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In the blended solid of merocyanine (MC) and polythiophene (PTh)/TiO, p—n hetero-junction solar cells, a hole-
transfer from the excited state of MC to the ground-state of PTh accelerated the charge separation in the depletion layer
formed at the TiO,/MC+PTh interface, enhancing the photovoltaic properties. That is, the blended solar cell is not a
so-called Gritzel cell being sensitized by mono-layer dyes chemically adsorbed on the TiO, electrode, but rather the
enhanced photovoltaic properties are attributable to the dye-sensitization of the conjugated polymer.

Although organic solar cells have been expected to provide
low-cost energy-conversion devices, practical use of them has
not been achieved. Tang attained an energy conversion effi-
ciency up to 1% by using a phtalocyanine/perylene derivative
p—n junction cell.! Recently, conjugated polymer photovoltaics
have been extensively studied. For example, Friend et al.
attained an energy conversion efficiency up to 1.9% by a poly-
[5-(2-ethylhexyloxy)-1,4-phenylenvinylene] /polythiophene
double-layer solar cell using soluble conjugated polymers
under AM1.5 illumination,” Sariciftci et al. attained an energy
conversion efficiency up to 3.3% in a p—n hetero-bulk-junction
solar cell consisting of a soluble poly[5-(3,7-dimethyloctyl-
oxy)-1,4-phenylenvinylene]and a soluble fullerene 60 deriva-
tive.?

We have examined the performance of organic solar cells
with blended solid films of conjugated polymers as a charge-
transporting material and dyes as light-harvesting compounds.
We have reported that an enhanced photocurrent was observed
for an Al/organic solid Schottky-barrier cell with a blended
solid film of regioregular polythiophene and a dye such as
a porphyrin or a merocyanine. However in the cell, the
aluminum electrode was photocorroded under illumination.’

Recently, p—n heterojunction solar cells composed of an in-
organic semiconductor as an electron-transporting material and
a conjugated polymer as a light-harvesting and hole-transport-
ing compound have been studied. 10°15 For example, Savenji et
al. studied a solar cell consisting of a dense TiO, thin film and
poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene  vinyl-
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ene] MEH-PPV,'® Alevilsatos et al. studied a cell consisting
of CdSe nano-rods and poly(3-hexy1thi0phene),11 and Carter
et al. reported on a cell consisting of TiO, nano-particles and
poly[2-methoxy-5-(3’,7'-dimethyl-octyloxy)-1,4-phenylene vi-
nylene] MDMO-PPV."? These types of solar cells were photo-
stable, but the energy conversion efficiency was low due to the
low light-harvesting ability of the conjugated polymer films.

We believe that combining both a blended solid and an inor-
ganic semiconductor promises further improvement in solar
cell performance. In this paper, we report an improvement in
the photovoltaic properties of a TiO, /regioregular poly(3-hex-
ylthiophene-2,5-diyl)/Au sandwich-type solar cell sensitized
with a merocyanine dye.

Experimental

Chemicals. Regioregular poly(3-hexylthiophene-2,5-diyl)
(PTh, average molecular weight of ca. §7000) was purchased from
Aldrich Chemicals and used without further purification. Mero-
cyanine dyes MC1 and MC2 were purchased from Hayashibara
Seibutsu Kagaku Lab. and used without further purification. The
employed organic compounds and their abbreviations are shown
in Fig. 1.

Preparation and Characteristics of TiO, Electrode. Trans-
parent TiO; electrodes were prepared as follows: 0.5 mL of dis-
tilled water was added to 30 mL of anhydrous ethanol (Kanto
Kagaku Co. Ltd.,) and adjusted to pH 1 with concentrated HNO3.
4.26 g of titanium(IV) isopropoxide (Kanto Kagaku Co. Ltd.,) was
added to this solution at room temperature under agitation. The so-
lution was stirred at 40 °C for 16 h. This TiO, sol solution was then
spin-coated on an SnO,:F substrate (Nippon Sheet Glass Co. Ltd.,
<10 €/00) at 2000 rpm. The sample was dried at 100 °C for 1 h,
then annealed at 450 °C for 1 h. The process from the spin-coating
to the annealing was repeated twice.
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Fig. 1. Structures of polythiophene and merocyanine dyes.

