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Abstract: In the dynamic field of photovoltaic technology, the pursuit of efficiency and sustainability 
has led to continuous novelty, shaping the landscape of solar energy solutions. One of the key ele-
ments affecting the efficiency of photovoltaic cells of IInd and IIIrd generation is the presence of trans-
parent conductive oxide (TCO) layers, which are key elements impacting the efficiency and dura-
bility of solar panels, especially for DSSC, CdTe, CIGS (copper indium gallium diselenide) or or-
ganic, 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, 
working as a window and electron transporting layer. This layer must form an ohmic contact with 
the adjacent layers, typically the buffer layer (such as CdS or ZnS), to ensure efficient charge collec-
tion Furthermore it ensures protection against oxidation and moisture, which is especially im-
portant when transporting the active cell structure to further process steps such as lamination, 
which ensures the final seal. Transparent conductive oxide layers, which typically consist of mate-
rials such as indium tin oxide (ITO) or alternatives such as fluorine-doped tin oxide (FTO), serve 
dual purposes in photovoltaic applications. Primarily 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. This complex balance between transparency and conductivity high-
lights the strategic importance of TCO layers in maximizing the performance and durability of pho-
tovoltaic systems. As the global demand for clean energy increases and the photovoltaic industry 
rapidly develops, understanding the differential contribution of TCO layers becomes particularly 
important 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, considering the dominant position of the Asian market in the production 
of cells and modules based on silicon, the European market is intensifying work aimed at finding a 
competitive PV technology. In this context, thin-film, organic modules may prove competitive. For 
this purpose, 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 the transmittance over a 
wide range was verified. Next, the chemical composition was determined, and key electrical param-
eters, including carrier mobility, resistivity, and the Hall coefficient, were determined. 
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1. Introduction 
The use of renewable energy sources is becoming a social norm today. The most pop-

ular alternative energy sources include hydropower, biofuels, solar energy, wind energy, 
biomass, and geothermal energy. Of these, solar energy is the most reliable, least expen-
sive, and easiest to use [1]. A variety of solar cells have been developed, including crystal-
line silicon cells (c-Si), amorphous silicon cells (a-Si), dye-sensitized solar cells (DSSCs), 
hybrid solar cells [2–4], nanocrystalline solar cells, multijunction SCs, perovskite SCs, or-
ganic SCs, photoelectrochemical cells (PEC), plasmonic SCs, quantum dot SCs (QDSCs), 
multilayer SCs with a gradient band gap, and semiconductor SCs [5,6]. The physical basis 
and photovoltaic potentials 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 recognized because of their 
intrinsic properties, such as lightweight, mechanical flexibility, and transparency as well 
as low production costs. The c-Si-based SC cell showed a high efficiency of 27.3% (LONGi) 
for heterojunction back-contact (HBC) architecture improving the previous world record 
of 27.09%, which was also set by Longi at the end of last year [8]. It is worth noting that 
the presented HBC architecture minimizes the reliance on traditional indium-based trans-
parent conductive oxide (ITO). In this context, research on thinner, low resistance, and 
high-quality FTO layers presented in this work is important. It is well known that an ef-
fective method to ensure low reflectance for heterojunction cells is the deposition of layers 
of transparent conductive oxide (TCO) on c-Si substrates [9]. 

