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Copper Decorated on Fluorine Doped Tin Oxide
as a Transparent Conductor Oxide for
Photovoltaic Energy by DSSCs
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Antonio Paulo Santos Souza @, Ana Fabiola Leite Almeida ¥ & Francisco Nivaldo Aguiar Freire ®

Abstract- In this work, films of fluorine doped tin oxide (FTO)
with and without copper have been successfully synthesized
by spray pyrolysis on conductive ftransparent substrates
without acid addition. Sprayed film samples were used in the
determination of photovoltaic parameters in the dye-sensitized
solar cells (DSSCs), including open-circuit voltage (Voc), short
circuit current density (Jsc), fill factor (FF), efficiency (n), shunt
(Rshunt) and serial (Rserial) resistances. Characterization
techniques determined the sheet electrical resistance, optical
transmittance, thickness, band gap, topographical and
structural characterizations, and flat-band potential of the
sprayed films. The X-rays diffraction showed peak distribution
of the sprayed products similar to the tin dioxide phase. There
was morphological change, with smaller and more compact
grains by adding copper. Also, conduction band edge, sheet
resistance, optical transmittance and optical band gap change
as function of the amount of copper. After the characterization,
fluorine doped tin oxide films with and without copper, on
transparent substrate, were used in the dye-sensitized solar
cells assembly. The results showed this methodology as an
environmentally friendly way for preparation, characterization
and application of copper decorated FTO films in photovoltaic
devices. The aim of this work is to divulge the results on the
copper decorated SnOx: F sprayed films obtained from the
techniques cited applied in DSSCs.

Keywords: spray pyrolysis, characterization, photovoltaic,
environmental.

[.  INTRODUCTION

ransparent electrical conductor materials (TECMs)
can be of various structures, such as oxides.
Fluorine doped tin oxide (FTO) semiconductors as
well as oxides mixtures, non-oxides and organic
materials using acidic solutions can be cited as
examples [1, 2]. TECMs are unique, exhibiting both
transparency and electrical conductivity.! The interest on
TECMs for application in the interfacial charge transfer
process, in particular the photovoltaic area, has been
growing in the last years due to their unique
characteristics.
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The material properties are affected by doping.
The choice of dopants must be done to minimize the net
distortion and preserve the phase [1]. Therefore, the
structural, electrical and optical properties of tin dioxide
(SnO,) semiconductor have been tailored by dopants
such as fluorine (F) [3-9], antimony (Sb) [8],
molybdenum (Mo) [10], manganese (Mn) [11], copper
(Cu) [12] and chromium (Cr) [13].

The fluorine doped tin oxide semiconductor film
is one TECM typically used in the dye-sensitized solar
cells (DSSCs) assembly [14-31]. Fluorine doped tin
oxide (SnO,:F) films have been made from inexpensive
raw materials, using simple spray pyrolysis technique
[3,8]. The “x” superscript in the chemical formula
indicates the absence of oxygen atoms, i.e,
stoichiometric deviation. The oxygen holes combined
with the fluorine (F) doping are the key to the electrical
conductivity and transparency in SnO,: F fims [1, 32].

The two points method associated with the
Equation 1 has been wused in the electrical
characterization of films by sheet electrical resistance
(Rs) measurements [3, 5, 33]. In SnO,: F films deposited
by spray pyrolysis technique, equation (1) is used for
measurement of the R, from electrical resistance (R)
value measured by digital multimeter [5]. Besides the R,
measurements, the films have been characterized by
superficial morphology [14, 15, 20] and thickness [5, 17,
22] by scan electron microscopy (SEM).

R, :p:R(W] (1)
L

where p is the electrical resistivity, t is the film thickness,
W is the width, L is the length and the p/t ratio is called
sheet resistance (R,).

The UV-vis spectroscopy has been usually
employed as a tool for the optical characterization of
materials through transmittance [9-12, 35]. The
determination of the band gap (E,) value by the Tauc
method (Equation 2,3) using optical transmittance data
has been reported [4,6,9,10,13,36]. Also, the thickness
determination (t) from optical transmittance was
reported [7, 35]. Additionally, Equations (4, 5 and 6)
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were used as tool
transmittance data [7].

to determine t, using optical

ahv = t(hv — Eg) i @)

where h: Planck constant, v: light frequency, which is the
ratio between the light speed constant and the
wavelength (A), i = 1/2 (direct transition semiconductor)
and i = 2 (indirect transition semiconductor), a:
absorption coefficient, T: transmittance data and t: film
thickness.

az—lln(T) )
CW:% @)
t= z{nﬂlrill(}‘l)_nmn?:?z)} o

where, ng.,: film refractive index, ng,,: substrate refractive index, T*(1) and T-( 1) are transmittance values in the peak

top and bottom at each wavelength (A), respectively.

