoltaic capabilities of nanowire-IBSCs based on
dilute III-V nitride compounds are discussed: these
photovoltaic devices promise to overcome many of
the limitations encountered to date in the practical
implementation of IBSCs based on QD III-V or III-
planar NV heterostructures [7]. Organic SCs are
increasingly being recognized due to their intrinsic
properties, such as light weight, mechanical flexibility
and transparency, as well as low production costs.
The cSi-based SC cell showed a high efficiency of
27.3% (LONG:i ) for the heterojunction back-contact
(HBC) architecture, improving the previous world
record of 27.09%, also set by LONGi at the end of
last year [8]. It is worth noting that the presented
HBC architecture reduces the dependence on
conventional indium-based transparent conductive
oxide (ITO). In this context, the research on thin, low-
resistance and high-quality FTO layers presented in
this work is important. It is well known that an
effective way to ensure low reflectance for
heterojunction cells is the deposition of transparent
conductive oxide (TCO) layers on c-Si substrate [9].

All optically transparent and electrically conductive
oxides (TCOs) are binary or ternary compounds
containing one or two metallic elements. Their
resistivity can be as low as 10—4 €, and their
extinction coefficient k in the optical visible range
(VIS) can be less than 0.0001 due to their wide
optical band gap (Eg), which can be larger than 3 eV.
This combination of conductivity and transparency is
usually impossible in intrinsic stoichiometric oxides.
It is achieved by producing them with
nonstoichiometric state or by introducing suitable
blends [9,10]. The potential and actual application of
TOC thin films is in transparent electrodes for
photovoltaic cells [11]. Indium tin oxide (ITO) is
currently the best TCO electrode material because it
has very high transmission (>80%), high conductivity
(104 Q'em™t), low refractive index, low light
absorption, high strength and stability [12]. Some of
the most commonly used semiconductor TCO
materials for photovoltaic applications are oxide-
doped materials, such as indium-doped tin oxide
(ITO), Al-doped zinc oxide (AZO), F-doped tin oxide
(FTO), boron-doped zinc oxide and zinc doped with
Ga (GZO) [13-15]. In this section, some of their
important parameters will be re-introduced. described
the deposition of ZnO:Al thin films by DC sputtering
on AlOs3 (sapphire) oriented monocrystalline
substrate (00.1) at high temperature (>350 °C), using
a low-cost and ultra-high density composite ceramic

target produced by pressureless (non-pressure)
casting of ZnO-Al203 (AZO) powder [16]. Thin films
of amorphous indium-zinc oxide (IZO) were prepared
on glass substrate by direct current magnetron
sputtering at room temperature [17]. In the paper, the
results show that Al-doped SnO: has a p-type
conductivity characteristic and its band gap is reduced
compared with undoped SnO», and the accompanying
oxygen vacancies can introduce localized gap states
below the conductivity band and lead to a change in
the conductivity character from p-type to n-type in
Al-doped SnO> [18]. The thermal and chemical
instability and low surface energy of ITO limit its
widespread use [19,20]. The disadvantage of using
ITO is the scarcity of indium resources, which is
expected to soon increase market prices and reduce
ITO supply [21,22]. The brittleness of ITO foil
severely limits its use in flexible applications [23,24].
In TCO, the performance of alumina zinc oxide
(AZO) is considered to be comparable to ITO and
FTO, with other advantages [25], such as low
toxicity, low cost, and simple production methods.
However, grain boundaries and electron scattering
have reduced the mobility of TCO carriers, resulting
in an impact on the performance of these materials
[26]. One of the main disadvantages of TCO glasses
is that they are brittle, cannot withstand high
temperatures, and are not suitable for all pH levels
[27].