All optically transparent and electrically conductive oxides (TCOs) are binary or ter-
nary compounds containing one or two metallic elements. Their resistivity can be as low 
as 10−4 Ω, and their extinction coefficient k in the optical visible range (VIS) can be lower 
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 stoichio-
metric oxides. It is achieved by producing them with a nonstoichiometric position or by 
introducing appropriate admixtures [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 Ω−1 cm−1), a low refractive index, low light absorption, high 
strength, and stability [12]. Some of the most commonly used semiconductor TCO mate-
rials 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 ox-
ide and zinc doped with Ga (GZO) [13–15]. In this section, some of their important pa-
rameters will be resumed. The deposition by DC sputtering of ZnO:Al thin films at high 
temperature (>350 °C) on Al2O3 (sapphire) oriented monocrystalline substrates (00.1) us-
ing a low-cost and ultra-high density composite ceramic target produced by pressureless 
(non-pressure) casting of ZnO-Al2O3 (AZO) powders is described [16]. Thin films of amor-
phous indium-zinc oxide (IZO) were prepared on glass substrates by direct current mag-
netron sputtering at room temperature [17]. In the paper, the results show that Al-doped 
SnO2 has a p-type conductivity character and its band gap decreases compared to un-
doped SnO2, and the accompanying oxygen vacancies can introduce localized gap states 
below the bottom of the conductivity band and lead to a change in conductivity character 
to n-type from p-type in Al-doped SnO2 [18]. The thermal and chemical instability and 
lower surface energy of ITO limit its widespread use [19,20]. The disadvantage of using 
ITO is the shortage of indium resources, which is expected to soon lead to an increase in 
market prices and shortages in ITO supplies [21,22]. The brittleness of ITO foil seriously 
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limits its use in flexible applications [23,24]. Among TCOs, alumina zinc oxide (AZO) is 
known to have performance comparable to that of ITO and FTO, including other ad-
vantages [25], such as lower toxicity, low cost, and simple production methods. However, 
grain boundaries and electron scattering have reduced the mobility of the TCO carrier, 
consequently affecting the performance of these materials [26]. One of the main disad-
vantages of TCO glasses is that they are brittle, do not 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 con-
ductive oxides (TCOs), due to its good optical properties. Jang et al. (2019) deposited thin 
films of quaternary ZnO on a soda-lime glass substrate using Mg and group III elements 
such as Al, Ga, and In to improve the optical and electrical properties [28]. However, many 
studies have been conducted to improve the properties of ZnO by co-doping it with vari-
ous elements. ZnO doped with group III elements is a good alternative to ITO because it 
shows good optical transparency in the visible wavelength range and high conductivity 
compared to ITO [29]. In particular, both the 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. examined thin films of ZnO doped with Mg and Ga (MGZO) and observed a 
wide optical bandgap energy of 3.66 eV and a low resistivity of 6.27 × 10−4 Ω [30]. ZnO 
films doped with Al are a good alternative to ITO due to their superior electro-optical 
properties [31]. In Saarenpaa et al.’s study, Al-doped ZnO films showed better photocata-
lytic performance than undoped ZnO films [32]. Pure ZnO and Ce-doped ZnO nanopar-
ticles were synthesized by a sol-gel coprecipitation method to investigate the temperature-
dependent photoluminescence properties of Ce-doped ZnO nanoparticles. Kumawat et 
al. analyzed the importance of microstrains in influencing the band gap and photolumi-
nescence (PL) intensity of ZnO thin films [33] doped with Ce on glass substrates spin-
deposited using the sol-gel method [34]. Recently, ZnO films doped with various elements 
have attracted much interest because they can significantly improve the photocatalytic 
performance compared to that of a single metal-doped ZnO photocatalyst. Therefore, sci-
entists have investigated Al and rare earth-doped ZnO materials due to the mentioned 
properties of Al and rare earth elements. ZnO was doped with Gd and A [35], AZO was 
doped with Eu3+ [36], AZO was doped with Sm+3 [37] ZnO was doped with Y/Al [38], ZnO 
was doped with Al and/or Ho [39], Ce and Al were doped with ZnO [40], and Pr was 
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., =3.65 to 4.25 eV) due to their optical transmittance in the visible region [43]. Moreo-
ver, because of 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 an annealed AZO/FTO film exhibit a denser 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 
Ω/kW, suggesting good electrical conductivity [46]. In Li et al.’s study, transparent con-
ductive 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 those with ITO-coated substrates, ITO-coated glass substrates 
have greater transmittance than do PSCs with ITO-coated glass substrates, and PSCs with 
ITO-coated glass substrates can achieve high IPCEs [47]. Mishima et al. investigated the 
influence of optical properties and surface morphology on the short-circuit current den-
sity (Jsc) of tin fluoride (FTO)-coated glass substrates for the production of perovskite solar 
cells (PVSCs). Compared with the PVSC on commercially available FTO substrates, the 
PVSC on our FTO substrate showed an increase in the Jsc of 1.4–1.6 mA/cm2. This is due 
not only to the low absorption of the FTO substrate but also to the suppression of reflec-
tion loss caused by the light-trapping effect on the textured surface [48]. Shibayama et al. 
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in their study write the appropriate selection of nanoparticles has been proven to be cru-
cial for tuning the properties of F:SnO2 (FTO) nanocomposites. This paper establishes 
guidelines for the fabrication of FTO and other transparent conductive oxide (TCO) nano-
composites as promising solar cell electrodes with tunable structural, electrical, and opti-
cal properties [49]. FTO films are mainly prepared by pulsed lasers, spray painting, and 
chemical vapor deposition (CVD). The main source of fluorine was NH4F or HF. When 
the SnF2 content was 10 wt% and the substrate temperature was 300 °C, the resistivity and 
light transmittance of the film reached 5 × 10−4 Ω.cm and 87%, respectively [50]. However, 
the resistivity of FTO films prepared by spraying can reach 6 × 10−4 Ω.cm [51]. AFM was 
used to study the surface morphology of different 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, which have led to the development of the second generation of photovol-
taic cells, mainly filled with thin-film photovoltaic cells (TFPVs) [53]. Thin films have the 
advantage of reducing the amount of semiconductor used to prepare photovoltaic cells, 
reducing—in several cases—the cost by more than half [54]. Among the most famous tech-
nologies for third-generation solar cells, dye-sensitized solar cells (DSSCs) have emerged 
when hybrid and highly abundant materials are selected as the main components [55]. 