By X-ray diffraction (XRD) characterization, the
SnO,.F films manufactured by the spray pyrolysis
technique, which commonly has addition of acid, have
been characterized as a pure stoichiometric tin oxide
(SnO,) phase [4-8]. The absence of the SnO,: F phase
has been attributed to the dopant nature of the fluorine
(F) and the oxygen vacancies, where their concentration
in sprayed films are below the detection limit of the XRD
equipment. Thus, SEM, UV-vis spectroscopy and other
techniques have been combined with XRD to help
characterize sprayed films as SnO,.F.

Additionally, the electrochemical characteri-
zation studies the interfacial charge transfer process
from between two or more materials junctions. The
electrochemical methods have been used as tools to
derive properties of semiconductors from the interfacial
charge transfer processes [29, 30]. The determination of
the SnO, and titanium dioxide (TiO,) conduction bands
from flat-band potential (Ey,,) obtained by Mott-Schottky
electrochemical method was report elsewhere [39].

The semiconductor characterization in n-type or
p-type has been made by electrochemical technique
called Mott-Schottky through the electrochemical cell
with three electrodes and an electrolyte [20,23,36,40-
44]. The electrochemical capacitance (C) of the
semiconductor/electrolyte  junction as function of
potential applied (E) is given by the Mott-Schottky
equation (7) [36,40-44].

1 2 kT
I T P B

T
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where ¢,, (8.854 x 10 F cm™): permittivity of free space,
g, relative dielectric constant of the specimen, A(cm?):
sample area, N (cm®): electrons donor (n-type
semiconductor) or electrons  acceptor  (p-type
semiconductor) density, E (V). applied potential, Eq,, (V):
band potential, k, (1.38 x 10% J K7): Boltzmann
constant, T (K): absolute temperature and @
(1.602 x 107"° C): the electron charge.

The study of the influence of copper (Cu) atoms
in the SnO,: F sprayed film properties and their impact
on photovoltaic characteristics of DSSCs has not been
reported in the literature. From this scenario, the aim of
this work is to divulge the results of the copper
decorated SnO,:F sprayed films obtained from the
techniques cited in the review above. Also, sprayed films
samples were used in the determination of photovoltaic
parameters of DSSCs, including open-circuit voltage
(Voe), short circuit current density (Jq), fill factor (FF),
efficiency (n), shunt (Rgww) and serial  (Regia)
resistances.

[I.  MATERIALS AND METHODS

a) Obtaining the sprayed films

A muffle furnace (EDG F-1800) with ceramic
heater (220V/500W, Higher) was used for calcination.
The heating rate was 7 °C/min and the work temperature
at 600 °C. Microscopy glass were the substrates. The
solutions were atomized into a fine droplet spray by
nozzle (0u4, APREX) with the help of an air carrier gas fed
into the spray nozzle from the air compressor (Twister,
SHULZ).



The starting materials were tin chloride |l
dihydrate (SnCl,.2H,0), ammonium fluoride (NH,F),
copper chloride Il dehydrated (CuCl,.2H,0). All the
reactants were purchased from Vetec. The solution with
10.00 g of SnCl,.2H,0, 1.65 g of NH,F and 10.00 mL
deionized water (H,O) was named A and the sprayed
product designated as SOF. The solutions with copper
salt were designated as BX, where X = 1, 2, ... , 9 and
the sprayed products obtained from the combination of
the solutions A and BX were named as SOFC (Table 1).

For the formation of the SOFC products, the A
and BX solutions were sprayed out of the furnace on the
heated glass substrates, inside an exhaustion chamber.
The spray was alternated (ABX,ABXA,...) and after
each spray the substrates were placed inside the
furnace to apply the working temperature. The
procedure was repeated until all the solutions were
sprayed on the substrates. The SOF product was used
as a reference sample for comparison with the ones
modified by copper atoms.

Table 1: Chemicals and products.

CuCl,.2H,0 | H,0 | SOLUTION | PRODUCT (SOFC)

(¢)) (mL) BX

0.10 5.00 B9 SOF CO0.1
0.20 5.00 B8 SOF C0.2
0.30 5.00 B7 SOF C0.3
0.40 5.00 B6 SOF C0.4
0.50 5.00 B5 SOF C0.5
1.00 5.00 B4 SOF C1.0
1.50 5.00 B3 SOF C1.5
2.00 5.00 B2 SOF C2.0
2.50 5.00 B1 SOF C2.5

b) Sprayed films characterization

The phase identification of the materials
deposited on the substrates was done by the X-Ray
diffraction (XRD) technique with D8 Advance equipment
(Buker). The measurement conditions were: copper (Cu)
anode, radiation Cu-Ka A = 154 A, 40 kV, 45 mA,
variation of 26 from 5 © to 100 °.

The fiims growth was characterized by the
transversal area images obtained through scanning
electron microscopy (SEM) using Quanta FEG
equipment (FEI). The digital multimeter (Fluke) was used
to measure the electrical resistance value (R). The
electrical characterization by sheet resistance (Rs) was
estimated from the two points method and Equation 1
using materials with dimensions about 2.50 cm x 2.50
cm.