ZnO is of great interest in large-area optoelectronic
devices, such as transparent conductive oxides
(TCOs), due to its good optical properties. Jung et al.
(2019) deposited thin films of quaternary ZnO on
soda-lime glass substrates using Mg and group III
elements such as Al, Ga, and In to improve optical
and electrical properties [28]. However, many studies
have been conducted to improve the properties of
ZnO by co-doping it with various elements. ZnO
doped with group III elements is a good alternative to
ITO as it shows good optical transparency in the
visible wavelength range and higher conductivity than
ITO [29]. In particular, both electrical and optical
properties of TCO can be improved by double doping
with Mg and group III elements such as Ga, Al and
In. Tian et al investigated thin films of ZnO doped
with Mg and Ga (MGZO) and observed a wide
optical bandgap energy of 3.66 eV and low resistivity
of 6.27 x 10* Q [30]. ZnO films doped with Al are a
good alternative to ITO due to their superior electro-
optical properties [31]. In the study of Saarenpaa et
al, Al-doped ZnO films showed better photocatalytic
performance than undoped ZnO films [32]. Pure ZnO
and Ce-doped ZnO nanoparticles were synthesized by
sol-gel coprecipitation method to investigate the
temperature-dependent photoluminescence properties
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of Ce-doped ZnO nanoparticles. Kumawat et al.
analyzed the importance of microstrain in affecting
the band gap and photoluminescence (PL) intensity of
ZnO thin films [33] doped with Ce on spin-deposited
glass substrates using the sol-gel method [34].
Recently, ZnO films doped with different elements
have attracted great interest because they can
significantly improve the photocatalytic performance
compared with single metal-doped ZnO
photocatalysts. Therefore, scientists have investigated
Al and rare earth-doped ZnO materials due to the
mentioned properties of Al and rare earth elements.
ZnO doped with Gd and As [35], AZO doped with
Eu3+ [36], AZO doped with Sm+3 [37], ZnO doped
with Y/Al [38], ZnO doped with Al and/or Ho [39],
Ce and Al doped with ZnO [40], and Pr doped with
Al:ZnO [41] and Zn(AL,Ce)O nanoparticles [42].

Fluoride-doped SnO2 (FTO) films are semiconductor
materials with wide bandgaps (e.g., =3.65to 4.25eV)
due to their optical transmittance in the visible region
[43]. In addition, due to their resistivity, FTO is
currently available for practical application. The
conductivity of transparent conductive materials is an
effective solution [44,45]. Li et al. found that ZnO
nanorods on annealed AZO/FTO film exhibit more
dense distribution and better orientation than those on
FTO glass and unannealed AZO/FTO films. As a
result, the annealed AZO/FTO film coated with ZnO
nanorods showed superhydrophobicity, high
transparency and low visible reflectance, and had the
lowest surface resistance of 4.0 Q/kW, suggesting
good electrical conductivity [46]. Li et al. In the study
of, transparent conductive layers of ITO and FTO
layers with the same sheet resistance were used. PSCs
with ITO-coated glass achieved a conversion
efficiency of 10.8%, which was higher than that of
FTO (9.0%). PSCs with ITO-coated glass substrates
have lower resistance in series and parallel
connections than PSCs with ITO-coated glass
substrates, PSCs with ITO-coated glass substrates
have higher transmittance than PSCs with ITO-coated
glass substrates, and PSCs with ITO-coated glass
substrates can achieve higher IPCE [47]. Mishima et
al. investigated the influence of optical properties and
surface morphology on the short-circuit current
density (JSC) of tin fluoride (FTO)-coated glass
substrates for producing perovskite solar cells
(PVSCs). Compared to PVSCs on commercially
available FTO substrates, PVSCs on our FTO
substrate showed an increase in Jsc by 1.4-1.6
mA/cm2. This is not only due to the low absorption
of the FTO substrate but also due to the suppression
of reflection loss due to the light-trapping effect on
the textured surface [48]. Shibayama et al. wrote in
their study that proper selection of nanoparticles has

