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An ultrathin SnO2 layer was introduced as a blocking layer in dye-sensitized solar cells (DSSCs) for improving
conversion efficiency. The SnO2 blocking layer, composed of approximately 10 nm nanoparticles, was deposited
on the fluorine-doped tin oxide (FTO) coated glass by SnCl4 treatment, a simple and inexpensive method. This
SnO2 blocking layer increased the onset of dark current from FTO to electrolyte, suppressing charge recombina-
tion at the FTO/electrolyte interface. The cascading band structure of TiO2 and SnO2 increased the charge carrier
lifetime, resulting in effective charge collection. Examining DSSC performance as a function of SnCl4 treatment
time, a peak conversion efficiency of 7.33% was achieved for a SnCl4 treatment time of 15 min (SnO2 layer
thickness ~ 12 nm), compared to 6.08% for an untreated cell. Also, compared to a TiO2 blocking layer, the SnO2

blocking layer showed a higher performance.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Since O'Regan and Grätzel reported the first dye-sensitized solar
cells (DSSCs) in 1991 [1], they have attracted considerable attention as
potential replacements for conventional Si-based solar cells in special-
ized applications due to their low production cost, easy fabrication,
lightweight, and flexibility [2–4]. Generally, a DSSC has a sandwich
type structure, composed of fluorine-doped tin oxide coated glass
(FTO glass), a TiO2 mesoporous layer (photoelectrode), dye molecules
adsorbed on the TiO2 surface, a redox electrolyte (iodide/tri-iodide
couple), and Pt-coated FTO glass (counter electrode). When a photon
is absorbed by a dye molecule, the excited dye transfers an electron to
the conduction band of a TiO2 nanoparticle. The oxidized dye is reduced
by iodide in the electrolyte. The photo-injected electron in the TiO2

photoelectrode passes through the external load and reduces tri-
iodide to iodide at the counter electrode [5].

Thus far, cell and submodule overall conversion efficiencies have
reached 11.9% and 9.9%, respectively [6]. Despite drastic efficiency im-
provements inDSSCs, they are still too insufficient for industrial applica-
tions. Therefore, improving conversion efficiency is a major issue for
DSSCs.

In DSSCs, FTO glass can directly contact the electrolyte because the
mesoporous TiO2 photoelectrode cannot uniformly cover the entire
FTO surface. At the FTO/electrolyte interface, charge recombination
occurs, which is one of the limiting factors of electron collection in
DSSCs [7–11]. Thus, modifying the FTO/electrolyte interface to suppress
the recombination reaction from FTO to electrolyte is important to
ghts reserved.
improve the DSSC performance. One promising approach is to add a
compact metal oxide blocking layer to the FTO glass that would impede
back electron transport from the FTO glass to the electrolyte [12]. In the
past decade, the effectiveness of variousmetal oxides as a blocking layer
has been demonstrated. Ito et al. [12,13] andChoi et al. [14] demonstrat-
ed that a TiO2 blocking layer prepared via TiCl4 treatment shifts the dark
current onset by several hundredmillivolts and increases the interfacial
charge-transfer resistance between FTO glass and electrolyte. Xia et al.
[15] reported that a spray-fabricated Nb2O5 blocking layer greatly
increases shunt resistance and decreases series resistance. Roh et al.
[16] showed that a ZnO blocking layer, developed by a simple chemical
method, serves as an inherent energy barrier for avoiding recombina-
tion losses.

SnO2, ann-type semiconductor oxidewith a 3.8 eV bandgap [17,18],
is a promising blocking layer candidate. SnO2 is transparent, chemically
stable, and has high electron mobility (100–200 cm2/Vs) [19–22]. SnO2

also creates a cascading band structure when layered with the TiO2

photoelectrode and N719 dye [23,24]. It has been reported that, based
on the electron transfer process in a photosynthetic system, multistep
electron transport down a cascading band structure increases carrier
lifetime and reduces charge recombination [25,26]. Ravirajan et al.
[27] and Spoerke et al. [25] reported that formation of a cascading
band structure by modifying the poly-3-hexylthiophene (P3HT)/ZnO
interface of a P3HT/ZnO hybrid solar cell with a ruthenium dye and
nanocrystalline CdS enhanced carrier lifetimes and conversion efficiency.