The electrochemical characterization by Mott-
Schottky (M-S) of sprayed films was done using a three
electrodes electrochemical cell using the PGSTAT302N
potentiostat/galvanos-tat (Metrohm, Switzerland). Work
electrode was sprayed film; counter electrode was
platinum (Pt) plate and silver/silver chloride (Ag/AgCl) as
the reference. The sprayed films were about 2.50 cm x

1.0 cm with active area of 1.0 cm?, which is the working
electrode fraction in contact with the 50.00 mL agueous
solution of sodium hydroxide 1.0 molar (1.0 M NaOH).

The measurement conditions by the M-S
technique were potential variation between -1.00 V up
+1.00 V, 100000 Hz until 10 Hz frequency range, eleven
points per decade and signal amplitude about 10.00
mV. Plots of the capacitance reciprocal against applied
potential (1/C2 against E) were generated. The straight
line inclination was used to classify the semiconductor in
p-type (holes excess into valence band) or n-type
(electrons excess into conductive band). The line
extrapolation in the direction of the E magnitude was
used to estimate the flat-band potential (Efbp).

For the optical characterization, it was used the

UV-visible spectrophotometer (Cary 100, Agilent) in the
transmittance mode between the wavelengths of 200
nm up to 800 nm. The determination of the thickness (t)
and band gap (Eg) was obtained from the transmittance
(T) against wavelength (A) data. The t values were
estimated using Equations 4, 5, and 6, while the Eg
values were estimated from Equation 2. The adopted
conditions for obtaining Eg were direct transition (ahv/t)?
against energy of the incident photon (hv) plot and data
extrapolation to the condition (ahv/t)2 = 0.

c) Photovoltaic characterization: electrochemical and
electrical
i. Dye-sensitized solar cell assembly

Sprayed film substrates were cleaned by the
same volume ratio of water and ethanol alcohol mixture;
in ultrasonic water bath (Q3360, Quimis) for 10 min.
Subsequently, 0.084 g of SnO2 (99%, M) and 10%
(mass/mass) SnO2-CuO (99%, Vetec) mixtures were
prepared. All materials were added into volumes with 10
mL distilled water, then ultrasonic water bath for 10 min
and stirring. Sprayed film substrates were added into the
colloidal solution and the evaporation by natural
convection happened for 7 days. All photoanodes with
0.5 cm2 active area were calcined at 450°C for 30 min in
air atmosphere (EDG F-1800).

Photoanodes were immersed in equal volumes
of solutions prepared from ethanol (Vetec), Ruthenizer
535-bisTBA(N719) dye and chenodeoxycholic acid into
closed containers for 24 hours. These solutions were
obtained from 7.50 mL of ethanol with 3.0 mg of N719
and 12.00 mg of acid. Platinum on fluorine-doped tin
oxide (FTO) glasses were used as counter electrodes.
The iodide/triiodide (I-/13-) electrolyte (lodolyte AN-50)
was added onto the DSSC sandwich structures. The
N719 dye, chenodeoxycholic acid and counter
electrodes were obtained from Solaronix, Switzerland.

[11. CHARACTERIZATION

In order to study the photovoltaic characteristics
as a function of the sprayed films, the devices were
characterized in terms of current density (J)-voltage (V).
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The characterization was done using PGSTAT302N
potentiostat/galvanostat and light source with LED
generating 100 mW/cm2 white luminous energy. The
system was controlled by computer through the
NOVA1.10® program. The system and software
(Solaronix, Switzerland) was specifically designed for
DSSCs. From J-V, Voc, Jsc, FF, n, Rshunt and Rserial
values were obtained.

[V.  RESULTS AND DISCUSSION
a) DRX

The oxygen vacancies (V&) provide electrons
transport in  pure tin dioxide (SnO2) due the

stoichiometric deviation, where the electrons generation
can be described by equation 8.1 The understanding of
the structural, optical and electronic properties of SnO2
films was improved by comparison between pure and
doped SnO2 films [1, 32].

0" >V, +2e+1/20,(g) (8)

According to equation 8, when the oxygen
anions escape as oxygen molecules (02) out of the
SnO2 from the oxygen anions (O--) occupied sites, it is
created ionized vacant sites (V&) and two free electrons.
The V6 occurs due to the chemical diffusion process of
the O-- in bulk stoichiometric SnO2 that results in SnO2-
y, where y range about 0.02 until 0.034 from 700 K until
990 K temperature range 1. One other way, the pure
SnO2 stoichiometric deviation can be described as
Sn+4(1-8)Sn+250-2(2-8), where & is the amount of
vacant sites generated from the oxygen absence
occupied by Sn+2 cations [32].

If we assume that the Sn+4(1-8)Sn+250-2(2-3)
has doping by Sn+2, then it is valid the Sn+4(1-8)O-
2(2-3):Sn+28 formula. Thus, the SnO2-y and Sn+4(1-
8)Sn+260-2(2-8) can be designated as SnOx for x= 2-
y, as well as Sn symbol is a short representation for the
Sn+4(1-8)Sn+28 with Sn+2 being the dopant of
fraction (6 < y) or all (8 = y) of all oxygen vacancy sites.
Besides the oxygen deficiency and Sn+2, dopants such
as fluorine (F) [3-9], antimony (Sb) [8], molybdenum
(Mo) [10], manganese (Mn) [11], copper (Cu) [12] and
chromium (Cr) [13] have been used to modify the
structural, optical and electrical properties of the SnO2
films.

