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ABSTRACT: In this study, highly transparent conducting ﬂuorinedoped tin oxide (FTO) electrodes were fabricated using the
horizontal ultrasonic spray pyrolysis deposition. In order to improve
their transparent conducting performances, we carried out oxygen
activation by adjusting the ratio of O2/(O2+N2) in the carrier gas
(0%, 20%, and 50%) used during the deposition process. The oxygen
activation on the FTO electrodes accelerated the substitution
concentration of F (FO•) into the oxygen sites in the FTO electrode
while the oxygen vacancy (VO••) concentration was reduced. In
addition, due to growth of pyramid-shaped crystallites with (200)
preferred orientations, this oxygen activation caused the formation of
a uniform surface structure. As a result, compared to others, the
FTO electrode prepared at 50% O2 showed excellent electrical and
optical properties (sheet resistance of ∼4.0 ± 0.14 Ω/□, optical
transmittance of ∼85.3%, and ﬁgure of merit of ∼5.09 ± 0.19 × 10−2 Ω−1). This led to a superb photoconversion eﬃciency
(∼7.03 ± 0.20%) as a result of the improved short-circuit current density. The photovoltaic performance improvement can be
deﬁned by the decreased sheet resistance of FTO used as a transparent conducting electrode in dye-sensitized solar cells
(DSSCs), which is due to the combined eﬀect of the high carrier concentration by the improved FO• concentration on the FTO
electrodes and the fasted Hall mobility by the formation of a uniform FTO surface structure and distortion relaxation on the
FTO lattices resulting from the reduced VO••• concentration.
KEYWORDS: transparent conducting electrode, ﬂuorine-doped tin oxide, oxygen activation, ﬁlm structures,
horizontal ultrasonic spray pyrolysis deposition, photovoltaic performance
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In general, due to their low resistivity (<10−4 Ω cm) and high
optical transparency (>80%) in the visible region, the TCEs
have long been used in a great variety of optoelectronic
applications, such as touch screens, smart windows, liquid
crystal displays (LCD), organic light emitting diode displays,
and solar cells. Up to now, as most extensively investigated
TCE materials, there are doped metal oxides with a wide band
gap (>3 eV), such as tin-doped indium oxide (ITO),
aluminum-doped zinc oxide (AZO), and ﬂuorine-doped tin
oxide (FTO). In particular, the FTO was the most widely used
TCE for DSSCs due to its good stabilities in acid atmosphere
and at high temperature.14,15 In DSSCs, the FTO plays an
important part that determines the amount of light entering the
device and transfers the photoelectrons to the external circuit,
which is directly related to the photovoltaic performances of