There have been only two reports on the introduction of SnO2

blocking layer between the TiO2 photoelectrode and FTO glass to
improve DSSC performance. Kim et al. [9] and Duong et al. [28]
employed the SnO2 blocking layer using layer-by-layer deposition of
SnO2 nanoparticles and nanocluster deposition method, respectively,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2014.01.008&domain=f
http://dx.doi.org/10.1016/j.tsf.2014.01.008
mailto:dkkim@kaist.ac.kr
http://dx.doi.org/10.1016/j.tsf.2014.01.008
http://www.sciencedirect.com/science/journal/00406090


504 S.-M. Yong et al. / Thin Solid Films 556 (2014) 503–508
resulting in the improvement of conversion efficiencies. However,
these methods have some drawbacks such as complexity and high
manufacturing cost. In the present work, we present a simple and inex-
pensive method, SnCl4 treatment, to deposit an ultrathin SnO2 blocking
layer on the FTO glass. It was found that introduction of the ultrathin
SnO2 blocking layer effectively increased photovoltaic performance of
DSSC. The deposition mechanism and influence of SnCl4 treatment
time on DSSC performance were also investigated.
Fig. 2. Sn3d transition peaks inXPS spectra of bare SLG and BL-15/SLG. Left and right insets
show theO 1s transition peak for BL-15/SLG and deconvolution result of the Sn 3d5/2 peak.
2. Experimental section

Anatase TiO2 nanoparticles for the photoelectrode were synthesized
following an experimental procedure previously reported by our group
[29]. The prepared TiO2 nanoparticles were diamond shaped and
approximately 25 nm across.

Details of the electrode fabrication and DSSC assembly have been
described elsewhere [13]. The FTO glass (7 Ω/cm2) was sequentially
cleaned in acetone, 0.1 M HCl ethanolic solution, deionized water, and
ethanol. After cleaning, it was treated with a 40 mM SnCl4 aqueous
solution at 70 °C for various times (5, 15, 30, 60, and 90 min) to deposit
a compact SnO2 blocking layer. Then, the FTO glass was coated in TiO2

paste using thedoctor-blademethod. Thepastewas prepared bymixing
anatase TiO2 nanoparticles with terpineol and ethyl cellulose ethanol
solution. This mixture was then sonicated and stirred for 24 h. Ethanol
was removed from the solution with a rotary evaporator. The final
paste contained 18 wt.% TiO2, 9 wt.% ethyl cellulose, and 73 wt.% ter-
pineol. Finally, the TiO2 film was sintered in air at 500 °C for 15 min.
The photoelectrode film thickness was measured to be approximately
8.5 μm.

For the dye coating, the photoelectrodes were dipped in a 0.5 mM
N719 dye solution in a mixture of acetonitrile and tert-butyl alcohol
Fig. 1. SEM micrographs showing the top surface of (a) FTO glass and (b) BL-15/FTO.
(1:1 volume ratio) for 24 h. After sensitizer uptake, the photoelectrodes
were washed with acetonitile. Platinum-coated FTO glass was used as a
counter electrode. The platinum coating was produced by thermal
Fig. 3. (a) XRD patterns and (b) TEMmicrographs of the white precipitate, formed during
SnCl4 treatment, before and after sintering at 500 °C for 15 min.
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Table 1
Photovoltaic properties of cells fabricated with SnO2 and TiO2 blocking layers.

