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Room Temperature Synthesis of Highly
Compact TiO, Coatings by Vacuum Kinetic
Spraying to Serve as a Blocking Layer in
Polymer Electrolyte-Based Dye-Sensitized
Solar Cells
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Vacuum kinetic spraying (VKS) was used to form a blocking layer (BL) in order to increase the effi-
ciency of dye-sensitized solar cells. Nano-sized TiO, powders were deposited on fluorine-doped tin oxide
(FTO) glass while varying the coating parameters including the mass flow, substrate transverse speed,
and number of coating passes in order to control the thickness of the BL. Compared to the cell without a
BL, the open-circuit voltage and short-circuit current density of the solar cell with a VKS-coated BL
were noticeably improved. Consequently, the photoconversion efficiency increased up to 5.6%, which is

significantly higher than that of a spin-coated BL.
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1. Introduction

Photovoltaic systems have recently become more
promising spurring a number of research groups to
develop novel excitonic solar cells. In this context, dye-
sensitized solar cells (DSSCs) have received a great deal
of attention as an alternative to conventional silicon
photovoltaic cells due to their low cost, color, and possi-
bility for use in a variety of applications (Ref 1). A DSSC
is composed of a dye-sensitized semiconducting oxide film
(TiO,, ZnO, and SnO,) deposited on a transparent con-
ductive oxide substrate (TCO) that serves as the working
electrode (i.e., the so-called photoanode). A Pt-coated
TCO substrate sealed with a dye-sensitized photoanode
with a face-to-face configuration acts as the counter elec-
trode. The space between these two electrodes is filled
with an electrolyte that plays the role of a conducting
mediator (Ref 2). A broad range of DSSC architectures
has been established for liquid-type DSSCs using different
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types of photoanodes (Ref 3, 4), redox mediators (Ref 5),
dye sensitizers (Ref 6), electrolytes (Ref 7), catalytic
counter electrodes (Ref 8), and co-adsorbants (Ref 9),
demonstrating efficiencies of up to 12.3% (Ref 10).
Replacing the liquid electrolyte with a solid electrolyte
(Ref 11) or quasi-solid electrolyte (Ref 12) would help
overcome most issues concerning fabrication (electrolyte
leakage) and the product lifetime.

One of the major issues encountered in DSSCs is
electron recombination at the TiO,/TCO interface
(Ref 13, 14). The uncovered sites of mesoporous TiO,
particles at the TCO layer can create recombination
pathways that allow the electrons to pass from the TCO
layer to the electrolyte. Further, these revisiting electrons
can recombine with the hole-transport medium and
greatly decrease the current output of the solar cell.
Applying a blocking layer (BL) between the mesoporous
TiO; layer (mp-TiO,) and TCO substrate prevents direct
physical contact between the electrolyte and TCO layer
and increases the efficiency of DSSCs (Ref 15-17). In
addition, it provides more electron pathways from mp-
TiO, to TCO because of the larger contact area and
improved adherence of the interface (Ref 3).

Typically, the BL consists of a compact layer of TiO,
with a thickness of about 20-100 nm. A wide range of
techniques have been developed to deposit pore-free
compact thin TiO; films, such as sputtering (Ref 18), spray
pyrolysis (Ref 17), and liquid coating techniques including
spin coating (Ref 19) and dip coating from titania pre-
cursors (Ref 20). Although a highly dense BL coating can
be achieved by the sputtering technique, it requires an
expensive source target and various coating parameters. In
the spray pyrolysis technique, it is difficult to control the
film thickness, and reproducibility is also challenging. For
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these reasons, solution process-based coating techniques
are often recommended, but the resulting diminished
thickness is not sufficient to completely cover the TCO
layer. Moreover, the performance of a DSSC can be
reduced by increasing the series resistance due to the
formation of voids and impurities (Ref 21-23). Consider-
ing charge injection from the mp-TiO, layer to TCO, a
thicker and defected BL reduces the efficiency of the solar
cell by hindering charge injection. Therefore, fabricating a
BL with an optimum thickness and a crack-free layer is
necessary to achieve a high current collection in the DSSC
(Ref 24).