INTRODUCTION
Due to their numerous advantages, such as a simple device
structure, cost-eﬀective fabrication, ﬂexibility, and various
applications, dye-sensitized solar cells (DSSCs), based on the
principle of photosynthesis, have been widely known as a
potential alternative to conventional silicon-based solar cells.1−3
These factors are what makes DSSCs attractive for solar cell
ﬁelds requiring large scale process, ﬂexibility, and environmentally friendly elements.4 Typical DSSCs are composed of
transparent conducting electrodes (TCEs), nanosized TiO2
working electrodes, sensitizing dyes, Pt counter electrodes,
and iodide electrolyte.5 Over the last several years, considerable
eﬀort had been invested into seeking to enhance the
photoconversion eﬃciency of DSSCs in terms of development
of porous working electrodes, eﬀective light-absorbing dyes,
and low-cost counter electrodes.6−8 However, although the
TCE is one of the essential components in DSSCs, relevant
research on high-performance TCEs for improving their
photovoltaic properties is scarce.9−13
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DSSCs.15,16 More speciﬁcally, sheet resistance and optical
transparency in the FTO electrodes that are critical factors to
determine the photovoltaic performances largely depend on
their defect structures (substitution of F on oxygen site (FO•)
and oxygen vacancy (VO••)) and crystallographic structures
(crystallinity, grain, and morphology).15−18 Therefore, many
previous studies have been sought to adjust these structures for
high-performance FTO electrodes through various synthetic
methods, including RF magnetron sputtering, chemical vapor
deposition, pulsed laser deposition, spin coating, and ultrasonic
spray pyrolysis deposition (USPD).19−23 In particular, the
commercial FTO electrodes of Pilkington (TEC8) were
fabricated by an atmospheric pressure chemical vapor
deposition whereby an inert gas (99.99%) was used to
transport metal−organic precursor into the reaction chamber.24
In addition, Jeon et al. used the electron cyclotron resonancemetal organic chemical vapor deposition method to prepare the
high-performance FTO electrodes, whose chemical species are
able to deposit on the substrate by high-impact energy induced
from plasma bombardment at the optimum base and working
pressures of ∼2 × 10−6 and ∼1 × 10−3 Torr, respectively.25
Normal USPD is a simple and cost-eﬀective synthetic
method to fabricate the ﬁlm nanostructures using precursor
droplets (1−100 um in size) formed by the ultrasonic
atomization.23 Furthermore, this method can easily vary the
FTO properties (e.g., textures, morphologies, substitution
concentrations, etc.) by adjusting the compositions of the
precursor solution (e.g., solvents, additives, and viscosity) and
process parameters (e.g., ﬂow rate, ultrasonic amplitude, and
deposition temperature).26−28 For example, Agashe et al.
reported the thickness eﬀect of spray pyrolyzed FTO electrodes
on the TCE performances and the FTO electrodes with 1000
nm thickness possessing the minimum resistivity of ∼3 × 10−4
Ω cm and a good visible transmittance of ∼84%. 26
Furthermore, Benhaoua et al. controlled the ﬂuorine
concentration on the FTO electrodes and revealed the
optimized TCE performances with minimum resistivity (∼1.4
× 10−3 Ω cm) and maximum transmittance (∼83.9%) at 4 wt
% F.27 Likewise, Otsuka et al. reported the surface modiﬁcation
of spray pyrolyzed FTO electrodes using ITO nanoparticle seed
layers, which eﬀectively enhanced their haze values to enhance
the light harvest with the scattering.28 However, while these
developments can contribute to the improvement of photovoltaic performance in the DSSC, the conventional USPD
technique limits the precise investigation of the eﬀect of
chemical and oxygen potential for the FTO electrodes, because
its deposition chamber is an open system exposed to the air
atmosphere by ca. 20%.26−28 Hence, the study of oxygen
activation on the FTO electrodes using USPD has not been
reported yet. In addition, from this standpoint, the eﬀorts to
investigate the relationship between the FTO electrode and the
photovoltaic performance are a very critical issue for DSSC.
In the present study, we fabricated highly transparent
conducting FTO electrodes using the horizontal ultrasonic
spray pyrolysis deposition (HUSPD, ceon, Nano SPD, TV500,
Korea) with a closed atmosphere chamber to ensure a steady
semiequilibrium state during the FTO deposition and
investigated the eﬀect of oxygen activation on the FTO
electrodes by adjusting O2 ratio in the carrier gas (0%, 20%, and
50%) to enhance their transparent conducting performance. In
addition, we studied the relationship between their transparent
conducting performance and the photovoltaic performance of
DSSCs.
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RESULTS AND DISCUSSION
Figure 1a shows a schematic representation of the HUSPD
used for fabricating the FTO electrodes. This apparatus consists

Figure 1. Schematic representation of (a) the horizontal ultrasonic
spray pyrolysis deposition technique and (b) the deposition process
for fabricating the ﬁlm nanostructure in reaction furnace.

