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The heterojunction n-SnO,/Ru-dye/p-Cul prepared by deposition of the ruthe-
nium bipyridyl dye on a meso-porous film of SnO, followed by deposition of p-Cul
was found to be inactive with respect to visible light photoresponse and dark
current rectification. However, n-SnO,/Al,O./Ru-dye/p-Cul where the dye is
coated on a thin film of AL, first deposited on SnO,, delivered a short-circuit
current density of ~1.7 mAcm—=2 and an open-circuit voltage of ~350 mV, behaving
as a dye-sensitized solid-state photovoltaic cell. This result is explained as a
transfer of energetic electrons released by excitation of the dye molecules to the
conduction band of SnO, via tunneling across the thin layer of Al,O,. The
implications of the result on suppression of recombination in dye-sensitized

photovoltaic cells are discussed.
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INTRODUCTION

Photoelectrochemical cells (PECs) based on dye-
sensitized (DS) nanocrystalline, semiconductor po-
rous films seem to be low-cost devices with viable
efficiencies.’ Unfortunately, the liquid electrolyte
and the chemistry ofionic transport present technical
as well as fundamental problems.® These problems
are circumvented if the liquid electrolyte is replaced
by an optically transparent p-type semiconductor as
the collector of holes.*? In this n-type semiconductor/
dye/p-type semiconductor (NDP) heterojunction, the
photoexcited dye molecules sandwiched between two
semiconductor surfaces inject electrons into the con-
duction band (CB) of the n-type material and holes
into the valence band (VB) of the p-type material,*i.e.,

hv + D - D*
D* — e + h*
v v (1)
CBn - type VBp - type
material material
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Construction of fully solid-state DS solar cells of the
above type also requires resolution of several chal-
lenging problems.* (1) A suitable p-type semiconduc-
tor needs to be found. It has to be transparent (there-
fore high band gap) and the band positions must
match those of the n-type semiconductor and the
energy levels of the dye. (2) A method has to be
available for the deposition of the p-type material on
the dye-coated n-type porous film without damaging
the delicate monolayer of dye, while ensuring filling of
the pores. (3) The contact between the dye and the p-
type material should not deteriorate during operation
or storage of the cell. (4) Charges injected into the
semiconductors could migrate across the barrier of
the dye layer and undergo recombinations. (5) Any
contact between p-type material and the conducting
surface would short-circuit the cell. Of the above
requirements, (4) is the most crucial in obtaining a
reasonably high photocurrent from a NDP device.
Wet DS solar cells are able to deliver large short-
circuit photocurrent densities (J_), as the recombina-
tions at the semiconductor electrolyte interface hap-
pen less frequently in the ionic electron transfer.
One of the authors of this paper (K.T.) and his
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collaborators have found that with p-Cul as the hole
conductor, a fully solid-state DS PEC can be fabri-
cated, provided a nanocrystalline TiO, film is pre-
pared in such a way as to minimize the contact
between Cul and the conducting tin-oxide (CTO)
glass surface on which the TiO, film is deposited.*
However, we note that when attempts are made to
construct DS PECs from SnO, films of similar mor-
phology, they are completely inactive within detect-
able limits. As the dye used for sensitization is known
to inject electrons efficiently to SnO,, the absence of
detectable photovoltaic effect in the junction SnO,/D/
Cul seems to be a result of rapid electron-hole recom-
binations. In this note we describe a method devised
for suppression of recombinations in SnO, based DS
solid-state cells. The cell n-SnO,/Ru-dye/p-Cul does
not yield a detectable J_ or an open-circuit voltage
(V). However, it is found that when the SnO, crystal-
lites are coated with a finelayer of Al,O, and dyed (i.e.,
the heterostructure n-SnO,/AL,O, Ru-dye/p-Cul), the
cell generatesadJ_andaV_of~1.7mA cm2and ~350mV,
respectively. The result is explained as originating
from suppression of recombination of the separated
carriers, by the AL,O, layer where the dye is adsorbed.
On excitation of dye molecules adsorbed on ALOQO,,
energetic electrons tunnel to SnO, across the ALO,
barrier with concomitant release of holes to Cul.
These electrons that quickly relax to the CB of SnO,
are less likely to transfer back to the Cul, because of
the AL O, barrier.