Vacuum kinetic spray (VKS) coating, i.e., the so-called
aerosol deposition method (ADM), is a novel coating
technique which offers a feasible way to tailor the thick-
ness of compact films from a few nanometers to several
microns at room temperature (Ref 25). The coating for-
mation in the VKS process is related to the fragmentation
and consolidation of submicron-sized ceramic particles
upon impact (Ref 25-28). When aerosol particles impact
the substrate with a high velocity, they are fractured and
undergo plastic deformation (Ref 29). This creates a new
surface with a high energy where strong bonding of par-
ticles occurs in order to decrease the surface energy
(Ref 28). The aerosol particles are sprayed continuously,
and a coating grows on top of the previously formed coating
(Ref 30, 31). Compared to other methods, the VKS tech-
nique offers a more uniform and dense coating layer, and
the process is quicker due to the fast deposition rate.

Based on previous findings, the VKS technique is
proposed in order to achieve a uniform and dense TiO,
BL in DSSCs. The blocking performance at the TCO/mp-
TiO, interface was compared to those of a conventional
spin-coated BL as well as a DSSC without a BL.

2. Experimental

2.1 Material Preparation and Vacuum Kinetic
Sprayed TiO, BL Coating

Commercial TiO, powder (99.6% purity, Alfa Aesar,
USA) and fluorine-doped tin oxide (FTO)-coated glass
were used as the feedstock material and substrate,
respectively. Prior to VKS deposition, the powder was
pretreated by a jet-milling process in order to increase the
strain and defect density, which is expected to improve the
deposition efficiency (Ref 25, 32). In addition, the jet-
milled powders were dried in an oven for around 1 h at
120 °C, and the FTO substrates were cleaned by ultra-
sound before the coating experiments.

A schematic illustration of the VKS equipment is pre-
sented in Fig. 1. The vibrated ceramic particles in the
aerosol chamber were transported through a convergent-
barrel-type slit nozzle with an orifice size of 5.0 x 0.4 mm?>
into the deposition chamber. The vacuum was generated
by rotary and booster pumps. Helium was used as the
carrier gas, and the pressure was fixed at 0.6 MPa by a gas
regulator. The mass flow rate (MF) was controlled in the
range of 3-9 L/min with an interval of 2 L/min, and the
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traverse speed (7s) was set to 1 or 5 mm/s. The number of
passes (n) was fixed at 2. The coating parameters of the
VKS process are shown in Table 1. A variety of TiO,-
coated electrodes with different coating thicknesses were
prepared by varying the VKS parameters to investigate
the BL performance by means of the DSSC assembly. In
addition, a spin-coated TiO; film (Spin BL) was prepared
using a Ti (IV) bis (ethyl acetonato)-diisopropoxide
solution in 2 wt.% 1-butanol in order to compare the
performance of VKS-coated BL layers with conventional
BL coatings.

2.2 DSSC Assembly

The VKS-coated TiO, BL layers, (a) VKSI1-BL, (b)
VKS2-BL, and Spin BL were fabricated on FTO substrates
and applied as a BL in DSSCs. After preparing the BL on
FTO substrates, the mesoporous TiO, layer with a thick-
ness of about 6 pum was prepared on the BL/FTO substrate
using the as-received commercially available TiO, paste
(18 NR-T, Dyesol). Then, a second layer with a thickness
of approximately 5 um was deposited using commercial
200-nm light-scattering TiO, particles (WER 2-O, Dyesol)
by a doctor blade technique and subsequently sintered at

Aerosol jet
Gas Aerosol
chamber| __ _Thin film
pressure
regulator
Deposition
chamber
nozzle | .
Gas
rank XYZ stage
[1
Rotary and
Booster
pump