of a mass ﬂow controller, a spraying bath with ultrasonic
atomizer, a reaction furnace, and residual particle ﬁlter, which is
similar to that of the normal USPD. However, for the normal
USPD, the spraying head is positioned above the substrate
surface and the precursor solution is vertically supplied to the
substrate. In this case, the chemical species in the sprayed
droplets are agglomerated on the substrates due to nonuniform
distribution of gas ﬂow thought spray head, which can lead to
the formation of nonuniform ﬁlm nanostructure.29,30 On the
other hand, the HUSPD is allowed to horizontally supply the
precursor solution to a reaction furnace. Since it is considered
to be the uniform gas ﬂow, the precursor droplets formed by
ultrasonic atomizer directly undergo the following uniform
formation process for fabricating a ﬁlm nanostructure in a
reaction furnace (see Figure 1b): (1) solvent evaporation, (2)
solute condensation, and (3) thermal decomposition (can be
generated by the following chemical reactions: SnCl4 + 2H2O +
NH4F → SnO2:F + 3HCl + NH4Cl + HF).31 In addition,
unlike the normal USPD, it can adjust the deposition
atmosphere in the closed camber during the formation of
ﬁlm nanostructure. Therefore, the HUSPD can result in a
successful formation of the high-performance FTO electrodes
through oxygen activation.
Figure 2 shows X-ray diﬀraction patterns of the FTO
electrodes formed at varied O2 ratio in the carrier gas for
oxygen activation. All electrodes present a polycrystalline
structure with characteristic diﬀraction peaks at 26.50°,
33.84°, 37.94°, and 51.74°, indicating the (110), (101),
(200), and (211) planes of a tetragonal rutile SnO2 (space
group P42/mnm [136], JCPDS no. 88-0287), respectively.
Speciﬁcally, a close investigation reveals that these diﬀraction
peaks are slightly shifted to a lower angle than the pure SnO2
44585
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(200) preferred orientations are parallel to the glass substrate,
which is an important factor for enhancing the electrical
properties of TCEs.35
Figure 3 shows the top-view and cross-view FESEM images
of (a,d) FTO-0% O2, (b,e) FTO-20% O2, and (c,f) FTO-50%
O2, respectively. For the top-view FESEM images, it is observed
that the crystallites are well interlocked throughout the entire
surface of all of the electrodes. In particular, the morphology
and grain size of the crystallites diﬀer among the electrodes.
FTO-0% O2 is composed of the majority of rod-shaped
crystallites (∼423.5−585.9 nm) and the few pyramid-shaped
crystallites (∼170.9−313.7 nm) where partial pinholes are
observed on the surface due to the diﬀerent shapes between the
crystallites. However, as the O2 ratio in carrier gas increases, the
distribution of the rod-shaped crystallites is gradually reduced.
Finally, FTO-50% O2 display only the pyramid-shaped
crystallites of the size in the range of ∼197.8−311.9 nm,
without formation of rod-shaped crystallites. These phenomena
are related to the growth suppression of the crystallites induced
by a low surface energy at a high O2 ratio in the carrier gas.14,36
According to the nucleation theory, the nucleation density (N)
can be deﬁned as follows (see eq 1):37

Figure 2. X-ray diﬀraction patterns of the FTO electrodes fabricated
using HUSPD at the diﬀerent O2 ratio in the carrier gas.