In this work, we compare two FTO layers with different thicknesses made by stand-
ard commercial pyrolytic processes in order to show the applicability of layers in areas, 
requiring specific electrical and optical parameters such as PV or transparent electronics. 
The usability of the characterization method for different thicknesses of the TCO layer was 
verified, additionally from the measurements carried out, one can select the optimal thick-
ness of the layer taking into account layer quality and electrical and optical parameters. 

2. Materials and Methods 
Samples Preparation 

Two FTO layers made by a pyrolytic process on glass substrates were investigated to 
determine their chemical, electrical, and optical parameters. The first coating with a thick-
ness of 540 nm was prepared on 3.2 mm glass (Sample 1). Another sample contained 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 Analyser (HCS10, Linseis GmbH, Hitachi, Ja-
pan) to determine their chemical composition and electrical parameters, particularly the 
charge carrier concentration and mobility. For the substrate commercial (dyglassco glass 
tech), 3.2 mm tempered clear glass with C edge grinding was used. Local curvature was 
specified to be lower than 2‰ and transmittance of 89%. Before deposition, the process 
glass substrates were cleaned in an ultrasonic cleaner using acetone for 10 min and then 
for 15 min in isopropanol. After that, substrates were dried using nitrogen blow-through. 
The FTO layers were made using a standard ultrasonic 1.62 MHz spray pyrolysis process 
in a furnace chamber heated up to 480 °C and tin (IV) chloride pentahydrate with ammo-
nium fluoride as precursors. The spray nozzles were placed 15 cm above the glass sub-
strate, and the scan speed was set up to 1.5 cm/s for sample 1 and 1 cm/s for sample 2. 
Before spraying, the substrates were heated to reach a temperature of 480 °C and then 
stabilized for 15 min. The original dimensions of the measured samples were 300 × 300 
mm2. Because the sample holder is suitable for 10 × 10 mm2, glasses were cut for that di-
mension before any measurement and cleaned from the dust by a dry nitrogen stream. 
Since the substrate glass was tempered for cutting a 10 picosecond, 1064 nm wavelength 
laser machine was used. They were not cleaned in an ultrasonic bath to avoid damaging 
the coatings. Prepared as described above, the samples were then mounted in sample 
holders (see Figure 1) and transferred to the measurement chamber in the HCS10 device 
and in a secondary electron microscope (SEM) system equipped with EDS. Scanning elec-
tron microscope (SEM) Hitachi Regulus 8230 for sample imaging was used. The SEM was 
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equipped with Cold Field Emission Gun (CFE) and In-column), a secondary electron SE 
detector, two in-lens SE detectors, and a backscatter detector BSE detector along with en-
ergy dispersive spectroscopy (EDS) detectors (Thermo Scientific, Rzeszów, Poland) with 
a detector surface of 60 mm2 and a resolution of 129 eV specified for the manganese K line. 
The images were registered at the accelerating voltage varied from 10 to 15 keV and work-
ing distance between 2 and 4 mm. 

 
Figure 1. A sample with dimensions of 10 × 10 mm2 was mounted in the sample holder. 

3. Results and Discussion 
Optical measurements were performed using a double-beam UV–VIS–NIR spectro-

photometer (ABL&E-Jasco V-670; Tokio; Japan) with a halogen lamp as the light source. 
The obtained results show no significant difference between Samples 1 and 2 in the visible 
region and perceptible changes in transmittance in the NIR region were noticed (as shown 
in Figure 2). 