proven to be crucial for tuning the properties of
F:SnO2 (FTO) nanocomposites. This paper
establishes guidelines for the fabrication of FTO and
other transparent conductive oxide (TCO)
nanocomposites as promising solar cell electrodes
with tunable structural, electrical and optical
properties [49]. FTO films are mainly prepared by
pulsed laser, spray painting and chemical vapor
deposition (CVD). When the amount of SnF> was 10
wt% and the substrate temperature was 300 °C, the
resistivity and light transmittance of the film reached
5x 10* Q.cm and 87%, respectively [50]. However,
the resistivity of FTO films prepared by spraying can
reach 6 x 10* Q.cm [51]. AFM was used to study the
surface morphology of various layers on ITO and
FTO. The surface of FTO was much rougher than that
of ITO, and the root mean square roughness (RRMS)
was 0.63 nm for ITO and 16.0 nm for FTO [52].

Alternative materials and processing technologies
have been proposed that can lead to similar PCEs,
leading to the development of a second generation of
photovoltaic cells, mainly comprised of thin film
photovoltaic cells (TFPVs) [53]. Thin films have the
advantage of reducing the amount of semiconductors
used to fabricate photovoltaic cells, reducing the cost
by more than half in many cases [54]. Among the
best-known technologies for third-generation solar
cells, dye-sensitized solar cells (DSSCs) have
emerged when hybrid and highly abundant materials
are chosen as the main components [55]. In this work,
we compare two FTO layers with different
thicknesses made by standard commercial pyrolytic
processes to show the applicability of the layers in
areas that require specific electrical and optical
parameters, such as PV or transparent electronics.
The utility of the characterization method for
different thicknesses of the TCO layer was confirmed,
furthermore, from the measurements made, the
optimum thickness of the layer can be selected taking
into account the layer quality and the electrical and
optical parameters.

2. Materials & Methods

Sample Preparation

Two FTO layers formed by pyrolytic process on glass
substrate were investigated to find out their chemical,
electrical and optical parameters. The first coating
with a thickness of 540 nm was prepared on 3.2 mm
glass (sample 1). The second sample had a 340 nm
TCO coating on a 3.2 mm glass substrate (sample 2).
Both samples were measured by SEM-EDS and a
Hall effect measurement analyzer (HCS10, Linseis
GmbH, Hitachi, Japan) to find out their chemical
composition and electrical parameters, especially
charge carrier concentrations and mobility. For the
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substrate commercial (DiGlasco Glass Tech), 3.2 mm
tempered clear glass with Si edge grinding was used.
Local curvature less than 2%o and transmittance of
89% were specified. Before deposition, the process
glass substrate was cleaned in an ultrasonic cleaner
using acetone for 10 min and then cleaned in
isopropanol for 15 min. After that, the substrate was
dried using nitrogen blow through. The FTO layers
were formed using a standard ultrasonic 1.62 MHz
spray pyrolysis process in a furnace chamber heated
to 480 oC and tin(IV) chloride pentahydrate with
ammonium fluoride as the precursor. The spray
nozzle was placed 15 cm above the glass substrate,
and the scan speed was set to 1.5 cm/s for sample 1
and 1 cm/s for sample 2. Before spraying, the
substrate was heated to reach a temperature of 480 -C
and then stabilized for 15 min. The original
dimensions of the measured samples were 300 x 300
mm?. Since the sample holder is suitable for 10 x 10
mm?, the glass was cut to that dimension and cleaned
of dust by a dry nitrogen stream before any
measurements. Since the substrate glass was
tempered for cutting, a laser machine with a 10
picosecond, 1064 nm wavelength was used. They
were not cleaned in an ultrasonic bath to avoid
damaging the coatings. The samples prepared in the
manner described above were then placed in the
sample holder (see Figure 1) and transferred to the
measurement chamber in the HCS10 device and to
the secondary electron microscope (SEM) system
equipped with EDS. The scanning -electron
microscope (SEM) Hitachi Regulus 8230 was used
for sample imaging. The SEM was equipped with a
cold field emission gun (CFE) and in-column), a
secondary electron SE detector, two in-lens SE
detectors and a backscatter detector BSE detector as
well as energy dispersive spectroscopy (EDS)
detectors (Thermo Scientific, Rzeszow, Poland) with
a detector surface of 60 mm2 and a resolution of 129
eV specified for the manganese K line. Images were
registered at accelerating voltages between 10 and 15
kV and working distances between 2 and 4 mm.