shown at the bottom (26.61° for (110) plane, 33.90° for (101)
plane, 37.98° for (200) plane, and 51.82° for (211) plane). This
implies that the FTO phases are successfully formed as the
substitution of smaller O2− (ionic radius 0.132 nm) by a larger
F− (ionic radius 0.133 nm) in the SnO2, which can be deﬁned
by Bragg’s equation (nλ = 2d sin θ).32 Interestingly, with an
increase of the O2 ratio in the carrier gas, the intensity ratio
between (200) and (110) planes gradually increases (2.5 for
FTO-0% O2, 11.4 for FTO-20% O2, and 14.6 for FTO-50%
O2). This particular change can be altered by the growth of the
preferred orientation in the SnO2.33,34 According to the
periodic bond chain theory, the (110) and (200) preferred
orientations of the SnO2 are formed by (101) F-faces and (111)
K-faces, respectively. In the thermodynamic stable condition, it
is well-known that the SnO2 has dominant (110) preferred
orientations by the formation of (101) F-faces.33 However, as
shown in previous reports, at high oxygen concentration, the
suppression of (101) F-faces by (111) K-faces was accelerated
due to the adsorption of polar halogen-rich gases formed as
byproducts of tin chloride precursors.33 Therefore, an increase
in the O2 ratio during the spray pyrolysis can suppress the
growth of (110) preferred orientations, leading to the growth of
the crystalline SnO2 phases with dominant (200) preferred
orientations. Therefore, this can cause the formation of a
uniform surface in the FTO electrodes because the formed

N = A exp( −ΔG /RT )

(1)

where ΔG is the activation energy of nucleation corresponding
to the surface free energy (ΔGS) and the volume free energy
(ΔGV). A, R, and T are a constant, a gas constant, and a growth
temperature, respectively. That is, the increase of the O2 ratio
during the deposition process causes a decrease in the surface
free energy. Therefore, in FTO-50% O2, the growth of (110)
planes corresponding to the rod-shaped crystallites is suppressed due to their decreased activation energy of
nucleation.38,39 From cross-view FESEM images shown in
Figure 3d−f, the thicknesses of FTO-0% O2, FTO-20% O2, and
FTO-50% O2 are observed to be ∼491.6−624.2 nm (ca. 561.1
nm), ∼495.5−619.4 nm (ca. 557.8 nm), and ∼517.5−621.1 nm
(ca. 558.3 nm), respectively, thus resulting in that their values
of Δthickness/thickness were gradually decreased with an
increase of the O2 ratio (23.6% for FTO-0% O2, 22.2% for
FTO-20% O2, and 18.5% for FTO-50% O2). These results
implied that an increase of the O2 ratio can cause the formation

Figure 3. (a−c) Top-view FESEM images and (d−f) cross-view FESEM images of FTO-0% O2, FTO-20% O2, and FTO-50% O2, respectively.
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Figure 4. XPS core-level spectra of Sn 3d obtained from (a) FTO-0% O2, (b) FTO-20% O2, and (c) FTO-50% O2 and (d) atomic percentages of O,
Sn, and F elements for all of the electrodes.

of ﬁlm structure with uniform thickness while there was no a
critical diﬀerence of average thickness among the samples.
Furthermore, for the surface morphology, with an increase of
the O2 ratio in the carrier gas, it changes from a rough surface
to a uniform surface due to the growth suppression of the rodshaped crystallites with apexes. This result is convincingly
demonstrated by the AFM images in Figure S1. With regard to
FTO-0% O2 (Figure S1a), it should be noted that the majority
of the rod-shaped crystallites protruding in the upward
direction are irregularly distributed in the FTO surface.
However, as the O2 ratio in the carrier gas increases, the
distribution of the rod-shaped crystallites is gradually decreased,
which is related to the growth suppression of (110) preferred
orientations in the SnO2 phases observed in the XRD results,
leading to a decrease in the root-mean-square roughness (Rms)
of the FTO electrode (∼39.0 nm for FTO-0% O2, ∼31.8 for
FTO-20% O2, and 29.1 nm for FTO-50% O2). Therefore, the
SEM and AFM results indicate that, as compared to other
electrodes, FTO-50% O2 possess a uniform surface morphology.
To investigate the chemical binding states and quantity of
doping element aﬀecting to electrical properties on the FTO
electrodes, the XPS measurements were performed (see Figures
4 and S2). All binding energies were corrected using the C 1s of
∼284.5 eV as reference. In Figure 4a−c, the XPS Sn 3d5/2 and
Sn 3d3/2 core-level spectra of all of the electrodes are divided
into two characteristic peaks. One is located at ∼486.6 eV for
Sn 3d5/2 and ∼495.1 eV Sn 3d3/2, corresponding to the binding
energy of Sn4+ in the SnO2 phase.35,40 The other is represented
at ∼487.7 eV for Sn 3d5/2 and ∼496.3 eV Sn 3d3/2, which is
assigned to the chemical bond between tin ﬂuorine (Sn−F),
indicating the eﬀect of F-substitution in SnO2 phases.41,42 This
result is also conﬁrmed by XPS F 1s spectra (see Figure S2a−
c). In particular, the remarkable diﬀerence in the area of the
binding energy related to the Sn−F among the FTO electrodes
should be noted. Therefore, we determined the surface atomic
concentration of O, Sn, and F elements from the corresponding