 

Figure 2. Results of optical measurements on samples 1 and 2 and substrates: standard float glass 
and highly transparent optical white glass for comparison. 
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Differences in the thickness of the 200 nm FTO layers did not slightly affect the trans-
mittance in the VIS-IR range. A significant decrease in the transmittance of the samples 
with FTO layers (samples 1 and 2) compared to that of the clean substrate (Float 3.2 mm) 
is especially visible in the IR range. Furthermore, for a thicker sample (sample 1), a higher 
absorption in the IR region was noticed. This is due to free carrier absorption and can also 
be related to chemical composition or surface roughness. The specific composition of FTO, 
including the ratio of tin to fluorine and the doping level, can influence its optical proper-
ties. In some cases, variations in composition may 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 compositions of both samples were similar. Moreo-
ver, one can conclude from optical measurements that the surface morphology is similar. 
Furthermore, the difference in thickness, namely, 200 nm, is pronounced in the optical 
spectrum, showing that spectroscopic measurements are useful for determining the dif-
ferences in thickness between layers. The average transmittance of the VIS region (300–
880 nm) calculated for samples 1 and 2 totals 73.4 and 71.02, respectively, which is rather 
unsatisfactory for transparent conductive layers for electronics applications (the expected 
transmittance should be in the range of 80%). The low transmittance can 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 influenced much by 
different fluorine doping levels. From the optical spectrum of the VIS region (Figure 2 
insertion), very few fringes can be observed, which may be associated with the low fluo-
ride concentration. From Tauc’s plot (Figure 3), the direct transition and energy band gap 
values were found to equal approximately 3.59 eV and 3.49 eV for samples 1 and 2, re-
spectively, which is consistent with the FTO optical Eg values in the literature. The ob-
tained value is slightly lower than that of the undoped tin oxide material, which is ap-
proximately 3.7 eV. According to the Burstein–Moss effect, the energy of the band gap for 
doped metal oxide layers should be greater than that for undoped metal oxide layers. This 
can be explained by the fact that the energy gap between the valence band and the lowest 
empty 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 the carrier con-
centration. For very thin films of a few hundred nanometres (340–540 nm for analyzed 
samples), a shift in the bandgap may be the result of infernal stress or free carrier concen-
tration. It is well known that for different thicknesses of the FTO layer, one can obtain 
different surface morphologies [58]. For the film with a high thickness (1.38 mm), almost 
full of larger grains were observed. For films with thicknesses between 0.92 and 1.01 mm, 
the grains were found to be similar in size and were clustered in a cuboidal shape. When 
the thickness of the layer is decreased to 0.72 and 0.84 mm, the grains with regular rectan-
gular shapes are clustered on the surface. For the films with other thicknesses, the mor-
phology is characteristic of needle-shaped grains. 
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Figure 3. Tauc plot of the allowed direct FTO transition. 

No significant differences in the bandgap between samples with different thicknesses 
were observed; for both samples, identical values of Eg were determined. For the 340 and 
540 nm thick layers, a regularly shaped structure closely adjacent to each of the other crys-
tallites was observed. The average size of the crystallites was approximately 220 nm for 
sample 1 (Figure 4) and 230 nm for sample 2. In general, the size of the grain is related to 
the doping concentration and higher F doping results in smaller grain size. For the meas-
ured samples, no significant differences were observed; nonetheless, we should expect to 
obtain a slightly higher concentration of F doping for sample 1. Since the size and shape 
of the grains are also related to the film thickness, no straightforward conclusions can be 
drawn. 

 
Figure 4. SEM image of the surface of sample 1. 

1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

(α
hν

)1/
2  (e

Vc
m

-2
)

hν (eV)

 sample 1
 sample 2



Energies 2024, 17, 3122 8 of 14 
 

 

The chemical composition was verified using an SEM Hitachi Regulus 8230 instru-
ment equipped with an energy dispersive spectroscopy (EDS) detector. Two pieces of 
glass with an FTO layer were placed inside the SEM chamber, and for both samples, meas-
urements 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 up at 2.2 mm. Since the FTO layer is conductive, a high-reso-
lution image was easy to obtain; additionally, the applied high voltage did not damage 
the surface. The situation was diametrically different when measurements were con-
ducted from the glass side. A high charge accumulation effect was observed, which sig-
nificantly influenced the collected data. 