[INSEIS

Figure 1. A sample with 'imensions of 10x10
mm? was mounted in the sample holder.

3. Results and Discussion:
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Figure 2: Results of optical measurements on
samples 1 and 2 and substrates: standard float
glass and highly transparent optical white glass

for comparison

The transmission of the samples (samples 1 and 2)
with FTO layers showed a significant decrease
compared to the neat substrate (float 3.2 mm)
especially in the IR range. In addition, for a rougher
sample (sample 1), higher absorption was observed in
the IR region. This is due to free carrier absorption
and may also be related to the chemical composition
or surface roughness. The specific composition of
FTO, including the ratio of tin to fluorine and the
doping level, can affect its optical properties. In some
cases, variations in composition can lead to increased
absorption in the IR region. Since there were no
significant differences in the spectra of the measured
samples, it can be concluded that the chemical
composition of both samples was the same. In
addition, it can be concluded from the optical
measurements that the surface morphology is the
same. In addition, the difference in thickness, namely
200 nm, is evident in the optical spectrum, indicating
that spectroscopic measurements are useful for
determining the difference in thickness between
layers. The average transmittance of the VIS region
(300-880 nm) calculated for samples 1 and 2 are 73.4
and 71.02, respectively, which is unsatisfactory for
transparent conductive layers for electronics
applications (the expected transmittance should be in
the range of 80%). The low transmittance may be
associated with the low quality of the layer and is also
related to the substrate (float glass). According to
[56,57], the average transmittance in the VIS region
should not be much affected by different fluorine
doping levels. From the optical spectrum of the VIS
region (Figure 2 entry), very few fringes can be
observed, which may be associated with low fluoride
concentration. From the Tauc's plot (Figure 3), the
direct transition and energy band gap values were
found to be approximately equal to 3.59 eV and 3.49
eV for samples 1 and 2, respectively, which is
consistent with the FTO optical Eg values in the
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literature. The value obtained is slightly lower than
that of undoped tin oxide material, which is about 3.7
eV. According to the Burstein-Moss effect, the
energy of the band gap for doped metal oxide layers
should be higher than that of undoped metal oxide
layers. This can be explained by the fact that the
energy gap between the valence band and the lowest
vacant state in the conduction band is found to
increase due to the filling of low-lying energy levels
in the conduction band, which is caused by the
increase in carrier concentration. For very thin films
of a few hundred nanometers (340-540 nm for the
analyzed samples), the shift in the bandgap may be a
result of ferroic strain or free carrier concentration. It
is well known that for different thicknesses of FTO
layer, different surface morphologies can be obtained
[58]. For a film with higher thickness (1.38 mm),
almost full of large grains was observed. For films
with thicknesses between 0.92 and 1.01 mm, the
grains were found to be uniform in size and clustered
in a cubic shape. When the layer thickness is reduced
to 0.72 and 0.84 mm, grains with regular rectangular
shapes clustered on the surface. For films with other
thicknesses, the morphology is characterized by
needle-shaped grains.
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Figure 3: Tauc plot of the allowed direct FTO
transition.
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igure 4: SEM image of the surface of sample 1.