peak areas in the XPS spectra. As shown in Figure 4d and Table
S1, these results suggest that the more O2 ratio in the carrier
gas increases, the more the F-substitution concentration into
the SnO2 is enhanced, which can be induced by the reaction
depositing the FTO (see eq 2)).43
SnCl4 + O2 + F2 → FTO(SnO2 : F) + 2Cl 2↑

(2)

This result may lead to creating free electrons as carriers and
making the FTO electrode more conductive.43,44 As can be
seen in Figures S2d−f, the three characteristic peaks from the
XPS O 1s core-level spectra were emitted at 530.2, 531.1, and
532.3 eV, indicating the Sn−O, C−OH, and V O •• ,
respectively.45,46 Interestingly, this result shows that the area
ratio of the VO•• to Sn−O on the FTO electrodes (0.50 for
FTO-0% O2, 0.43 for FTO-20% O2, and 0.34 for FTO-50%
O2) gradually decreases with an increase of the O2 ratio in the
carrier gas, which originates from the occupation of oxygen
vacancy sites by the increased F-substitution, thereby relaxing
the lattice disorder for enhancing Hall mobility on the FTO
electrodes.47 This phenomenon is largely consistent with the
FTIR results shown in Figure S3. In the FTIR results, the
infrared features observed at 459 and 484 cm−1 can be assigned
to O−Sn−O and F−Sn−F vibrational modes, respectively.17
Speciﬁcally, a gradual enhancement of the infrared feature on
O−Sn−O vibrational mode is seen in the FTIR results with the
increase of the O2 ratio in the carrier gas. According to Zhang
et al., the weak feature of O−Sn−O vibrational mode
corresponds to the existence of VO••, because they deform
the O−Sn−O group owing to the compression eﬀect induced
by the repulsive force between Sn4+ and VO••.17 Based on these
results, it can be concluded that the oxygen activation can lead
to a decline in the VO•• instead of increasing the FO•, as shown
in the XPS results. Therefore, the change in the VO•• and FO•
induced by the oxygen activation can aﬀect the carrier
concentration and Hall mobility in the FTO electrodes.
Figure 5a shows the electrical properties of the FTO
electrodes with various O2 ratios in the carrier gas, including the
44587
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oxygen activation, thus resulting in the high carrier concentration (see Table 1).26,44 In addition, for Hall mobilities, an
Table 1. Summary of Electrical and Optical Properties
Obtained from All of the Electrodes
carrier concentration (cm‑3)
Hall mobility (cm2/(V s))
resistivity (Ω cm)
sheet resistance (Ω/□)
transmittance (%)