Fig. 1 Schematic image of the vacuum Kkinetic spray coating
system

Table 1 Vacuum Kinetic spraying parameters

Vacuum chamber pressure, torr 6.0 x 1072
Gas pressure, MPa 0.6
Nozzle type Slit nozzle
Orifice size of nozzle, mm? 5.0 x 0.4
Substrate traverse speed, mm st 1,5

He gas flow, L min~! 3,5,7,9
The number of passes 2
Distance from the nozzle to substrate, mm 8
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450 °C for 30 min under an ambient atmosphere. Follow-
ing heat treatment, the electrodes were immersed in a dye
solution (0.5 mM cis-diisothiocyanato-bis (2,2'-bipyridyl-
4 4'-dicarboxylato) ruthenium (II) bis(tetrabutylammo-
nium), N719, Solaronix) in acetonitrile (ACN, Wako)/tert-butyl
alcohol (t-BuOH, Wako) (1/1, v/v) and held at room
temperature. The gel-type polymer electrolyte used in the
DSSCs was prepared according to the following method. A
blend of polyethylene oxide (PEO: Mw =1 Mg/mol) and
polyethylene glycol dimethyl ether (PEGDME: Mw =500
g/mol) with a [-O-]:[KI]:[I;] molar ratio of 10:1:0.1 was
prepared and fixed at a ratio of 4:6 (w/w). The detailed
electrolyte preparation procedure has been reported else-
where (Ref 7). The oligomer-based electrolyte was applied
on a dye-sensitized photoanode and dried at 80 °C for a
few hours. Finally, Pt counter electrodes were assembled
by the thermal decomposition of 0.01 M H,PtCls (Sigma-
Aldrich) in isopropyl alcohol (Sigma-Aldrich) and spun on
FTO substrates followed by sintering at 450 °C for 30 min.

2.3 Characterization

The surface morphologies of the VKS and spin-coated
TiO, thin films were evaluated by field-emission scanning
electron microscopy (JEOL-JSM 6330F) and high-resolu-
tion transmission electron microscopy (JEOL-JEM
2100F). Cross-sectional specimens were prepared for TEM
observations using a focused ion beam (Hitachi-FB 2100).
The optical transmittance spectra of the TiO, BL coating
were recorded using an UV/VIS/NIR spectrophotometer
(UV-Vis-NIR JASCO) in the visible wavelength range.
The incident photon-to-current conversion efficiency
(IPCE) of the DSSCs was measured using a PV Mea-
surements Inc. device (Model QEX7) with bias illumina-
tion with reference to a calibrated silicon diode. The
current-voltage characteristics of the DSSCs were obtained
under 1 sun illumination (AM 1.5G, 100 mW cm ) using
a Newport (USA) solar simulator (300W Xe source) and a
Keithley 2400 source meter (active area of 0.25 cm” with a
shadow mask). The conductivities of the TiO, BL coatings
were obtained by the two-probe method (B1500A Semi-
conductor Device Analyzer, Agilent technologies, Korea).
The results are summarized in J-V plots.

3. Results and Discussion

3.1 Powder Analysis

Figure 2(a) and (b) show TEM micrographs of the
as-received and jet-milled powders, respectively. The
as-received powder has a hard agglomerated shape con-
sisting of nano-sized primary particles, but no defects were
observed in the particles. By contrast, the number of
defects (indicated by the black arrows) significantly in-
creased, and some part of the granules was separated after
the jet-milling process, as observed in Fig. 2(b). However,
the mean particle size was not significantly reduced (from
123 to 120 nm) during the pretreatment, as confirmed in
Fig. 3(a). There was a slight change of the size distribution
range. In addition, the phase was preserved as an anatase
phase after jet-milling, as shown in Fig. 3(b).