DSSC SnO2 blocking layer
thickness [nm]

JSC [mA/cm2] VOC [V] FF η [%]

C-BL-0 0 12.15 ± 0.34 0.724 ± 0.016 69.18 ± 2.97 6.08 ± 0.33
C-BL-5 9.92 ± 1.80 12.59 ± 0.55 0.732 ± 0.034 69.03 ± 2.21 6.35 ± 0.27
C-BL-15 11.72 ± 2.76 13.66 ± 0.75 0.744 ± 0.009 72.12 ± 0.90 7.33 ± 0.29
C-BL-30 13.44 ± 5.66 13.02 ± 1.63 0.721 ± 0.037 68.68 ± 4.57 6.41 ± 0.44
C-BL-60 18.76 ± 6.86 12.68 ± 0.92 0.662 ± 0.030 63.07 ± 1.74 5.28 ± 0.23
C-BL-90 25.67 ± 14.24 12.98 ± 0.18 0.634 ± 0.024 59.93 ± 2.64 4.93 ± 0.34
Cell based on TiO2 blocking layer 12.37 ± 1.18 0.777 ± 0.025 73.93 ± 1.26 7.07 ± 0.39

The data presented are the average of five cells.
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decomposition of H2PtCl6. The counter- and photoelectrodes were as-
sembled into a sandwich-type cell and sealed with an ionomer film
(Meltonix 1170–60). The internal cell spacewasfilledwith commercial-
ly available liquid electrolyte, AN-50 (Solaronix), by capillary action. The
active area of the fabricated cells varied from 0.14 to 0.16 cm2. In this
paper, BL-x denotes the blocking layer formed by SnCl4 treatment for
x minutes. The cell fabricated including BL x is denoted C-BL-x.

The surface morphology of the blocking layer was observed via
scanning electron microscopy (SEM, XL30, Philips, Netherlands) under
operating voltage of 10 kV. Its chemical composition was investi-
gated via X-ray photoelectron spectroscopy (XPS), using a Sigma
Probe (VG Scientific) with Al Ka (1486.65 eV) X-ray radiation
under a base pressure of 1.33 × 10−8 Pa. The analysis area was
400 μm. The carbon 1s line has been used to calibrate the binding
energy scale for the XPSmeasurements. The phase of the synthesized
product was characterized by an X-ray diffractometer (XRD, D/MAX-
IIIC, Rigaku, Japan) with Cu Kα radiation (λ = 0.15406 nm at 40 kV
and 45 mA). The thickness of the photoelectrode film was measured
with an Alpha Step (Tencor, USA) surface profiler. The transmittance of
the SnO2 layer was measured with a UV/Vis spectrometer (UV-3101PC,
Shimadzu Co., Japan). The thickness of the SnO2 blocking layer was
estimated with an elipsometer (α-SE, J. A. Woollam Co., Inc., USA).
Room-temperature photoluminescence (PL) spectra were recorded
using a fluorescence spectrophotometer (RF-5301PC, Shimadzu Co.,
Japan).

The current density–voltage (J–V) characteristics of the fabricated
cells were measured under the illumination of a Polaronix K202
(McScience, Korea) equipped with a 100 W Xenon lamp and AM 1.5G
filter set. The incident light intensity was set at 100 mW/cm2 using a
PVM-580 Si reference photodiode (PV Measurements Inc., USA). J–V
curves were recorded by applying an external bias to the solar cell
and measuring the photocurrent with a photovoltaic power meter
(PolaronixK101/LAB20, McScience, Korea).
Fig. 4. Optical transmittance spectra of SnO2/SLGs created with different SnCl4 treatment
times.
3. Results and discussion

Fig . 1 shows SEM images of the top surface of bare FTO glass and
BL-15/FTO. A difference between bare FTO and BL-15/FTO was clearly
observed. After SnCl4 treatment, the nanoparticles with size of 10 nm
covered the entire FTO surface, thereby forming a compact layer.