The incorporation of Sb5+ in the Sn4+ sites
and F-1 in the O-2 sites happens by substitution and it is
accommodated in the SnO2 net. [1,8] It has been
assumed that the fluorine doped-sprayed films identified
by XRD as bulk pure SnO2 is an approximate
measurement of the SnO2 films with presence of both
stoichiometric deviation and fluorine into its structure [3-
8].

In the fluorine doped stoichiometric deviation,
SnO2 films obtained by spray pyrolysis from tin
dichloride (SnCI2) and ammonium fluoride (NH4F) are

© 2021 Global Journals

generated from the tin oxide (SnO) and tin tetrafluoride
(SnF4) transitory compounds [8]. Thus, the experimental
data (Figure 1) obtained by X-rays diffraction (XRD)
technique was used to identify the nature of the sprayed
films called SOF and SOFC.

Figure 1 shows that the SOF and SOFC films
have XRD peak distribution similar to the SnO2 and tin
oxide fluoride (Sn4OF6) or SnO:(SnF2)3 equivalent,
which are stoichiometric oxides. Both SOF and SOFC
materials were identified as Sn4OF6 (ICSD 078356
sheet data) phase into 20 ° < 20 < 70 ° and into 60 ° <
20 < 85 © as pure SnO2 (ICSD 039175 sheet data)
phase. For SOF material, the similar XRD peak
distribution in the 20 ° < 20 < 85 ° region was reported
for SnO2 films with stoichiometric deviation and fluorine
dopant obtained from SnCl, and NH,F solutions using

spray pyrolysis [7].
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Figure 1: XRD of samples SOF and SOFC.

The spray pyrolysis creates oxides with
stoichiometric deviation. Therefore, we can assume that
SnO2 is an approximation of the SnOx:F, while that the
SnO:(SnF2)3 could be replaced as SnOx:SnF2 or
SnOx:(SnF2)y due to a stoichiometric deviation. Thus,
SnOx:D is a general form for representation of SOF and
SOFC materials, where D = F, SnF2 or (SnF2)y as
possible dopants. The symbol “x” in SnOx:D identifies
the stoichiometric deviation from the pure SnO2.

The dominant diffraction peak in (37.50 © < 26
< 40.00 °) region for the SOF material in Figure 1 was
attributed to the fluorine dopant. The similar condition
was reported for SnOx:F sprayed films [8]. But, such
peak was drastically reduced in SOF conversion to SOF
C2.5. One possible explanation for this would be the
competition between the Cu and F atoms to occupy the

vacancy sites in SnOx:D. As observed in Figure 1, the
higher quantity of Cu atoms tends to induce the
decrease in all peaks.

b) SEM

XRD has identified that the atomic arrangement
of atoms in the sprayed films tends to form structures
similar to the stoichiometric oxides structures of SnO2
and Sn40F6 [SnO:(SnF2)3]. However, since the

interfacial transfer process depends on the surface
properties, SEM and energy-dispersive spectroscopy
(EDS) were used to characterize the morphology and
atoms distribution on the surfaces of the sprayed films.
SEM images for a set of sprayed film samples are
represented in Figure 2.

. SOF €2.0

P

5{63 nm

500 nm

Figure 2: MEV images on the SOF and SOFC samples
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For the SOF sample as a reference, from the
MEV images can be inferred that the surface
morphology of the products was altered when the mass
of copper salts in the spray solution was increased from
0.10 g (SOF C0.1) to 2.50 g (SOF C2 .5). This change in
morphology, which grains tend to decrease and
become more compact, influenced the XRD profile
(Figure 1). From EDS measurements, Cu atoms in the
surface of SOFC materials were detected only for the
SOF C2.5 sample, while the F atoms were detected in
the surface of SOF and SOFC materials.

SOF C2.0

The sprayed films have heterogeneous growing,
that is, material growth on a support. There is three
possible paths for heterogeneous growth: overlapping
uniform layers (Frank-van der Merwe), islands or
agglomerates (Frank-van der Merwe) and layers and
islands mixture (Stranski-Krastanow) [2,45]. Figure 3
illustrates the substrate/sprayed film interfaces obtained
by SEM images. The sprayed SOF and SOFC films have
the dominant Stranski-Krastanow growing.