EHT = 130 kV

The chemical composition was verified using a SEM
Hitachi Regulus 8230 instrument equipped with an
energy dispersive spectroscopy (EDS) detector. Two
pieces of glass containing an FTO layer were placed
inside the SEM chamber, and for both samples,
measurements were performed on two sides: an FTO
coating and a glass-bearing electron source. The
elemental composition was determined at an
accelerating voltage of 15 kV and a working distance
set at 2.2 mm. Since the FTO layer is conductive, it
was easy to obtain a high-resolution image;
additionally, the applied high voltage did not damage
the surface. The situation was completely different
when measurements were performed from the glass
side. A high charge accumulation effect was
observed, which significantly affected the collected
data. A clear signature of the atoms in the FTO layer
is visible, namely, Sn (La 3.443) and F (Ka 0.677).
Since the layer is relatively thin (540 nm), a clear
signature of atoms from the glass substrate is
noticeable (Si, Na, Ca). For a thin FTO layer, one
might expect to see a significantly higher signal from
the glass. Fluorine is present in the FTO coating;
however, a small content (<0.1% by weight) is
present. Its presence is confirmed by a visible signal
in the spectrum (Figures 5 and 6). The relatively high
ratio of the oxygen peak (Ka 0.525) to the silicon
peak (Ka 1.739) suggested that the electron beam was
less likely to penetrate the glass surface, and most of
the observed oxygen was present in the FTO film.

(o]

7] FTOside
| Glass side

Si

Intensity (counts)

0,5 1:0 1:5 2,0 25 3:0 :5 4:0 4:5 5:0
Energy (keV)
Figure 5: EDS spectrum collected on sample 1
(FTO 540 nm) for both sides (FTO and the back
glass on top).
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Figure 6: EDS spectrum collected on sample 2
(FTO 340 nm) for both sides (FTO and the back

glass on top).

The determined Hall parameters are summarized in
Table 1 for SAMPLEI] and Table 2 for SAMPLE2.
The values presented in both tables were obtained for
samples 1 and 2, each of which was taken from a
different location (three measurements for each
sample are denoted as 1.1, 1.2, and 1.3). Then, the
data were averaged (AVG), and the standard
deviation (SD) was calculated. As expected, the
thicker FTO layer led to a lower sheet resistance of
7.50 and 13.80 Q-1 for SAMPLEI and SAMPLE2,
respectively. Similar conclusions can also be drawn
for the conductivity. At 540 nm, the conductivity of
FTO was 2469 Q! cm™, while at 340 nm, it was 2135
Q! cm!. These results indicate that SAMPLE1
performs better electrically. The data obtained
showed that the bulk charge carrier concentration
(CCC) for SAMPLE2 (—4.45 x 1020 cm™) was higher
than that for SAMPLEl (-4.02 x1020 cm™);

however, the sheet CCC for SAMPLE1 (-2.17 x
1020 cm2) was higher than that for SAMPLE2 (-1.51
x 1020 cm™). The higher bulk CCC may suggest that
the quality of the thin layer is better because the
presence of defects and impurities in the material can
significantly affect the bulk charge carrier
concentration. These defects may act as trap states,
affecting the mobility and concentration of charge
carriers, which was observed in the case of the
measured samples. During the measurement, the
HCS10 device measures the Hall coefficient between
the BD connection points and then between the AC
connection points. These points are labeled on the
sample holder (see Figure 1). The final Hall
coefficient is then determined by calculating the
average value of these two results. As presented in
both tables, the coefficient is negative, which means
that the majority of carriers in the material are
electrons. The last calculated parameter was the
mobility. It was significantly higher for the thicker
FTO coatings in SAMPLE1 (-38.34 cm?V-!s!) than
in SAMPLE2 (-29.92 cm?V''s™). The obtained
mobility values are higher than the values reported in
[59], where samples were prepared using a similar
technique, but with a significantly thicker layer in the
range of 1-2 um. The thinness of the layer may be
related to the higher quality of the layer, which
reduces the resistance. Thin films can have higher
defect density and surface scattering, which can
reduce mobility, however, for thicker layers,
delocalization can improve mobility to an extent, but
very thick films can introduce other issues such as
stress or strain, which can also affect mobility. In the
present case, one can conclude that the defect
concentration is lower in the thicker film.

Table 1: Hall parameters were determined for the SAMPLE]1 sample (540 nm of FTO).