XPS was conducted to investigate the elemental composition of
the layer deposited during SnCl4 treatment. Fig. 2 presents a compari-
son of the Sn 3d transition peaks of bare soda-lime glass (SLG) and
BL-15/SLG. In XPS study, the SLG substrate which does not contain Sn
was used to avoid the effect of the FTO substrate. Binding energies of
497.6 and 488.3 eV, corresponding to Sn 3d5/2 and 3d3/2 peaks,were ob-
served in the SnCl4-treated sample, but no Sn-related peaks were seen
in bare SLG. The left-hand inset in Fig. 2 shows the O 1s transition
peak (531.0 eV) for BL-15/SLG. These results suggest that a SnO2 layer
was deposited by the SnCl4-treatment. The shoulder beside the Sn
3d5/2 peak is from a 497 eV, also detected in the untreated sample, as
shown by deconvolution in the right-hand inset in Fig. 2. This shoulder
peak is likely a Na KL23L23 Auger peak from the SLG substrate [30].

We conducted additional experiments to investigate the elemental
composition and deposition mechanism of the SnCl4-created layer.
During SnCl4 treatment, white particles precipitated out of the SnCl4
aqueous solution. This precipitate was collected and its phase and
morphology were analyzed before and after sintering at 500 °C for
15 min. Fig. 3(a) and (b) show XRD patterns and TEM micrographs of
the precipitate before and after sintering. The as-collected precipitate
is shown to consist of amorphous nanoparticles with size of approxi-
mately 3 nm. After sintering, it was confirmed that the amorphous
phase changed to SnO2 (cassiterite, JCPDSNo. 41–1445) and the particle
size increased to approximately 10 nm, which is consistent with the
size observed in Fig. 1. According to these results and the XPS data
discussed previously, it is clear that a compact nanocrystalline SnO2

layer was deposited by the SnCl4 treatment.
Based on above results, a deposition mechanism for the SnO2 layer

via the SnCl4 treatment can be proposed. This deposition process involves
three stages: (1) amorphous SnO2 nuclei are generated across the entire
FTO surface, which acts as a nucleation site; (2) crystallization and grain
growth of the amorphous SnO2 nuclei occurs simultaneously during
sintering; and (3) a SnO2 blocking layer composed of nanoparticles
(~10 nm) is deposited on the FTO glass.

SnO2 layer thickness as a function of SnCl4 treatment time is shown
in Table 1. The thickness was measured at 10 different locations per
sample. For BL-5, the SnO2 layer is approximately 10 nm thick, similar
to the SnO2 nanoparticle size observed in Fig. 1. These data, supported
by the low standard deviation in these measurements, indicate forma-
tion of a SnO2 nanoparticle monolayer at the initial treatment stage.
SnO2 layer thickness increases linearly with treatment time; a thickness
of approximately 26 nm is obtained for BL-90. The standard deviation
gradually increases as well, indicating increased surface roughness.

image of Fig.�4


Fig. 6. PL spectra of the TiO2 layer and TiO2/BL-15 bi-layer.
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Thismight be due to nonhomogeneous nucleation after formation of the
nanocrystalline SnO2 monolayer.

Fig. 4 depicts optical transmittance spectra of SnO2/SLGswith differ-
ent SnCl4 treatment times. The transmittance gradually decreases as
SnCl4 treatment time increases. It is a small decrease; in the 350–
800 nm wavelength range, BL-90/SLG has a transmittance of 87%,
whereas bare SLG has a transmittance of 90%. It is inferred that this
decrease is caused by the increased SnO2 layer thickness [31].