SOF C2.5

Figure 3. Substrate/sprayed film interfaces for the SOF and SOFC samples

The growing mechanisms of Frank-van der
Merwe, Stranski-Krastanow and Volmer-Weber are
complexes, but they are a function of the solution
compoasition, driven  thermodynamics,  growing
temperature and others [2, 45]. The observed growing
type in SOF and SOF sprayed films was attributed to be
a function of the deposition process adopted. The
clusters happen when the bond energy between the
superficial atoms and its neighborhood is stronger than
between the atoms and the bulk layer.

c) Mott-Schottky electrochemical  technique  using
electrochemical cell

The SnO2 films with both stoichiometric
deviation and fluorine into its structure were
characterized by the Mott-Schottky (M-S) technique,
reporting as a n-type direct transition semiconductor
[44] The n-type semiconductor has electron excess in
the conduction band (CB), while the p-type presents
holes excess in the valence band (VB) [1, 2, 46, 47]. As
the SOFC materials have F and Cu atoms, the M-S
electrochemical technique was used to identify the
semiconductor type formed as a function of copper
presence (Figure 4).

© 2021 Global Journals
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Figure 4: M-S plots for SOF e SOFC samples

Figure 4 illustrates the data obtained by M-S for
the SOF and SOFC (C0.1, C0.5, C15 and C2.5)
samples, which reflects the variation in the amount of
copper atoms present in the sprayed filims. The data
described in Figure 3 shows that the variation of
capacitance (C) of the semiconductor/electrolyte
junction as a function of the applied potential (E) is a
straight plot, which is typical of the M-S behavior. The
SOF sample was used as standard reference.

The capacitance is typically a function of
frequency (f) and the E. High frequency values have

been used to eliminate the frequency influence on the
capacitance in M-S plots [36,43]. The 1/C2 against E
plots were generated using 1000 Hz as reference
frequency [40, 42]. The illustrated data in Figure 4 was
obtained for the 1000 Hz reference frequency. The slope
of the straight lines (Figure 4) indicates the SOF and
SOFC as n-type semiconductors. Table 2 illustrates the
estimated flat-band potential (Efbp) values for the SOF
and SOFC obtained from the line extrapolation forward
the E axis.

lable 2: Ey,, and CB edge for the SOF and SOFC samples

- Es CB edge

N° | NOMENCLATURE (v vs Ag/AGC)) eV vs vacuum)
1 SOF -1.57 -3.09

2 SOF C0.1 -1.82 -2.40

3 SOF C0.5 112 -3.10

4 SOF C1.5 -1.45 -2.77

5 SOF C2.5 -1.37 -285

In the charge transfer process in the titanium
dioxide (Ti02)/SnO2 junction, the Efbp values of
materials obtained by M-S plots were assumed to be an
approximate measurement of the CB edge of a n-type
semiconductor [39]. Table 2 shows the CB edge values
determined from Efbp values and converted to the
absolute energy scale (vacuum). The CB edge change
as a function of the copper atoms identifies an
electronic distribution change into the CB of SOF and
SOFC materials.

Regarding the materials from the SOFC group,
the Cu atoms in the matrix seem to have contributed to
the shift of Efbp to less negative values, but a non-linear
increase of electrons in the CB, results in the shift of the
CB edge. Such behavior is admissible, once the

materials exhibit the n-type semiconductor behavior,
which is associated with the electrons excess in the CB.
In the CuFeO films, doped with calcium atoms, it was
reported Efbp increase with the increment of the calcium
(Ca) dopant from the Efbp= +0.70 V, for the pure film,
and reaching Efop= +0.93 V at 10% doping [40].

The Efbp value changes with the electrolyte
composition. The increment in the Efbp value
contributes to increase the charge transfer through the
semiconductor/electrolyte junction [43]. Also, The Efbp
interferes with the photovoltaic behavior of the DSSCs
[20,23]. In TiO2-based dye-sensitized solar cells
(DSSCs), the doping by ferric (Fe) dislocated the Efbp
value to more positive potentials, Efbp (TiO2) = -0.73 V
became Efbp (TiO2:Fe) = -0.55 V, and it increased the
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efficiency of the cell due to the good charge separation
between TiO2:Fe CB and the LUMO of dye [23].

For the SnOx:F/CuFeO2/dye/redox and
(I-/13-)/Pt-SnOx:F sandwich structure DSSC, the value of
the open circuit voltage (Voc) was estimated from
Efbp(CuFeO2) and Eredox(l-/13-) using Voc =
Efbp(CuFeOQ2) - Eredox(I-/13-) [20]. From the
Efbp(CuFeO2) the value converted to the standard
hydrogen electrode (SHE) electrochemical scale and
Eredox(l-/13-) = + 0.32V vs SHE, was then Voc= 0.37 V,
while the experimental value was 0.365 V. The Efbp
(CuFe02) value was estimated by M-S measurement in
a 1.0 M NaOH solution with the aid of silver/silver
chloride (Ag/AgCl) as reference electrode.