3.2 Selection of the VKS Process Conditions
for the DSSC Blocking Layer

Many VKS films were fabricated in order to investigate
the blocking layer performance. Figure 4 shows FESEM
cross-sectional micrographs of the films formed under
various process conditions. At the same traverse speed,
the coating thickness increased as the mass flow rate in-
creased, which may be related to the deposition rate which
is affected by the particle kinetic energy (Ref 33, 34). At
the same mass flow, the film thickness decreased as the
traverse speed increased because the amount of particles
taking part in the deposition decreased the unit surface
area as the nozzle gun speed increased. However, the
transmittance tended to decrease considerably as the BL
thickness increased, which deteriorates the performance
of the DSSC (Ref 35). Consequently, thick VKS films
(around 100 nm) were excluded from the candidates as a
blocking layer, where the thinnest and thickest films
among the others in Fig. 4 were selected to apply as a BL
in the DSSC assembly. In this research, the thinnest
(MF=3, Ts=5) and thickest films (MF=5, Ts=1) are
denoted as VKS1-BL and VKS2-BL, respectively, as
shown in Fig. 4.

Fig. 2 TEM micrographs of the (a) as-received and (b) jet-milled (defects indicated by the black arrows) TiO, powders
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Fig. 4 Cross-sectional FESEM micrographs of various VKS films fabricated under different process conditions for the application of a
blocking layer. The horizontal and vertical axes represent the mass flow rate (L/min) and traverse speed (mm/s), respectively

3.3 Microstructural Features of the Spin-Coated
and Vacuum Kinetic Sprayed Films

The surface morphologies of the bare and TiO, film
spin-coated FTO surfaces are presented in Fig. 5(a) and
(b), respectively. The results clearly show that the high
surface roughness of the FTO surface is covered with a
TiO, nanocrystalline film by spin coating, as shown in
Fig. 5(b). At low magnification, defects were observed on
the spin-coated TiO, film, as seen in Fig. 5(c). The black
dashed box in Fig. 5(c) was observed under high magni-
fication, as shown in Fig. 5(d), and the section of the black
dashed circle in Fig. 5(d) was magnified with a small tilt
degree, as shown in Fig. 5(e), where it was confirmed that
the spin-coated film was around 50 nm thick and peeled
off as the surface of the FTO substrate was exposed.
During the spinning process, the solution was physically
ejected away from the substrate surface by centrifugal
force. Thus, crystallization does not take place in the
uncovered areas, which results in coating defects. These
defects typically occur when the spin and coating prop-
erties are not set appropriately or when dust or nonuni-
formity of the surface tension on the substrate surface
exists (Ref 21). It is a concern that electrons can leak to
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the electrolyte through these defect centers and affect the
photocurrent collection at the DSSCs.

The SEM images of VKS1 and VKS2-BL are presented
in Fig. 6(a) and (b), respectively. The comparison of the
crystallite nature in Fig. 5(b) and 6 clearly illustrates that
the coating texture depends on the coating technique. The
spin-coated BL contains an inhomogeneous spherical
TiO, crystallite formation (bigger and smaller particles)
compared to the VKS-coated BL. Meanwhile, it can be
seen that the compact TiO; film uniformly adheres on the
FTO substrate. The coating surface of the spin-coated BL
looks rougher than that of the VKS-coated BL, and the
roughness of VKS1-BL seems to be higher than that of
VKS2-BL, as shown in Fig. 5(b), 6(a), and (b). However,
since the roughness of the blocking layer, which works to
prevent electron recombination through FTO and provide
better connection with the TiO, semiconducting layer in
the dye-sensitized solar cell, is generally not important,
unlike other solar cells such as organic solar cells and
silicon-based solar cells, the effect of the coating rough-
ness was not considered in this study.