Cyclic voltammetry was carried out in an N, purged acetonitrile
solution containing 1 mM ferrocene as a redox compound and 0.1
M BuyNClOy4 as a supporting electrolyte at a scan rate of 100
mVs~!. A TiO, electrode or a SnO,:F electrode was used as
the working electrode, a Pt coil as the counter electrode, and
an Ag"t/Ag electrode as the reference electrode. The surface
morphology and the thickness of the TiO; thin film on the SnO,:F
substrate were observed with a Digital Instrument NanoScope I A
atomic force microscope (AFM).

Measurement of Photovoltaic Characteristics.  Figure 2
illustrates schematically the structure of the TiO,/organic solid/
Au sandwich-type solar cell. The cell was fabricated as follows.
First, the solid film of an organic insulator (Asahi Kagaku Lab.,
CR-30G-LL) was coated onto the TiO, electrode by screen-
printing. Then, the PTh 4+ MC blended solid film was coated onto
the TiO; electrode by spin-coating. Finally, a gold electrode with a

SnO;:F substrate

Dense TiO, electrode |

Organic Insulator
Spin-coated film

Evaporated Au

€]

Fig. 2. Schematic structure of solar cell.

Dye-Sensitization of Polythiophene

thickness of about 25 nm was deposited onto the blended solid film
by vacuum evaporation at 1 x 10~* Torr. The photoactive area
was confined to 0.25 cm?. The thickness of the deposited Au film
was monitored by an Ulvac CRTM-5000 oscillating quartz thick-
ness controller, and the thickness d and mixing ratio R of the
spin-coated organic solid film, which is defined by the molar ratio
of MC to thiophene unit in PTh, were estimated from the amount
and density of MC and PTh on the TiO; electrode. The amount
was determined by a Hitachi U-3310 UV-visible spectrometer
after dissolving the MC and PTh in chloroform. The densities of
both MC and PTh were assumed to be 1.3 gcm_3.6

The photocurrent-voltage characteristics were measured using a
simulated solar light source of AM1.5-100 mW cm ™2 at a scan rate
of 500 mVmin~'. The simulated solar light was obtained by
a Kansai Kagakukikai XES-502S, and the light intensity was
monitored by a SCIENTECH 365 power and energy meter.

The action spectra were measured at a scan rate of 60 nm min~".
The light source consisted of a 750 W halogen tungsten lamp, and a
Jasco CT-10 monochromator with a scanning controller SDM-25C
was used. The light intensity was monitored by an Advantest TQ-
8210 optical power meter with a silicon photocell. The photo-
current was measured by an Advantest R-8240 electrometer and
was recorded by a Yokogawa Denki 3057 portable recorder.

For the measurement of the electrical resistance of solid films in
the dark and under AM1.5 illumination, an Au/organic solid/Au
surface-type cell was employed. The interdigitated Au electrode,
with a 150 pm gap and 207.7 mm long, was deposited on an alu-
mina substrate before the spin-coating solid film was formed on
it with a thickness of about 30 nm. The resistivity was estimated
from the slope of the current-voltage line obtained by applying a
ramp bias of 10 V and simultaneously measuring current.

The electric capacitance accumulated at the TiO, /organic solid
interface was measured in the dark as a function of the applied volt-
age by a low-frequency oscillographic method using a triangle
wave.® A Hokuto Denko electrochemical analyzer, HAG-1512p
of the Hz-3000 series, was used for this measurement.