In relation to the dye-sensitized solar cells
(DSSCs), the literature has reported that the theoretical
Voc can be estimated from Voc = ECB - Eredox, where
ECB is CB edge position of semiconductor. From this
methodology, it is possible to infer that the
approximation ECB~Efbp for the n-type semiconductor,
which is a good tool in the characterization of materials
for photovoltaic applications. Besides the knowledge on
structural, morphologic and electronic properties of
semiconductors, it is also important to determine the
electrical and optical properties to understand the role
they play in the photovoltaic field.

d) Sheet resistance (Rs)

SnO2 is an n-type semiconductor in which the
presence of oxygen vacancies, cations and anions as
dopants are responsible for the conductivity generated
by the electrons transport [1]. SnO2 films synthesized
by spray pyrolysis technique have been doped using
manganese (Mn) [11], copper (Cu) [12] and chromium
(Cr) [13] as source of cations doping. Titanium (Ti), zinc
(Zn), tin (Sn), Cu, Mn, Cr and others are atoms that tend
to form electrical insulating oxides [1]. Thus, research
generally approached the influence of these atoms only
as dopants on properties of bulk oxides.

For electrical characterization, the sheet
resistance (Rs) has been used to measure the electrical
resistance of materials in films. The two points method
was reported for electrical characterization of SnOx:F
films to the Rs measurement [5]. The sheet resistance
(Rs) is the more adequate characterization for films due
to the large area of the films that favors the capture of
electrons by superficial defects [48].

In SnOx: F films from spray pyrolysis, Rs values
were reported between 107.9Q/a to 17.8 Q/o [5]. These
values were obtained using the two points method with
the aid of a digital multimeter. Table 3 illustrates the Rs
values of the sprayed films determined by the two points
method. For 35.8Q)/ o to 17.60Q/ o (Table 3), the
values agree with the ones reported for Rs of SnOx: F
films obtained from the two points method [5].

The Rs values described in Table 3 reflects the
dependence on the work conditions. For the SOF
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materials as referenced in Table 3, the increased
number of copper atoms in sprayed films causes an
obvious change in the resistance, which can be due to
the transition from conductive to insulate phase or loss
of oxygen vacancies or low F atoms into the SnOx: F
matrix. A decrease in the number of oxygen vacancies,
in SnO2 thin films, during the deposition, results in a
reduction of the charge transporter concentration and,
therefore, of the electrical conductivity [1]. In the self-
doping of SnO2, the oxygen vacancies responsible for
the electrical conductivity are occupied by the Sn+2
ions [32].

Table 3: Rq values of sprayed films by the two points

method
N° | Nomenclature | R, (Q/o)
1 SOF 17.60
2 SOF CO0.1 20.20
3 SOF C0.2 24.50
4 SOF C0.3 24.60
5 SOF C0.4 24,90
6 SOF C0.5 20.70
7 SOF C1.0 25.70
8 SOF C1.5 28.40
9 SOF C2.0 35.00
10 SOF C2.5 35.80

From another approach, the increase in the Rs,
with copper increase, is associated with the decrease of
the prominent diffraction peak in 37.5 © < 20 < 40°
interval (Figure 1), morphology change in Figure 2 and
formation of islands in Figure 3. Through transmission
electron microscopy (TEM), it was found that the excess
of antimony (Sb) dopant in the semiconductor creates
agglomerates that increase the material electrical
resistance [49]. The effects of copper atoms on the
optical and structural properties of the SnO2 films have
been reported [12], leaving out the electrical properties.
Probably, the electrical characterization has not been
mentioned previously because copper tends to make
electrical insulators such as oxides.

From the electrical measurements in Table 3, it
can be inferred that the copper (Cu) atoms act opposite
to fluorine (F) atoms. By the size, the proximity of the F-
ion with the O2- ion, the F- ions occupies the sites
emptied by the oxygen absence [32]. Additionally, the
antimony (Sb) ions, by being larger than the F-,
substitute the tin atoms ions [8]. The electrical
transparent conductors based in tin oxides made by
spray pyrolysis presented Rs higher with Sb than with
the F dopant [8]. Similarly to the Sb atoms, the Cu
atoms in the SOFC can substitute the tin atoms in the tin
sites (Sn+4 or Sn+2 or both) into the SnOx:F matrix.

Taking in consideration the crystal net, fluorine
is a dopant which contributes to minimize Rs, because it
causes less net deformation than copper. Copper
increments Rs due to the deformation caused in the net.
This decrease probably happened due to the diminution



in the quantity of extinct vacancies or increase in the
quantity of generated agglomerates or both. The
decrease of the peaks of diffraction (Figure 1) is the
result of this behavior.

Not only the type of doping, also the process
conditions affect Rs. The SnOx:F fiims obtained by
spray pyrolysis at 400 °C from a solution mixture of acid,
tin and fluorine salts presented Rs between 38.02Q/ o to
300.02Q/ o [6]. The SnOx:molybdenum (Mo) films
produced by spray pyrolysis at 500 °C resulted in Rs
between 39.81Q/ o to 98.23Q/ o, while the pure phase
had Rs equals to 109.81 Q/o [10].