The VKS1 and VKS2-BL coating layers were estimated
to about 46 and 76 nm, respectively, as indicated by the
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Fig. 5 FESEM images of the (a) bare FTO substrate and (b) TiO, spin-coated FTO. (c) Low-magnification SEM image of the TiO,
spin-coated FTO morphology, and higher magnification images of the (d) black dashed box and (e) circle in (c) and (d), respectively

Fig. 6 FESEM surface morphologies of the VKS TiO, coatings: (a) VKS1-BL and (b) VKS2-BL

black and white dashed lines in Fig. 4. Although the
VKS1-BL film was thinner, its film thickness uniformity
was slightly worse than that of VKS2-BL. In addition, it
can be expected that a more compact microstructure was
formed in VKS2-BL in light of the tamping effect at a high
particle velocity (Ref 36, 37). This compact layer is con-
sidered to be better suited to prevent contact of the
electrolyte and FTO, which reduces the probability of
recombination (Ref 38). Based on the above observations,
it is expected that the dense coating texture in the VKS
coating will be more advantageous in achieving uniform
and mechanically stable coatings on high surface rough-
ness substrates such as FTO, even without post-treatment.
In other words, the compact VKS BL can decrease light
scattering and provide more charge injection pathways by
uniformly covering the rough FTO surface while electron
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tunneling transport from FTO to the mp-TiO, layer can
occur through the less-compact spin-coated BL.

The microstructure and composition of the VKS-
coated TiO; films were evaluated by cross-sectional TEM
images, where a typical image is presented in Fig. 7. The
cross-sectional image of the VKS2-BL in Fig. 7(a) shows a
distinct TiO,/FTO interface where the thickness of the
TiO, coating was found to be 72 nm, which corresponds to
the thickness observed in the SEM image in Fig. 6(b).
Furthermore, it was evident that the TiO, coating adhered
well to the FTO surface such that the coating/substrate
interface was quite intimate, without any cracks or pores,
as confirmed in Fig. 7(b). This intimate interface is one of
the typical features of a VKS coating, and it is thought that
the interface was formed by a particle impact-induced
deposition process in which the bonding between the
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Fig. 7 (a) Cross-sectional TEM images of the VKS2-BL TiO,-coated FTO and the (b) intimate coating/FTO interface shown in the
white dashed boxed region in (a). Elemental analysis at the (c) TiO,/FTO interface across the yellow line, (d) polycrystal coating layer
(the grains are enclosed by white dashed lines), and (e) interface between two grains. FFT patterns of the (f) A and (g) B sites
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coating layer and substrate becomes stronger as the par-
ticle velocity increases (Ref 33). Also, the interface
between the coating layer and tin oxide was confirmed
using elemental analysis, as shown in Fig. 7(c). The coating
layer is comprised nano-sized grains with random orienta-
tions, as observed in Fig. 7(d). This is a typical feature of
coating layers fabricated by the VKS process (Ref 25, 39).
The polycrystal structure was analyzed in the high-magni-
fication TEM images as shown in Fig. 7(e)-(g). Figure 7(e)
shows the interface between the A and B grains with dif-
ferent lattice orientations. In both the A and B regions, the
crystallites were analyzed by Fast Fourier transform (FFT)
patterns, as shown in Fig. 7(f) and (g). The FFT patterns
confirmed the (103) and (101) lattice planes, which corre-
spond to the anatase TiO, crystallite phase with inter-
spacings of 2.45 and 3.5 A, respectively. Several nano-sized
grains in the coating seem to be submicron-sized powders
that were fragmented to nano-sized particles during the
deposition process and, hence, formed compact and strong
particle to particle bonds (Ref 25, 28). In the other samples,
there was no difference of the microstructure in terms of
the mean grain size, which was approximately 10 nm, and
compact bonding. The only noted difference is the coating
thickness. These findings suggest that VKS BL is effective
to impart a compact BL in DSSCs.