EXPERIMENTAL

Tin oxide was deposited on fluorine-doped CTO
glass (1 x 1.5 cm?, sheet resistance ~10 /0, Nippon
Glass) by the following method. Tin (IV) oxide powder
(0.5 g, average particle size ~100 nm, Aldrich) and
SnCl, (0.6 g, Aldrich) are ground thoroughly in an
agate mortar adding 1-2 ml of propan-2-ol and a few
drops of the non-ionic surfactant Triton X-100. The
mixture is diluted to 15 ml with methanol, sonicated
for 30 min and sprayed onto CTO glass plates laid on
ahot surface (120-150°C). Plates are then sintered in
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Fig. 1. Schematic diagrams illustrating the construction of the n-SnO,/
Al,O./Ru-dye/p-Cul cell.

air at 450°C for 30 min and the film is cleaned by
boiling and washing in ethanol. Incorporation of SnCl,
into the mixture improves the adherence of SnO, to
the conducting glass surface. X-ray diffractometry
indicated that the film is composed of SnO, crystal-
lites.

SnO, films were coated with Al,O, by the method
described below. Plates are kept immersed in a solu-
tion of AICL, (0.2 g of AlCl,.6H,0 in 5 ml of methanol
containing 1% of water) for 8-10 hrs and sintered in
air at 450°C for 45 min. The presence of AL,O, in the
film was confirmed by chemical analysis (atomic
absorption spectrometry). Particle sizes were esti-
mated by x-ray diffraction (XRD) (KINT 200, Rigaku)
and gradient centrifuging (Horiba CAPA 7000 Par-
ticle Size Analyser). The average size of the SnO,
particlesis 75—100 nm and this was also confirmed by
scanning electron microscopy (SEM) measurements
(JSM-5600, JOEL). ALO, crystallites on SnO, are
ultrafine and it is difficult to give an accurate esti-
mate of their size from XRD or SEM. Transmission
electron micrsoscopy (1299 EXII-JOEL) examination
suggests that the AL,O, crystallites have dimensions
of the order 3—4 nm and are aggregated around the
SnO, particles. Oxide films (SnO, and SnO,/Al,0,)
were coated with the dye (cis-dithiocyanato-bis(2,2'-
bipyridyl-4, 4-dicarboxylate) ruthenium(II)) by boil-
ing the plates in a solution of the dye in ethanol (2 x
10+M) and allowing them to cool in the same solution
for 45 min. Dyed plates were rinsed with warm
ethanol, dried and stored in the dark. Dye adsorbed
into the film was determined by extracting the dye
into an alkaline solution of ethanol and spectrophoto-
metric estimation.

Cul was deposited on the dye-coated oxide film by
the procedure described below. A solution of Cul was
prepared by dissolving 0.6 g of Cul in 50 ml of
moisture free acetonitrile. The plate was placed on
hot surface (~110°C) with the glass surface in contact
with it and the Cul solution was lightly spread over
the dyed film using a dropper, allowing acetonitrile to
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Fig. 2. I-V plot for the cell, n-SnO,/ AL,O,/Ru-dye/p-Cul (Intensity of
illumination is 1000 W m-2 from a tungsten filament lamp).




994

Fig. 3. Dark |-V characteristic for the cells (a) n-SnO,/ AL,O,/Ru-dye/p-
Cul, (b) n-SnO,/Ru-dye/p-Cul.

evaporate. The process was repeated until all the
pores were filled and Cul extended ~5 um above the
film (Cul film thickness was measured by SEM). The
electrical contact to the Cul is made by pressing a gold
or antimony coated CTO glass plate onto the Cul
surface. A schematic diagram illustrating the con-
struction of the cell is illustrated in Fig. 1. I-V charac-
teristic under illumination (tungsten filament lamp
at 1000 W m2) and rectification curves in the dark
were recorded using cells with oxide films of area
1 cm? fabricated in the manner described above.