A clear signature of 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 thinner FTO layer, one can expect to observe a 
significantly greater signal from the glass. Fluorine is present in the FTO coating; however, 
one 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. 

For very thin FTO coatings, fluorine is barely noticeable in the spectrum, and only a 
clear indication of the presence of an FTO layer is a significant difference in the presence 
of Sn between the samples measured from the top (FTO) and bottom (glass) sides. The 
peak from silicon is definitely more visible, which correlates with the fact that in this case, 
we have deeper penetration of the electron beam. Interestingly, the relative intensity of 
the oxygen peak relative to silicon is lower for the thinner layer, which may indicate 
greater detection of oxygen atoms in the FTO layer than in the glass substrate. Because 
float glass contains tin atoms in its composition (depending on the side: tin or air with a 
higher or lower amount), determining the presence of the FTO layer for very thin layers 
below 300 nm is not unambiguous using EDS. The key parameters for FTO are electrical 
parameters, and Hall measurements were used to determine them. 

 
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 SAMPLE1 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 place (the three measurements for each sample 
are indicated 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 lower sheet re-
sistances of 7.50 and 13.80 Ω−1 for SAMPLE1 and SAMPLE2, respectively. A similar con-
clusion could be drawn for conductivity. At 540 nm, the conductivity of FTO was 2469 Ω−1 
cm−1, while at 340 nm, it was 2135 Ω−1 cm−1. These results indicate that, electrically, SAM-
PLE1 performs better. The obtained data showed that the bulk charge carrier concentra-
tion (CCC) was greater for SAMPLE2 (−4.45 × 1020 cm−3) than for SAMPLE1 (−4.02 × 1020 
cm−3); however, the sheet CCC was greater for SAMPLE1 (−2.17 × 1020 cm−2) than for SAM-
PLE2 (−1.51 × 1020 cm−2). A higher bulk CCC may suggest that the quality of the thinner 
layer is better since the presence of defects and impurities in the material can significantly 
affect the bulk charge carrier concentration. These defects can act as trap states, influenc-
ing 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 BD connection points and then between 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 mobility. It was significantly greater for 
thicker FTO coatings in SAMPLE1 (−38.34 cm2V−1s−1) than in SAMPLE2 (−29.92 cm2V−1s−1). 
The obtained mobility values are greater than those reported in [59], where samples were 
prepared using a similar technique but with a significantly thicker layer in the range of 1–
2 µm. The thinness of the layer may be related to the high quality of the layer, which 
reduces the resistance. Thinner films might have higher defect densities and surface scat-
tering, which can lower mobility, however, for thicker layers, the mobility can improve 
mobility to an extent, but very thick films might introduce other issues like strain or stress, 
which can also affect mobility. In the present case, one can conclude that thicker film has 
a lower defect concentration. 
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Table 1. Hall parameters were determined for the SAMPLE1 sample (540 nm of FTO). 

SAMPLE1 

Sample 
ID 

Sheet  
Resistance 

(Ω−1) 
±0.01 

Resistivity  
(Ω cm) 

±0.02 × 10−0.4 

Conductivity 
(Ω−1 cm−1) 
±0.02 × 102 

CCC Bulk 
(cm−3) 

±0.05 × 1020 

CCC Sheet 
(cm−2) 

±0.05 × 1020 

BD Cross Hall 
Coef. (cm3 C−1) 

±0.01 × 10−2 

AC Cross Hall 
Coef. (cm3 C−1) 

±0.01 × 10−2 

Avg. Hall Coef. 
(cm3 C−1) 

±0.01 × 10−2 

Mobility  
(cm2 V−1 s−1) 

±0.01 

1.1 7.47 4.03 × 10−4 2480 −4.18 × 1020 −2.26 × 1020 −0.0150 −0.0149 −0.0149 −37.06 
1.2 7.50 4.05 × 10−4 2470 −3.91 × 1020 −2.11 × 1020 −0.0161 −0.0159 −0.0160 −39.44 
1.3 7.54 4.07 × 10−4 2456 −3.98 × 1020 −2.15 × 1020 −0.0158 −0.0156 −0.0157 −38.54 

AVG 7.50 4.05 × 10−4 2469 −4.02 × 1020 −2.17 × 1020 −0.0156 −0.0155 −0.0155 −38.34 
SD 0.04 0.02 × 10−4 12 0.14 × 1020 0.08 × 1020 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 
ID 