SAMPLE1
S Rejeel  Resistivity Conductivity ~ CCCBulk  CCC Sheet D oo AL Crom Avg: ) Mobility
b (02 em) (€11 em=1) (em—3) (em~—2) 3 A1y 3 a1y 3 e (em? V-1g-1)
D (0-1) o 2 o (em® C-1) em® C-1) {em?® C-1)
ool +0.02 x 10-04 40.02 x 107 4005 % 10*  +005 = 10* £0.01 3 10-2 10,01 % 10-2 10,01 x 1022 +0.01
1.1 7.47 403 x 10~ 2480 —4.18 x 10%®  —226 x 10° —0.0150 —0.0149 —0.0149 —37.06
1.2 7.50 405 % 1074 2470 —391 = 107 —211 x 10™® —0.0161 —0.0159 —0.0160 —39.44
1.3 7.54 407 x 1071 2456 —398 x 10 —215 x 107 —0.0158 —0.0156 —0.0157 —38.54
AVG 7.50 405 x 1071 2469 —402 x 10  —217 x 107 —0.0156 —0.0155 —0.0155 —38.34
sD 0.04 002 x 10~ 12 0.14 x 10 0.08 x 10% 0.0006 0.0005 0.0005 1.20

Table 2: The Hall parameters were determined for sample 2 (with a wavelength of 340 nm for FTO).

SAMPLE2
Sample K Sheet | Resisivity  Conductivity  CCC Bulk  CCC Sheet Ih G AR Che Avs Tl Mobility
2 () em) (21 em—1) (em—3) (em~—2) 3 1y 3 o1y Epas (em? V-15-1)
ID o1 —04 : (cm? C1) (cm? C1) (em* C-1)
So.al +0.02 % 10 £002 x 100 4005 x 10*  +005 x10* o =T, 1001 5% 102 LoD % 1022 +0.01
21 13.79 469 % 107 2133 —434 x 10  —148 x 10 —0.0144 —0.0144 —0.0144 —30.67
22 1444 491 = 1074 2057 —435 x 102 —148 x 10 —0.0143 —0.0144 —00143 —29.23
23 13.16 447 % 1071 235 —467 x 10  —159 x 107 —0.0134 —0.0134 —0.0134 —29.85
AVG 1380 469 x 10~ 2135 —445 x 10  —151 x 107 —0.0140 —0.0141 —0.0140 —29.92
sD 0.64 022 x 10~ 99 0.19 x 10% 007 x 102 0.0006 0.0006 0.0006 0.72

4. Conclusions

Two TCO samples were investigated by optical
spectroscopy, SEM-EDS and Hall measurements. The
first sample was made of a float glass substrate and a

540 nm FTO coating (SAMPLE1), while the second
sample was also prepared on a similar substrate, but
the FTO layer thickness was 340 nm (SAMPLE2).
No significant differences were found by
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spectroscopic characterization. The similar spectra for
both samples suggested very similar chemical and
electrical parameters. If it were possible to easily
determine the basic parameters using simple and
quick spectrophotometric measurements, this method
could be widely used in quality control processes at
the production level. This hypothesis was not
supported by further studies using EDS and Hall.
First, SEM with EDS demonstrated that for such a
thin layer of FTO, unambiguous determination of the
chemical composition of specific atoms is difficult.
Additionally, the significant effect of the substrate
may disrupt the results. As expected, the thicker layer
had better electrical parameters, such as sheet
resistance or conductivity. Additionally, the mobility
of charge carriers was the highest for that sample.
From the optical spectrum in the VIS region, the
bandgap values were found to be similar for both
samples. In both cases, the Hall coefficient was
negative, which indicated that electrons are the
majority carriers in that material. The sheet charge
carrier concentration was higher for SAMPLEI, but
surprisingly, the bulk charge carrier concentration
was higher for the SAMPLE2 sample. This may be
due to the relatively low thickness of the coating,
which introduces quantum effects on the surface. In
this work, we show that a thicker FTO layer formed
using the pyrolysis process (540 nm) is more suitable
for PV and transparent electronic applications due to
its higher mobility and lower resistivity. Moreover, a
thicker layer does not reduce the transmittance in the
VIS T IR region, which is important for the III
generation of photovoltaic devices.
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