RESULTS AND DISCUSSION

The SnO,/Ru-dye/Cul cell made from a film consist-
ing of entirely SnO, did not give a measurable
photoresponse (i.e., I and V  to an accuracy of
103 mA and 103 mV, respectively) at an intensity of
illumination 1,000 Wm-=2. The DS cell consisting of
Sn0O,/Al,0,/Ru-dye/Cul, where Al,O, is coated on SnO,
before dying, generated anI of 1.7mAcm=2andaV
of 350 mV at the same intensity of illumination. The
I-V characteristic for this cell (at ~1,000 W m2 from a
tungsten filament lamp) is presented in Fig. 2 and the
maximum energy conversion efficiency and the fill
factor derived from the curve are 0.25% and 32%,
respectively. The rectification curves (I-V character-
istics under forward and reverse biasing) in dark for
the cells in the presence and absence of ALO, are
shown in Fig. 3. In the absence of Al,O, there is hardly
any evidence for rectification, whereas a dramatic
improvement in rectification is apparent when Al,O,
is coated on SnO, and ALO, is dyed. Presence of both
dye and ALO, are found to be necessary for good
rectifying action; the heterojunction SnO,/Al,0,/Cul
is only marginally better than SnO,/Cul or SnO,/Ru-
dye/Cul. A SnO, film prepared by the method de-
scribed in the experimental section can be impreg-
nated with fine crystallites of SnO, by keeping it
immersed in a solution of SnCl, in methanol contain-
ing 2% water, followed by sintering at 450°C for
30 min. By repetition of this process, we can prepare
SnO, films where nearly all the pores are packed with
crystallites of SnO,. DS solid-state cells made from
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Fig. 4. Schematic diagram illustrating the structural morphology of the
junctions (a) SnO,/AL,O,/Cul (b) SnO,/Al,O,/D/Cul.

such films, that are highly fractal but non-porous,
were also inactive with respect to photoresponse as
well as dark rectification. This demonstrates that in
the case of SnO, films, the blocking of the pores of the
film to minimize the contact of Cul with CTO glass
surface alone is ineffective. However, fractal and less
porous films of TiO, are adaptable to solid-state cells,
when Cul is used as the hole collector.* A conclusion
from the above observation is that the dye barrier
between SnO,and Cul is ineffective in preventing the
migration of separated carriers in the opposite direc-
tion. The rectification action and the photoresponse
seems to depend on the nature of the surface on which
the dye is deposited.

Although a DS solid-state cell made from SnO,
(with p-Cul as the hole collector) did not show any
photoresponse, a wet cell made from the same film
(with 0.5 M tetra-propyl ammonium iodide + 0.05 M
I, in acetonitrile as the electrolyte and a platinized
CTO glass plate as the counter electrode) generated a
I of ~5 mA cm?and V__ of ~350 mV. A DS wet cell
made from a SnO/Al, O “film yielded much higher I
(~7.0 mA/cm?) as well as aV, (~637 mV). The above
observations show that the recombination of sepa-
rated carriers is more critical in the case of solid-state
cells. In a wet cell, the positive charge on the dye
cation created from electron injection by the excited
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dye molecule is scavenged by an electron donor, which
is regenerated at the counter electrode. Recombina-
tion could occur only by electron combining with the
dye cation (before the positive charge is scavenged) or
an acceptor in the electrolyte. Another important
inference from our observations is the following. As
SnO, crystallites are covered with a very thin film of
AL O, (~2-3 nm) the dye coating is also mainly on
AL O, (presumably AlLO, crystallites are sintered to
SnO, and the dye could touch SnO, only at points
where there is no Al,O, coating), which is an insula-
tor, the very poor rectification at the junction SnO,/
AlLO,/Cul is an indication that there are contacts
between Cul and SnO, across the voids in the Al,O,
film on SnO,. When the film SnO,/AL O, is dyed, these
voids seem to get densely packed with dye molecules.
As thick layers of dye are insulating the junction,
Sn0O,/Al,0.,/D/Cul shows good rectification because
the regions where the rectification is bad are now
closed. These regions with a thick layer of dye on SnO,
are unable to photo-inject electrons into the CB of
SnO, owing to concentration quenching (mutual de-
excitation of excited dye molecules). Hence, photocur-
rent generation in SnO,/AL,O,/D/Cul should be en-
tirely due to excitation of dye molecules adsorbed on
AL O,. The structural morphology of the films SnO,/
Al,0,/Cul and SnO,/Al,0./D/Cul areillustrated sche-
matically in Fig. 4. Ru-dye is readily adsorbed on
AlL0O,/SnO, (when SnO, and SnO,/Al, O, films are kept
immersed in the dye solution 30 min, the quantities of
dye adsorbed are ~2 x 107 and 8 x 107 mole cm=2,
respectively). The higher dye coverage on SnO,/ALO,
films compared to SnO, films could also be due to the
larger surface area of the former film. However, we

E/vacuum

at

SnO, AlLO;  Dye Cul

Fig. 5. An energy level diagram showing the relative positions of the
bands of Cul, SnO, and ground and excited levels of the dye.