FTO-0% O2

FTO-20% O2

FTO-50% O2

2.60 × 1020
27.1
8.84 × 10−4
15.8 ± 0.65
83.9

4.65 × 1020
34.8
3.85 × 10−4
7.0 ± 0.31
85.1

6.62 × 1020
40.7
2.31 × 10−4
4.0 ± 0.14
85.3

increased value from ∼27.1 cm2/(V s) for FTO-0% O2 to
∼40.7 cm2/(V s) for FTO-50% O2 is observed, which is
consistent with the dominant growth of (200) preferred
orientations and the relaxation of the FTO lattice disorder by
the decreased VO••. According to Agashe et al., the (200)
preferred orientations in the FTO electrode oﬀer a compact
structure for the growing ﬁlms.26,38 The SEM results (Figures
3c,f) demonstrate that the use of carrier gas with the ratio of
50% O2 leads to the formation of the uniform FTO electrodes
by the dominant growth of (200) preferred orientations, which
can assist the enhancement of Hall mobility by reducing the
carrier scattering at the grain boundaries and surface.22,31 In
addition, Hall mobility is directly related to the lattice distortion
on the FTO electrodes. That is, the reduction of the VO••
induced by oxygen activation can lead to the distortion
relaxation on the FTO lattices, which is proved by the
decreased Urbach energy (α = αo exp(hv/Eu), where α is
absorption coeﬃcient, hv is photon energy, and Eu is Urbach
energy with increase of the O2 ratio (see Figure S4), causing an
increase of Hall mobility resulting from the decrease in the
ionized impurity scattering.47 Therefore, based on the carrier
concentration (N) and Hall mobility (μ), the resistivity (ρ) of
the FTO electrodes can be obtained using the following
relationship (see eq 5):49
ρ = 1/(Neμ)

(5)
−19

where e is the electron charge (1.602 × 10 C). Therefore,
the resistivity values (ρ) were obtained to be ∼8.84 × 10−4 Ω
cm for FTO-0% O2, ∼3.85 × 10−4 Ω cm for FTO-20% O2, and
∼2.31 × 10−4 Ω cm for FTO-50% O2. In addition, the sheet
resistances calculated by the resistivity/thickness of the FTO
electrodes were ∼15.8 ± 0.65 Ω/□ for FTO-0% O2, ∼7.0 ±
0.31 Ω/□ for FTO-20% O2, and ∼4.0 ± 0.14 Ω/□ for FTO50% O2, indicating that FTO-50% O2 have excellent electrical
properties as compared to others. This performance improvement is attributed to the main eﬀects of the oxygen activation
on the FTO electrodes (see Figure 6): the increased carrier
concentration by the enhanced FO• concentration and the
enhanced Hall mobility originates from formation of uniform
FTO electrode with (200) preferred orientations and distortion
relaxation on the FTO lattice. Figure 5b shows the optical
transmittances of the FTO electrodes. The spectra show that
the FTO electrodes have the average optical transmittance of
∼83.9% for FTO-0% O2, ∼85.1% for FTO-20% O2, and
∼85.3% for FTO-50% O2 in the wavelength range of 400−800
nm. This suggests that the minute increase in the optical
transmittance of the electrodes is generated when the O2 ratio
of carrier gas varies from 0% to 50%, which is due to the
reduced reﬂection of the light by less textured surface (uniform
surface morphology), thus causing the good transparency on

Figure 5. (a) Electrical properties, (b) optical transmittance spectra in
the visible range, and (c) FOM as a function of the O2 ratio (0, 20, and
50%).

carrier concentration, Hall mobility, and resisitivity. The carrier
concentration gradually enhances from ∼2.60 × 1020 to ∼6.62
× 1020 cm−3, when the O2 ratio increases from 0% to 50%. This
behavior of the carrier concentration can be explained through
the defect mechanism of the FTO structure (see eq 3).
FTO(SnO2 : F) → SnSn + OO + VO·· + FO· + 3e−
+ 1/2O2

(3)

According to eq 3, the carrier concentration of FTO can be
inﬂuenced by the presence of VO•• and FO• in the FTO
structure. However, the oxygen activation on the FTO
electrodes (FTO-50% O2) can cause the decline of the VO••
as follows (see eq 4),48 which was also proved by the XPS
(Figure S2) and FTIR results (Figure S3).
VO•• + 2e− + 1/2O2 → OO

(4)

Therefore, improving their carrier concentration should be due
to the eﬀect of the increased FO concentration induced by the
44588
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Figure 6. Schematic illustration of the oxygen activation on FTO electrodes with main eﬀects to improve transparent conducting performances.