Additionally, the spray pyrolysis is a technique
capable of induce oxygen vacancies into oxides. It is a
useful tool in the preparation of doped and pure oxide
films with stoichiometric deviation from spray solutions
with the salts and acids. This research showed that the
spray solutions without the addition of acids produced

100

materials with Rs varying between 20.20Q/o up to 35.80
Q/o. These values agree with data reported in
literature.

e) Transmittance, thickness and band gap from optical
spectroscopy

The optical transmittance is one
characterization technique that can be used in the study
on the behavior of materials on ultraviolet-visible-infrared
radiations. Figure 4 illustrates the transmittance of the
samples SOF C1.5, SOF C2.0, SOF and bare glass into
ultraviolet-visible radiations. From Figure 5, the
transmittance of SOFC materials can be compared to
the SOF matrix and bare glass transmittance. The
presence of copper (Cu) atoms seems to affect the SOF
matrix transmittance both decreasing (SOF C2.0) and
increasing (SOF C1.5).
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Figure 5: Optical transmittance values for samples SOF and SOFC

The transmittance value for SOF reaches close
to 80% only at about A = 800 nm, but transmittance
decreases when the A downwards, reaching values
below 60% for A < 500 nm. This behavior is similar for
SOFC materials. For SOF matrix as reference, the
increment in the SOF C1.5 can be attributed to a
random distribution of copper atoms in the matrix. Such
distribution may have helped to minimize the formation
of agglomerates or impurities that induce the
transmittance loss. The agglomerates were identified in
SOF and SOFC materials (Figure 3).

The loss of transmittance in relation to the glass
substrate may be related to a higher proximity between
the atoms in the matrix. This approximation may have
caused agglomerates capable of inducing absorption or
reflection of the visible radiation or the incident luminous

energy. Therefore, the transmittance seemingly
increased when sprayed by a copper(ll) chloride
dihydrate (1.50 g) solution, which provides SOF C1.5
(Table 1). Possibly, the increase in transmittance was
caused by a more efficient random distribution of
copper atoms in the matrix with grains decreasing
(Figure 2).

The loss of transmittance in a material can be
attributed  to the reflection and/or absorption
phenomenon [50]. As mentioned previously, the film's
dominant growth was Stranski-Krastanow. Possibly, the
type of growth caused some loss in the transmittance. In
the other side, in the SnOx:F from the spray pyrolysis
technique, SnO, HF, SnF4 transitory composites are
formed during the process and, due to the temperature
effect, react with oxygen to form the SnOx: F product
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[8]. Therefore, such transitory composites can be
present in the SOFC materials as impurities acting to
reduce the transmittance. From XRD (Figure 1), it was
estimated the possible presence of SnF2 in SOF and
SOFC materials.

Figure 5 llustrates peaks and \valleys
(interference fringes) in the optical transmittance
spectrum. The peaks and valleys in the optical

transmittance spectrum of film/substrate junction reflect
a layer adherent to the substrate [34]. Also, the peaks
and valleys generated in the spectrum of optical
transmittance on a film/substrate junction have been
used to estimate the film thickness (t) and band gap
(Eg) [5.7].

The advantage of the optical characterization is
the possibility of determining the t and Eg using only
transmittance data. Table 4 shows the values for t and
Eg for spayed materials, obtained only from optical
characterization. The t values for SOF and SOFC
materials were estimated through Equations 4-7, while
the Eg values were specified using the Tauc relation,
Equations 2 and 3.

lable 4: The t and E, values of the SOF and SOFC

materials
N° | NOMENCLATURE | t°° (hm) [ E/® (eV)
1 SOF 643.36 3.15
2 SOF C0.1 636.68 3.10
3 SOF C0.2 658.58 3.37
4 SOF C0.3 621.26 3.22
5 SOF C0.4 647.54 3.00
6 SOF C0.5 658.57 3.37
7 SOF C1.0 647.67 3.30
8 SOF C1.5 676.53 3.47
9 SOF C2.0 641.43 3.32
10 SOF C2.5 653.55 3.52
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- i
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— 45—
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The random distribution of copper atoms (Cu),
the preparation process and measurement conditions
seemingly have influenced non-linear behavior of Eg
(Table 4). The Eg variation as function of the preparation
conditions and doping has been reported in literature.
The Eg change on tin oxide materials was 4.0 eV for
monolayer and 1.16 eV for three layers of deposited film
[51]. Antimony (Sb), as the dopant, injects free electrons
in the conduction band of the tin oxide, which causes an
increase on the Eg [1] SnO2 films, Eg = 3.911 eV, while
Eg = 4.011 eV with the increment of molybdenum (Mo)
atoms in the matrix [10].

For semiconductors that behave as electrical
conductors, the electronic conductivity is due to the
oxygen vacancies and presence of electrons or holes
from dopants into the energy bands of semiconductors.
A transparent semiconductor as electrical conductor is a
material with high electrical conductivity and band gap
(EQ) higher than 3.10 eV (Eg > 3.10 eV) that provides
low absorption in the visible solar radiation [1].