did not succeed in devising a method determining the
surface areas independent of estimates based on
amount of dye coverage. As a thin layer of the dye is
coated on the Al,O, layer, the photocurrent genera-
tion could occur only via the mechanism described
below. Photoexcited dye molecules at the AL O, sur-
face injects an electron into the CB of SnO, traversing
through the Al,O, barrier and a hole is transferred to
Cul. Tunneling of electrons across the barrier is
facilitated as the excited level of the dye is well above
the CB of SnO, (although the CB of Al,O, is far above
the excited level of the dye, the thin Al,O, barrier
permits quantum mechanical tunneling). When the
energetic electron (i.e., the hot carrier) relaxes to the
CB of Sn0O,, the Al,O, barrier prevents recombination
of the electron with a hole in Cul. We summarize the
above process as follows:

Sn0,/AL,0,/D/Cul + hv
—Sn0,/A1,0,/D/Cul
—Sn0,(e-)/ALO,/D/Cul(h*) )

An energy-level diagram indicating the relative
positions of the bands of SnO,, Cul and ground and
excited levels of the dye (S, and S) is shown in Fig. 5.

The photocurrent spectra of the cell for front side
(FS) (from oxide film to Cul) and back side (BS) (from
Cul to oxide film) illumination presented in Fig. 6
show a distinct difference: The F'S spectrum is broad
with a peak at ~545 nm, whereas the BS spectrum has
a sharper red-shifted peak at ~620 nm. Such a con-
spicuous difference between the FS and BS spectra
are not seen in a DS wet cell made from an identical
SnO,/AlL O, film. The difference between two types of
spectra can be understood as originating from prefer-
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Fig. 6. Photocurrent spectrum of the cell n-SnO,/Al,O,/Ru-dye/p-Cul:
(a) front side illumination (b) back side illumination.
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ential absorption of shorter wavelength light by the
film and the distance electrons in SnO, will have to
travel in reaching the back contact, with some prob-
ability of exposure to the interface where they can
recombine with the holes in Cul. The probability that
an electron in SnO, will recombine with a hole in Cul
is less, when the electron-hole separation occurs close
to the CTO back contact, because here the electrons
need to travel only a short distance. Consequently if
the cell is illuminated from the F'S, the photoresponse
is stronger at shorter wavelengths compared to red
light. When the illumination is from the BS, the
shorter wavelengths are less effectively utilized and
the absorption peak is red-shifted. This effect is also
noticeable in wet cells made from thick films of TiO,.10-12
The fact that this effect is not noticeable in the wet
cells made from SnO,/AL,O, films used in this investi-
gation (thickness ~10-12 um)indicate that the recom-
binations are higher in case of the solid-state cell. A
difference between FS and BS spectra could also
originate from preferential absorption of short wave-
length radiation by Cul.

CONCLUSION

The above investigation is not intended for con-
struction of a practical DS solid-state cell. Efficiency
of the cell is insignificant and the low fill factor is an
indication that recombinations and/or short-circuit-
ing at the CTO glass surface and Cul contacts are still
occurring. However, the observation that deposition
of a thin film of Al,O, on SnO, and coating dye on Al,O,
effectively sensitizes SnO, suppressing recombina-
tions is fundamentally important. This clearly dem-
onstrates that an excited dye molecule on the surface
of a thin insulating layer in contact with a semicon-
ductor is able to inject electrons to the semiconductor
via tunneling. In dye-sensitization energetic hot car-
riers are injected to the substrate and therefore tun-
neling across a barrier is facilitated.’® Thus,
heterojunctions N/I/D/P, N/D/I/P, or N/I/D/I/P (where
Iis aninsulating barrier) could show very low perme-
ability to electrons and holes under an external bias,
whereas the photoexcitation of the dye is able to cause
efficient injection of carriers to the two semiconduc-
tors (N and P). When these carriers relax to the bands
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of the semiconductors, the insulating barrier assists
suppression of recombinations. A practical difficulty
of fabricating heterojunctions of the above type is the
difficulty of depositing thin crystalline films of insu-
lators on semiconductor particles without formation
of voids. In the present system, the dye itself seems to
close these voids at least partly. We have observed
that the efficiency and the fill factor of DS solid-state
cell made from nanocrystalline film of TiO, (with Cul
as the hole conductor) is also improved, when TiO, is
coated with Al,O, and the same mechanism seems to
be operative here. The details of this work will be
presented elsewhere.
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