Figure 7. (a) Photocurrent−voltage (J−V) curves and (b) Nyquist plot of the EIS obtained from the DSSCs assembled with the prepared FTO
electrodes for working and counter electrodes.

Table 2. Photovoltaic Performances and EIS Elements for the DSSCs Assembled with the FTO Electrodes
VOC (V)
commercial FTO (8.0 Ω/□)
FTO-0% O2
FTO-20% O2
FTO-50% O2

0.69
0.69
0.69
0.69

±
±
±
±

0.01
0.01
0.01
0.01

ﬀ (%)

JSC (mA/cm2)
15.9
13.6
15.8
17.0

±
±
±
±

0.52
0.41
0.46
0.50

57.7
57.6
58.0
59.2

the FTO electrode formed at 50% O250 (see Figure 6). In
addition, we determined the optical band gap of all of the
electrodes from optical transmittance spectra (see Figure S5).
The optical band gap is based on the relation between the
absorption coeﬃcient (α) and the incident photo energy (hv;
see eq 6):51
(αhv)2 = D(hv − Eg )n

±
±
±
±

0.02
0.01
0.03
0.02

η (%)

RS (Ω)

Z1 (Ω)

Z2 (Ω)

±
±
±
±

41.5
26.9
19.5

29.4
33.0
31.3

30.7
32.5
25.9

6.37
5.40
6.33
7.03

0.26
0.24
0.22
0.20

increased carrier concentration on the FTO electrodes.51,52
Furthermore, based on their electrical and optical properties
summarized in Table 1, a ﬁgure of merit (FOM, ϕ) is calculated
to predict the performance as a TCE, which is deﬁned as ϕ =
T10/Rsh, where T is the optical transmittance in the visible range
and Rsh is the sheet resistance.25 As shown in Figure 5c, FTO50% O2 have the highest FOM value (∼5.09 ± 0.19 × 10−2
Ω−1) compared to others. Speciﬁcally, these electrical properties are comparable to the previous results related to highperformance FTO electrodes fabricated using various processes
(see Table S2).19−23,26,53,54 As such, FTO-50% O2 show the
best transparent conducting performance owing to their
excellent sheet resistance (∼4.0 ± 0.14 Ω/□) and optical
transmittance (∼85.3%) as result of oxygen activation.
Figure 7a shows the photocurrent−voltage (J−V) curves of
DSSCs with the prepared FTO electrodes as the current
collector for both working and counter electrodes. The
photoconversion eﬃciency (PCE, η) of DSSCs can be obtained
from the following relationship (see eq 7):55

(6)

where hv, D, and Eg are the photon energy, optical band gap,
and constant, respectively. Their optical band gaps are
calculated to be ∼4.14 eV for FTO-0% O2, ∼4.09 eV for
FTO-20% O2, and ∼4.04 eV for FTO-50% O2. These results
indicate that a decrease in the optical band gap can be induced
by an increased O2 ratio in the carrier gas, which is due to the
enhanced FO• concentration by the oxygen activation. That is,
F doping in SnO2 causes the formation of the Fermi level to
enter the conduction band and then the degeneracy of the
energy levels by the interaction between F 2p states and the Sn
2s and Sn 2p states, resulting in the band gap narrowing and the
44589
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η(%) = (Jsc Voc ff)/(ImaxVmax )