Results and Discussion

Characteristics of the TiO, Electrode. Figure 3 shows cy-
clic voltammograms of the TiO, electrode and the SnO,:F elec-
trode in an acetonitrile solution containing ferrocene, Fc, as a
redox compound. A pair of peaks for the redox reaction of
Fc was observed for the SnO,:F electrode, but the redox reac-
tion was not observed for the TiO, electrode with about 100 nm
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Fig. 3. Cyclic voltammograms for the TiO, electrode (solid
line) and SnO;:F electrode (dotted line) in acetonitrile con-
taining 1 mM ferrocene and 0.1 M BtyNCIlOy as supporting
electrolyte. Scan rate was 100 mV s~



K. Imoto et al.

Fig. 4. AFM images of the SnO;:F electrode (a) and the
TiO, electrode (b).

thickness. When the TiO, electrode was soaked in 3 x 10~*
mol dm—3 MCI ethanol solution for 24 h, MC1 was hardly ad-
sorbed on the electrode despite of the carboxyl group in the
MC1 molecule. On the other hand, many MC1 molecules were
chemically adsorbed on a nano-porous TiO, electrode because
of its carboxyl group (see Ref. 16). Figure 4 shows AFM im-
ages of the SnO;:F electrode (a) as well as the TiO, electrode
on the SnO;:F substrate (b). The surface morphology of the
TiO, electrode was much flatter than that of the SnO,:F
substrate. Further, the TiO, electrode on the SnO,:F substrate
was a non-porous film without cracks.

Photovoltaic Characteristics of the Solar Cells. We pre-
viously reported that a Schottky-barrier was formed at the inter-
face between the low work function Al and solids with a p-type
conductance of MC2 or PTh.® The bottom energy level of the
conduction band of TiO, was 3.8—4.2 eV,lO’lz’13 being nearly
equal to the work function of Al. Therefore a p—n hetero-
junction or a Schottky barrier may be formed at the interface
between TiO, and MC or PTh.

Figure 5 shows current-voltage characteristics of PTh (a),
MCI (b), and MC1 + PTh (c) solar cells under an illumination
of AM1.5-100 mW cm~2. The dark current-voltage curve for
the pure MC1 and PTh cells did not exhibit a clear rectification
property. On the other hand, the dark current-voltage curve for
the MC1 + PTh blend cell exhibited some rectification
behavior. Photovoltaic properties such as the short-circuit pho-
tocurrent, Jg., open-circuit photovoltage, V., fill factor, FF,
and energy conversion efficiency, 17 under an illumination of
AMI1.5-100 mW cm~? are summarized in Table 1. The values
of Jo =1.9 uAcm’z, Voo = 175mV, FF = 20.2%, and n =
7 x 107>% were obtained for the pure PTh solar cell. The val-
ues of J =9.8 pAcm~2, V. =450mV, FF = 28.3%, and
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Fig. 5. Current-voltage characteristics of TiO,/organic sol-
id/Au sandwich-type solar cells with PTh (a), MC1 (b),
and MCI1 + PTh (c) under illumination of AM1.5-100
mW cm ™2 (thick line) and in the dark (thin line). R is molar
ratio of MC1 to thiophene unit in PTh, and d is the film
thickness.

n = 1.2 x 1073% were obtained for the pure MC1 solar cell.
On the other hand, the higher values of J,. = 36.2 LA cm2,
Voe = 449mV, FF = 39.5%, and n = 6.4 x 1073% were ob-
tained for the MC1 + PTh blended solar cell. The enhanced
photovoltaic properties were also observed with the blend cell
consisting of PTh and MC2, which does not have carboxyl
group and long alkyl group. However, the 77 value for the
MC2 + PTh blend cell was smaller than that for the MC1 +
PTh blended cell, due to non-uniformity in the MC2 + PTh
blended film. The reason for the enhanced performance in
the blended cells will be discussed later.