The inorganic semiconductors have the
conduction band (CB) and valence band (VB) energy
levels, while organic semiconductors have LUMO and
HUMO, equivalent to CB and VB, respectively. The
optical Eg and electrochemical HOMO values from the
LUMO = HOMO + Eg were used to obtain LUMO [10].
Figure 6 shows the BC and VB edge position of the SOF
and SOFC being as function of copper and obtained
from the CB = VB + Eg, where CB is assumed as Efbp
(Table 2) and Eg is illustrate in Table 4.

e \/3lence band
—— Conduction band

SOF C1.5 SOF C2.5

Figure 6: CB and VB edges for samples SOF and SOFC
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By previously exposed information about SOF
and SOFC materials, it is possible to attribute that these
materials are n-type semiconductors oxides, as well as
transparent and electrical conductors and Eg > 3.10 eV.
Once those photovoltaic solar cells use the visible
region to generate electricity, the SOF and SOFC
materials have potential for photovoltaic applications as
collectors of electrons or in the form of conductor
transparent oxide or counter electrode. Therefore, the
SOF and SOFC materials were used in DSSCs as being
SOF/platinum and SOFC/platinum counter electrodes.

)  Dye-sensitized solar cell (DSSC)
In DSSCs, the photovoltaic effect occurs by
electron transfer at the surfaces of electrodes, the

photoanode and counter electrode, from the photo
electrochemical reactions. These reactions involve the
charge transfer at the electrode surface, the electrolyte
resistance, mass transfer from the electrolyte to the
electrode surface and the electroactive species
adsorption. The DSSC photovoltaic characteristics
results from the net amount of the electron transfer
processes into the cell. Figure 7 shows the photocurrent
density-voltage (J-V) characteristics for DSSC with
various photoanodes under a simulated solar light about
100 mW/cm2.
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Figure 7. J vs V plots for the DSSCs: a) SnO, photoanodes and b) SnO,:CuO photoanodes
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All photovoltaic parameters are shown in Table
5. As Rserial is a resistance ohmic setup and Rshunt
represents the setup of resistance to charge
recombination in DSSC, then for ideal solar cell Rserial
<< Rshunt. Moreover, the results illustrated in Figure 7
and Table 5 are attributed to the effective influence of
Rserial > Rshunt.

The fill factor (FF) indicates cell stability in face
of energy generation. FF is given by a ratio between the

maximum energy product (J.V)max and the ideal energy
product (Jsc.Voc).Therefore, the closer FF is to one, the
higher is the cell stability under luminous energy
presence. The cell stability represents resistance to
energy loss, which occurs when the cell is submitted to
an electrical field induced by charge accumulation
space (CAS), under the presence of the luminous
energy.

Table 5: Photovoltaic parameters at 100 mW/cm? by various photoanodes of DSSC devices

Photoanode | DSSC | Vo) | (m Aj/sgmz) FF | M(%) | Ry (Q.cM2) (g_ sch‘r‘:{z)
SOF/Sn0O, SSO 0.31 4.75 0.36 | 0.52 1303.00 996.10
SOF C1.5/Sn0, SS1.5 0.35 4.78 0.29 | 0.48 1113.80 993.50
SOF C2.5/Sn0O, S§S2.5 0.44 7.49 0.28 | 0.93 1139.70 995.60
SOF/Sn0,:Cu0 SSCOo 0.62 4.77 0.29 | 0.86 1052.50 995.30
SOFC 25/ SSC25 | 0.55 3.28 0.48 | 0.86 1084.30 998.30
SnO,:CuO

The low values of FF illustrated in Table 5 show
high electrons concentration with lower energy than the
electrical fields induced on SnO2 based photoanodes.
But, the FF and Jsc values follow the literature for
modified and unmodified SnO2 nanoparticles based
photoanodes. For example, Jsc =2.45 mA/cm2 and FF
= 0.5404 Sn0O2 photoanode [26]. Jsc =4.80 mA/cm2
and FF = 0.308 Sn02:Zn0O photoanode [27], Jsc =9.2
mA/cm2 and FF = 0.332 SnO2 photoanode [30].

Among DSSCs, SS2.5 DSSC has an obvious
increase in current density (Jsc) and open circuit voltage
(Voc). But, photoelectrons have lower energy than the
electrical fields induced by charge accumulation space
into the solar cell, which from a specified voltage is
captured by the charge accumulation space instead of
the electron's acceleration. This process influences low
Rshunt, high Rserial and low FF. Subsequently, the
SnO2-CuO mixture on the SOF C 2.5 for the SSC2.5
DSSC provides Rshunt and FF higher than that of $SS2.5
DSSC.

V. CONCLUSION

Copper decorated fluorine doped tin oxide films
and its application in the photovoltaic performance of
DSSCs was investigated in this study. From the
characterizations, it is possible to assume that the
properties of the material synthesized by the spray
pyrolysis were influenced by copper concentration.
However, the material keeps its characteristic as a
transparent electrical conductor oxide. The composition
of copper decorated fluorine doped tin oxide also
facilitates the enhancement of the photocurrent and Jsc,
and improves energy conversion efficiency of the
DSSCs.
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