3.4 Optical and Conductivity Analysis

The optical transmittance spectra of the different TiO,
BL coatings are presented in Fig. 8. In Fig. 8, the spin-
coated TiO, BL shows a high transmittance compared to
the VKS-coated samples, which may be ascribed to the fact
that they are less dense and compact. Comparing the VKS-
coated TiO, electrodes, VKS1-BL results in a relatively
high transmittance (~74%) compared to VKS2-BL. The
decrement of the transmittance may be attributed to the
thickness or crystallite texture effect. From Fig. 6, it is
evident that the VKS2-BL coating is denser and thicker
than VKS1-BL, and the highly compact nature of the TiO,
BL at the VKS2-BL electrode results in reduced trans-
mittance. Allowing for light illumination, a BL with a lower
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Fig. 8 Optical transmittance spectra of the bare and TiO,
BL-coated FTO substrates
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transmittance may affect the light-harvesting efficiency of
DSSCs.

The conductivity of the TiO, BL coatings was studied
by the two-probe method, and the resultant J-V plots are
summarized in Fig. 9. As discussed previously, the block-
ing layers have different thicknesses. Therefore, the data
reported in Fig. 9 represent the conductance of the films
rather than the material’s specific conductivity. Linear
current density-voltage characteristics were observed for
the spin-coated TiO, films, which confirmed the ohmic
behavior of this sample. It has been reported that electron
tunneling transport can occur with less-compact TiO; films.
In the case of VKS-coated TiO,, a non-linear J-V curve
was obtained due to the inclusion of resistivity in the cir-
cuit, which reduced the number of tunneling electrons
across the junction. The more compact VKS2-BL coating
resulted in high-resistivity films which shifted the J-V curve
toward a high voltage, suggesting that it required more
operating potential to move electrons across the junction.
Based on this result, the VKS1-BL coating is thought to be
more effective in DSSCs than the less-compact Spin BL or
the highly thick and compact VKS2-BL.

3.5 Photovoltaic Performance

The photovoltaic performances of the DSSCs composed
of different blocking layers which were studied, and the
resultant J-V plots are presented in Fig. 10. The photo-
voltaic parameters were estimated using the results shown
in Fig. 10 and are listed in Table 2. As shown in Table 2,
the DSSCs without a BL showed a n (photoconversion
efficiency, PCE) of 3.3% with a V,,. (open-circuit voltage)
of 064V, a J, (shortcircuit current density) of
79 mA cm 2, and a F.F. (fill factor) of 67.7%. After
applying the VKS-coated BL in DSSCs, the PCE markedly
improved to m=5.6% with a V,. of 0.76 V, a Ji of
103 mA cm 2, and a F.F. of 72.4%. Approximately
69% enhancement of the PCE is due to the blocking of
electron leakage from the FTO surface to the electrolyte
through uncovered TiO; sites. In the case of the VKS2-BL

30

— VKS1-BL|
VKS2-BL
Spin-BL

20

-30 l ‘ ‘
-1.0 -0.5 0.0 0.5 1.0

Potential (V)

Fig. 9 Current-voltage characteristics of the compact TiO,
blocking layer between two electrodes. The inset shows a sche-
matic of the metal/semiconductor/metal configuration for the
two-probe measurements
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Fig. 10 J-V plots of the DSSCs with different TiO, blocking
layers

Table 2 Photovoltaic parameters

Blocking layers Voc, V Jsc, mA em 2 F.F., % n, %
Without BL 0.64 7.9 67.7 33
VKS1-BL 0.76 10.3 72.4 5.6
VKS2-BL 0.67 7.0 72.4 34
Spin BL 0.69 9.9 65.0 44