Table 1. Performance of TiO,/Organic Solid/Au Sandwich-Type Solar Cells under AM1.5—

100 mW cm 2 Illumination

Organic RY d> Vo FF® n?
solid /nm /UA cm™2 /mV /%
PTh 0 50 1.9 175 20.2 7.0 x 107
MCl1 — 23 9.6 450 28.3 1.2 x 1073

MCI1 + PTh 0.30 21 36.2 449 39.5 6.4 x 1073
MC2 — 38 3.0 40 24.5 3.0x 107
MC2 + PTh 0.31 56 25.3 442 26.2 29x 1073

a) Molar ratio of merocyanine dye to thiophene unit in polythiophene. b) Film thickness. c)
Short-circuit photocurrent density. d) Open-circuit photovoltage. e) Fill factor. f) Energy

conversion efficiency.
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Fig. 6. Photocurrent action spectra of TiO,/organic solid/
Au sandwich-type solar cells with PTh (a), MC1 (b), and
MCI1 + PTh (c). R and d indicate the mixing molar ratio
and the film thickness, respectively, and /PCE is the inci-
dent photon to current conversion efficiency.

Figure 6 shows the short-circuit photocurrent action spectra
of the PTh (a), MC1 (b), and MC1 + PTh (c) solar cells for the
TiO; side illumination, and absorption spectra of their films on
a glass substrate. The direction of the photocurrent was from
the Au electrode to the TiO, electrode in the external circuit.
Incident photon to current conversion efficiency, IPCE, was
given by dividing the number of photo-generated electrons by
the incident photon number. The action spectra resembled
the absorption spectra. This indicates that the absorbed photons
in the organic solid were employed for the photocurrent gener-
ation, and that the photoactive site was at the TiO, /organic sol-
id interface. The IPCE value for the MC1 + PTh blended cell
was large compared to that for the pure MC1 or PTh solar cell.
This indicates that the efficiency of the photocharge separation
for the blended cell increased, increasing the 77 value.

Figure 7 shows the dependence of the short-circuit photocur-
rent, open-circuit photovoltage, fill factor, and energy conver-
sion efficiency in the MC1 + PTh blend cell on the thickness
of the blended film. The Js. and FF values increased up to a
thickness of about 20 nm, the V,. value increased up to about
10 nm, and the 7 value increased up to about 20 nm. We cannot
explain the inconsistency between the thickness dependence of
Jse and V.. For an electric field formed at the TiO,/organic
solid interface, we will discuss later.

Only a mono-layer of MC1 has been chemically adsorbed on
a TiO, nano-porous electrode in the dye-sensitized solar cells,

Dye-Sensitization of Polythiophene
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Fig. 7. Film thickness dependence of short-circuit photocur-
rent Jy (a), open-circuit photovoltage V. (b), fill factor FF
(c) and energy conversion efficiency 7 (d) under illumina-
tion of AM1.5-100 mWcm~2 for the MCl + PTh
(R = 0.3) blended solar cell.

so-called Gritzel cell.'® On the other hand, since we used a

dense and non-porous TiO, electrode on which the MC1 mole-

cules with a carboxyl group hardly adsorbed, the photocurrent
generation mechanism for the blended cells may be different
from that of Gritzel cells.

Effect of Photoinduced Charge Transfer. We previously
reported that when a photoinduced hole-transfer occurred from
the HOMO level of MC2 to the valence band of PTh in an Al/
MC2 + PTh Schottky-barrier cell, the photovoltaic properties
were improved.6 Since the HOMO levels of MC1 and MC2
are nearly equal, based on cyclic voltammetry in dichloro-
methane containing MC1 or MC2, photoexcited holes in
MCT1 can be injected in to the valence band of PTh. The photo-
produced holes in PTh were transported to the Au electrode by
the electric field formed at the interface of TiO, and the blended
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Fig. 8. Schematic energy diagram for TiO,/MC1 + PTh/
Au sandwich-type solar cell. See the text for the explana-
tion of the sequence numbers @, @, and @.

film, on the other hand, the photoproduced electrons arrived at
the TiO, electrode. This proposal of the photocurrent genera-
tion mechanism is shown in Fig. 8. First, MC1 in the blended
solid is excited (process @). Second, the charge transfer occurs
between the excited MC1 and the ground-state PTh (process
@). Finally, the resulting holes and electrons are transported
to the Au and TiO, electrodes, respectively (process @). When
discrete pairs of electrons and holes are produced by photo-
induced hole-transfer from MC1 to PTh, the coulombic force
between the electron and the hole is much smaller than that
in the excited MC1 molecule because of the large distance.
These results in photocharge separation in the blended solar cell
proceeding more easily by the electric field formed at the inter-
face of TiO, and the organic solid.