Sheet  
Resistance 

(Ω−1) 
±0.01 

Resistivity  
(Ω cm) 

±0.02 × 10−0.4 

Conductivity 
(Ω−1 cm−1) 
±0.02 × 102 

CCC Bulk 
(cm−3) 

±0.05 × 1020 

CCC Sheet 
(cm−2) 

±0.05 × 1020 

BD Cross Hall 
Coef. (cm3 C−1) 

±0.01 × 10−2 

AC cross Hall 
Coef. (cm3 C−1) 

±0.01 × 10−2 

Avg. Hall Coef. 
(cm3 C−1) 

±0.01 × 10−2 

Mobility  
(cm2 V−1 s−1) 

±0.01 

2.1 13.79 4.69 × 10−4 2133 −4.34 × 1020 −1.48 × 1020 −0.0144 −0.0144 −0.0144 −30.67 
2.2 14.44 4.91 × 10−4 2037 −4.35 × 1020 −1.48 × 1020 −0.0143 −0.0144 −0.0143 −29.23 
2.3 13.16 4.47 × 10−4 2235 −4.67 × 1020 −1.59 × 1020 −0.0134 −0.0134 −0.0134 −29.85 

AVG 13.80 4.69 × 10−4 2135 −4.45 × 1020 −1.51 × 1020 −0.0140 −0.0141 −0.0140 −29.92 
SD 0.64 0.22 × 10−4 99 0.19 × 1020 0.07 × 1020 0.0006 0.0006 0.0006 0.72 

The measured resistivity in the range of 4.05–4.69 Ω cm corresponds to carrier con-
centrations between 0.9 and 6.12 × 1020 cm−3 [60–62], and if we take into consideration mo-
bility of 38.34 cm2 V−1 s−1 for sample 1 and 29.92 cm2 V−1 s−1 for sample 2, one can estimate 
the carrier concentration to be approximately 3.7 cm−3 and 4.6 cm−3, respectively. The resis-
tivity is dependent on the fluoride concentration level and the favored orientation. For a 
high F concentration, the increase in resistivity is due to the reduction in the mobility of 
the charge carriers, which in turn, is due to a reduction in the preferred orientation. The 
decrease in mobility can be attributed to fluorine ions occupying the oxygen sites in the 
SnO2 lattice, creating free electrons and decreasing the electrical resistivity. Nonetheless, 
a higher concentration of F causes the resistivity to increase due to the cancellation of the 
effect of oxygen vacancies by the substitution of fluorine atoms and the accumulation of 
fluorine atoms at the grain boundaries, which form Sn–F bonds. For a more accurate esti-
mation, the resistivity must be correlated with the fluoride and oxygen levels measured 
by EDS; however, for these measurements, a lower acceleration voltage is preferred to 
minimize the influence of the substrate for very thin layers. The very high mobility ob-
served for both samples is due to the combined effect of an increase in the grain size and 
a decrease in the grain boundary potential and film homogeneity. Thicker films may ex-
hibit higher carrier concentrations due to a reduction in surface-related defects and scat-
tering phenomena. However, excessively thick films can introduce strain and stress, po-
tentially leading to defect formation that can adversely affect carrier concentration and 
mobility. 

4. Conclusions and Summary 
Two TCO samples were investigated by optical spectroscopy, SEM‒EDS, and Hall 

measurements. The first sample was made of a float glass substrate and 540 nm FTO coat-
ing (SAMPLE1), while the second sample was also prepared on a similar substrate, but 
the thickness of the FTO layer was 340 nm (SAMPLE2). No significant differences were 
detected by spectroscopic characterization. Similar spectra for both samples suggested 
very similar chemical and electrical parameters. If it was 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 stage. This hypothesis 
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was not supported by further studies using EDS and Hall. First, SEM with EDS demon-
strated that for such a thin layer of FTO, unambiguous determination of the chemical com-
position of specific atoms is difficult. Additionally, the significant influence of the sub-
strate can disturb the results. As expected, the thicker layer had better electrical parame-
ters, 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 identical 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 greater for SAMPLE1, but surprisingly, the bulk 
charge carrier concentration was greater for the SAMPLE2 sample. This could be caused 
by the relatively low thickness of the coating, which introduces quantum effects on the 
surface. In this work, we show that a thicker FTO layer made 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 I IR region, which is crucial for the III generation of photovoltaic devices.  
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