layer-based DSSCs, the PCE was drastically reduced to
nN=3.4% with a severe loss of V,.=0.67V and
Je=7.0 mA cm 2. The decrease of the J,. value is due to
the highly resistant nature of the thick BL layer in between
the FTO and mp TiO, coating interface, which blocks the
forward electron transport from the mp TiO, layer to the
charge collectors (Ref 40). In addition, the blockage of
electrons at the FTO/mp TiO, interface results in high
charge accumulation at the Fermi level of the mp TiO,
layer, leading to recombination through the redox shuttle
at the electrolyte, which reduces the V. of the device. The
high PCE performance of the VKS1-BL-coated DSSCs is
due to effective blockage of backward electron flow from
the FTO surface to the electrolyte as well as efficient for-
ward charge injection from the mp TiO, layer to the FTO
charge collector layers. Because of managing both the
forward charge transport and retarding the backward
electron flow at FTO/mp TiO, interfaces, the VKS1-BL-
coated device showed a higher performance than the spin-
coated BL layer devices. In consideration of the similar
coating thicknesses of VKS1-BL and the spin-coated BL,
as shown in Fig. 5(e) and 6(c), it can be inferred that the
difference of the DSSC performance was caused by the
film condition. That is, the VKS film is very dense and
uniform, which more effectively assumes the role of a
blocking layer than the partially peeled off and non-uni-
form spin-coated BL as shown in Fig. 5(c) and (d). As a
result, the high tunneling conductance through the less-
compact spin-coated TiO, films allows tunneling recom-
bination of backward electrons from the FTO surface. This
affects the V. of the device and thus, lowers the device
performance.
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Fig. 11 IPCE spectra of the DSSCs with different TiO, blocking
layers

The blocking effect of the different TiO, coatings on
the charge collection was further studied by obtaining
IPCE spectra, as shown in Fig. 11. The IPCE is defined as
the ratio of the number of electrons in the external circuit
produced by an incident photon at a given wavelength
(Ref 13). As confirmed in Fig. 10, the open-circuit voltage
of VKS1 is higher than that obtained without a BL or spin-
coated BL, indicating that VKS1 can block electron
leakage from FTO to the electrolyte better than the others
because the conditions of the cells including the electron
transport layer, dye, and electrolyte are not different in
the cells. Furthermore, the possibilities of forward charge
injection in the VKS1-BL and spin BL-based devices are
the result of their high IPCE values of approximately 75
and 70%, respectively, as confirmed in Fig. 11. This indi-
cates that the BL in the DSSCs effectively blocks the
backward flow of electrons from the FTO surface to the
electrolyte and more injected electrons flow to the circuit
without recombination in the DSSC with the VKS1-BL
than in the Spin BL. The absence of a BL in the DSSCs
resulted in severe charge recombination at the FTO/mp
TiO, interface and reduced the charge collection to result
in a low IPCE of nearly 52% of the value of the other
samples. This suggests that the BL-assisted DSSCs mark-
edly promote the PCE of DSSCs. Therefore, highly dense
crystallite TiO, with an apparent electronic conductivity
achieved by the VKS technique was shown to be beneficial
in DSSCs.

4. Conclusions

In this study, a uniform and dense blocking layer (BL)
was fabricated on a FTO substrate by the vacuum kinetic
spray coating (VKS) process to improve the photocon-
version efficiency (PCE) of dye-sensitized solar cells
(DSSCs). Various BLs with different thicknesses were
generated by controlling the VKS mass flow rate and
traverse speed, and were compared with Spin BLs in terms
of the microstructure and photovoltaic characteristics. In
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the case of the VKS BL, the fragmented particles were
densely bonded in the coating layer, and the coating/sub-
strate interface was well formed, without cracks or pores.
This compact and uniform coating texture in the VKS BL
was more effective in improving the performance of the
DSSCs because of their uniform and mechanically stable
coatings on high surface roughness substrates such as
FTO. When compared to the DSSC without a BL, the
PCE of the DSSC with the VKS1-BL with a thickness of
46 nm increased from 3.3 to 5.6%. The enhancement of
the PCE by about 69% is due to the blocking of electron
leakage from the FTO surface to the electrolyte. This
value was also higher than that of the DSSC with a Spin
BL because of the management of the forward charge
injection and retardation of the backward electron flow at
the FTO/mp-TiO, interface. Therefore, VKS is an out-
standing method for preparing a BL to improve the per-
formance of DSSCs.
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