To determine the effectiveness of a SnO2 blocking layer in suppress-
ing recombination at the FTO/electrolyte interface, we fabricated mod-
ified cells and measured their dark J–V characteristics. The modified
cells consisted solely of FTO glass, a SnO2 blocking layer, electrolyte,
Pt, and FTO, but not TiO2 photoelectrode or dye because we were
only interested in the dark current from the FTO glass to electrolyte
[13]. Fig. 5(a) and (b) show the dark J–V characteristics of the modified
cells and the onset of dark current emanating from the SnO2/FTO glass
as a function of SnCl4 treatment time, respectively. The dark cur-
rent onset was determined by extrapolating the linear region of the
dark J–V curve to zero. Each data was the average of three modified
cells. As shown in Fig. 5(b), the dark current onset of the modified cell
employing BL-15/FTO glass was approximately 120 mV higher than
that of the modified cell employing bare FTO glass (0.94 → 1.06 V).
Thus, the barrier to dark current flow from FTO to electrolyte increased
when the SnO2 layer was included, clearly demonstrating its effective-
ness in suppressing charge recombination between the FTO and
electrolyte.
Fig. 5. (a) Dark J–V curves of modified cells as a function of SnCl4 treatment time. The
modified cells consisted solely of FTO glass, a SnO2 blocking layer, electrolyte, Pt, and
FTO glass. (b) Onset of dark current calculated from dark J–V curve as a function of SnCl4
treatment time. Dark current onset was determined by extrapolating the linear region of
the dark J–V curve to zero. Each data was the average of three modified cells.
Fig. 6 shows PL spectra for the TiO2 layer and TiO2/BL-15 bi-layer
(excitation at 270 nm). The PL spectra are characterized by two peaks
at approximately 374 and 470 nm, which correspond to the band-gap
transition and surface oxygen vacancies, respectively [32]. The intense
peak at 540 nm originates from scattering and diffraction of the 270 nm
excitation beam. The PL intensity of the TiO2/BL-15 bi-layer was lower
than that of the TiO2 layer, indicating reduced charge recombination.
This PL quenching might be induced by the cascading band structure
of TiO2 and SnO2 [33–35]. The bottom of the conduction band and
top of the valence band of TiO2 were both higher than those of SnO2.
Thus, photo-generated electrons in TiO2 can migrate easily into SnO2,
decreasing the recombination rate of photo-generated electrons
(Scheme 1). Therefore, introduction of a SnO2 blocking layer can
increase charge carrier lifetimes and improve the collection efficiency
of photo-injected electrons in DSSCs.

Fig. 7 shows the J–V curve of the fabricated cells employing bare FTO
and SnO2/FTO. The photovoltaic properties of the fabricated cells
employing bare FTO and SnO2/FTO as a function of SnCl4 treatment
time are shown in Fig. 8 and summarized in Table 1. Each data was
the average of five cells. Fig. 8(a) presents the open-circuit voltage
(VOC) as a function of SnCl4 treatment time. C-BL-0 exhibits a VOC of
approximately 0.724 V, which agrees well with values reported in
other papers [14,36,37]. The VOC increased slowly, peaking at 0.744 V
for a treatment time of 15 min before gradually decreasing. Introduc-
tion of a SnO2 blocking layer could affect the VOC both positively and
negatively. TheVOC could be improved by suppression of the recombina-
tion reaction. VOC is determined by the difference between Fermi level of
Scheme 1. Schematic for cascading band structure formed by introducing SnO2 blocking
layer between FTO glass and TiO2 photoelectrode.
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Fig. 7. J–V curves of the fabricated cells employing bare FTO and SnO2/FTO.
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the photoelectrode and redoxpotential of electrolyte [2]. As shown in Fig. 6,
the SnO2 blocking layer effectively prohibits recombination at the FTO/elec-
trolyte interface. Reduced recombination shifts the Fermi level upward by
increasing the electron concentration, leading to a potential increase in
VOC [38]. On the other hand, because the conduction band edge of SnO2

(approximately 0.5 eV) is lower than that of anatase TiO2 [17], the
Fermi level of the photoelectrode could be shifted down, decreasing
VOC [24]. Based on the data collected, up to a treatment time 15 min,
the first effect is more prominent, producing an improved VOC. After
15 min, the second effect dominates due to the increased layer thick-
ness, decreasing the VOC.