result, compared to other electrodes, the FTO electrodes
fabricated at 50% O2 have excellent sheet resistance (∼4.0 ±
0.14 Ω/□), optical transmittance (∼85.3%), and FOM (∼5.09
± 0.19 × 10−2 Ω−1), which can be attributed to the improved
FO• concentration relative to the supply of the high carrier
concentration and the formation of a uniform surface structure
and relaxation of the FTO lattice distortion relative to eﬃcient
Hall mobility and relaxation of the light scattering at the
electrodes. In addition, the DSSC fabricated with this electrode
exhibited a high photoconversion eﬃciency (∼7.03 ± 0.20%)
by the improved JSC value. The main factor of the photovoltaic
performance improvement is due to the decreased sheet
resistance of the FTO used as TCE, which is caused by the
simultaneous improvement of their carrier concentration and
Hall mobility. Therefore, we assume that the FTO electrodes
fabricated using the oxygen activation of HUSPD have an
excellent potential for further use as attractive TCEs for various
optoelectronic applications such as DSSCs.

(7)

where Jsc, Voc, ﬀ, Imax, and Vmax are the short-circuit current
density, open-circuit voltage, ﬁll factor, maximum power
current, and maximum power voltage, respectively. The
obtained photovoltaic parameters of each cell are summarized
in Table 2. The Voc is determined by the diﬀerence of electrical
potential between two electrodes composed of the DSSCs.
Therefore, the retained Voc among the cells is observed because
all DSSCs are composed of the same components with TiO2 as
the working electrode and Pt as the counter electrode.56
Furtheremore, while the ﬀ values among the cells are similar
due to the same composition, including the FTO electrode,
TiO2, Pt, and electrolyte,1,16 it should be noted that, with an
increase of the O2 ratio in the carrier gas, the Jsc value increased
from 13.6 ± 0.41 mA/cm2 at FTO-0% O2 to 15.8 ± 0.46 mA/
cm2 at FTO-20% O2 and 17.0 ± 0.50 mA/cm2 at FTO-50% O2.
Therefore, the DSSCs with FTO-50% O2 generate the best
PCE of ∼7.03 ± 0.20%, with Voc of 0.69 ± 0.01 V and ﬀ of 59.2
± 0.02%. In the DSSC, the photovoltaic performances are
related to the sheet resistance and light absorbance of
TCE.22,55,57 Therefore, this performance improvement may
be mainly due to the dominant eﬀect of the decreased sheet
resistance of FTO used as the TCEs, although they exhibited
good optical transmittance in the UV−vis result (see Figure
5b). Therefore, in order to determine the main factor of the
FTO electrodes for improving the photovoltaic performance,
we measured the internal resistances in DSSCs using
electrochemical impedance spectroscopy (EIS). Figure 7b
shows the measured Nyquist plots of DSSCs using the FTO
electrodes, where the plots are divided into three characteristic
parts related to the sheet resistance in the FTO electrode (RS,
series resistance), charge transfer at the interface between the
counter electrode/electrolyte (Z1), and TiO2/dye/electrolyte
(Z2).58,59 The EIS elements obtained from the ﬁtted Nyquist
plots are summarized in Table 2. As expected, the RS of FTO50% O2 represents the lowest value (19.5 Ω) as compared to
other electrodes, corresponding to the results of the sheet
resistance in Figure 5a, whereas other two values (Z1 and Z2)
are identical. Furthermore, in order to further conﬁrm the eﬀect
of the optical transmittance on the photovoltaic performance of
DSSCs, we investigated the absorption spectra of the half cells
with the working electrodes containing the dye (see Figure S6).
It is noted that the absorption in the range of 400−800 nm has
similar values among the electrodes. Therefore, the photovoltaic performance improvement of the DSSC with FTO-50%
O2 is directly related to the decreased sheet resistance resulting
from the synergistic eﬀect of the enhanced carrier concentration by high F-doping concentration and the fasted Hall
mobility by a uniform surface morphology and relaxation of the
FTO lattice distortion. These results indicate that the highly
transparent conducting FTO electrodes fabricated using the
oxygen activation of HUSPD can reasonably be expected to be
attractive TCEs for the DSSCs.
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