The short-circuit current density (JSC) and fill factor (FF) as a func-
tion of SnCl4 treatment time are displayed in Fig. 8(b) and (c), respec-
tively. These parameters exhibit trends similar to VOC. Despite the
slight decrease in transmittance shown in Fig. 4, C-BL-15 achieved
Fig. 8. (a) Open-circuit voltage, (b) short-circuit current density, (c) fill factor, and (d) conversio
treatment time. Each data was the average of five cells.
the highest JSC (13.66 mA/cm2) and FF (72.12), compared to those of
C-BL-0, 12.15 mA/cm2 and 69.18, respectively. Several factors may
have contributed to these JSC and FF improvements: (1) the SnO2

blocking layer prevents unidirectional charge flow from the FTO to the
electrolyte, (2) carrier lifetime increases due to multistep electron
transport down the cascading band structure (dye/TiO2/SnO2), and (3)
the bond strength between the FTO and TiO2 photoelectrode is
enhanced by the compact SnO2 layer [13], helping collection of photo-
injected electrons. However, for treatment times longer than 15 min,
JSC and FF decreased. This might have been caused by the increased
SnO2 layer thickness and surface roughness. Thicker, rougher layers
provide more trap sites, obstructing collection of photo-injected elec-
trons [14].

Fig. 8(d) shows the conversion efficiency (η) of the fabricated
cells employing bare FTO and SnO2/FTO as a function of treatment
time. C-BL-15 showed the highest efficiency of 7.33%, compared to
6.08% for C-BL-0. This rate of increase is similarwith the reported papers
related to the SnO2 blocking layer [9,28]. Based on the VOC, JSC and FF
results, this enhancement can be attributed mainly to the suppression
of recombination at the FTO/electrolyte interface by the SnO2 blocking
layer and the increased carrier lifetime provided by multistep electron
transport down a cascading band structure (dye/TiO2/SnO2).

The performance of the cell based on the SnO2 blocking layer (C-BL-15)
was compared to that of the cell based on TiO2 blocking layer. The TiO2

blocking layerwas deposited on the FTO glass through a TiCl4 treatment
(40 mM TiCl4 aqueous solution, 70 °C, and 30 min), which is the
common approach in the DSSCs [12,13,39]. As shown in Table 1, the
cell based on the TiO2 blocking layer showed JSC = 12.37 mA/cm2,
VOC = 0.777 V, FF = 73.93, and η = 7.07%. The JSC value of C-BL-15 is
higher than that of the cell based on TiO2 blocking layer. This is predom-
inantly contributed to the increased carrier lifetime by the formation of
a cascading band structure (dye/TiO2/SnO2). On the other hand, the VOC

value of C-BL-15 is lower than that of the cell based on the TiO2 blocking
layer. This is caused by the lower conduction band edge of SnO2 than
n efficiency of the fabricated cells employing bare FTO and SnO2/FTO as a function of SnCl4
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TiO2. Consequently, C-BL-15 showed the slightly higher conversion effi-
ciency than the cell based on TiO2 blocking layer. It is expected that the
conversion efficiency of the cell based on SnO2 blocking layer can be
enhanced by improving the VOC through the modification of the band
structure of the SnO2 layer.

4. Conclusion

In summary, SnO2 was introduced as a blocking layer material in
DSSCs. An ultrathin, transparent SnO2 blocking layer, composed of ap-
proximately 10 nm nanoparticles, was deposited via SnCl4 treatment
which is a simple method. The SnO2 layer thickness increased from 10
to 26 nmwhen treatment time increased from5 to 90 min. Amaximum
conversion efficiency of 7.33%was obtained at a SnCl4 treatment time of
15 min (SnO2 layer thickness ~12 nm), compared to 6.08% for an un-
treated cell. This performance improvement was attributed to the sup-
pression of charge recombination at the FTO/electrolyte interface and
increased carrier lifetime provided by multistep electron transport
down the cascading band structure (dye/TiO2/SnO2), both of which im-
proved charge collection. Compared to the cell based on TiO2 blocking
layer, the cell based on SnO2 blocking layer showed the slightly higher
conversion efficiency. Our results suggest that introduction of a SnO2

blocking layer is a promising and effective method for improving the
photovoltaic performance of DSSCs.
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