Influence of the Series Electrical Resistance of the Solar
Cell. The magnitude of the series electrical resistance of the
solar cell is generally an important factor for determining the
photovoltaic properties. The value estimated from the cur-
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rent-voltage characteristics in Fig. 5 was 2.6 x 10* Qcm™
for the PTh cell (a), 1.8 x 10* Qcm™2 for the MC1 cell (b),
and 1.0 x 10* € cm™2 for the MC1 + PTh blend cell (¢) under
an illumination of AM1.5-100 mW cm~2, as summarized in
Table 2. The order of the magnitude was MC1 + PTh <
MC1 < PTh, the solar cell with a smaller series resistance in-
dicating a higher performance.

The specific resistivity of organic solid films is summarized
in Table 3. Under illumination, the resistivity of MC1 was over
10° Q cm, and that of PTh and MC1 4 PTh was 9.3 x 10° Qcm
and 1.3 x 107 Q cm, respectively. Since the order of the spe-
cific resistivities was MC1 > MC1 + PTh > PTh, it can be said
that the photovoltaic properties are not necessary influenced by
this factor.

Electric Field Formed at the TiO,/Organic Solid
Interface. The electric capacitance, C, at the TiO,/organic
solid interface was measured in the dark as a function of the
applied voltage by a low-frequency oscillographic method
using a triangle wave.® When the applied ramp bias increases,
the observed current, J, is the sum of discharging and ohmic
currents:

J. = C@V/dt)+ V/rr, (1

where V, dV/dt, and rr are the applied voltage, the scan rate of
the applied voltage, and the resistance, respectively. When the
voltage decreases, the current, J_, is the sum of charging and
ohmic currents,

J_ = —C@V/dt) + V/rr. )

Combining the above two equations, the capacitance is
expressed:

C =, —J_)/2dV/dn. 3)

Further, because dV /dt is equal to 4V, f, where Vj is the ampli-
tude of the applied voltage and f is the frequency of the ramp
bias, the capacitance can be expressed as:

C=y—J)/8Vof. (€]

When the current density is used for J, and J_, C represents the
capacitance per unit area. The insets of Fig. 9 show the current-
voltage curve under the application of a ramp bias between

Table 2. Series Resistance of TiO,/Organic Solid/Au Sandwich-Type Solar Cells

Organic solid R d/nm Rin®/Qcm™2
in dark under illumination®
PTh 0 70 6.1 x 10° 2.6 x 10*
MC1 — 23 2.3 x 10° 1.8 x 10*
MCI1 + PTh 0.30 56 3.0 x 10° 1.0 x 10*
a) Series resistance. b) Under AM1.5-100 mW cm 2.
Table 3. Specific Resistivity of Organic Solid
Organic solid R d/nm PY/Qcm
in dark under illumination®
PTh 0 43 1.4 x 106 9.3 x 10°
MCI1 + PTh 0.30 42 2.5 x 107 1.3 x 107

a) Specific resistivity. b) Under AM1.5-100 mW cm™~2.
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Fig. 9. Mott-Schottky plots of TiO,/organic solid/Au
sandwich-type solar cells with PTh (a) and MC1 + PTh
(b). Insets show dark current-voltage curves at the frequen-
cies of 94 mHz (a), and 125 mHz (b). The arrows in the
insets show the direction of the potential sweep. See text
for the definition of J; and J_.

—0.2 and +0.2 V (Vy = 0.2 V).

On the assumption that a p—n hetero-junction is formed at the
TiO, /organic interface, Anderson’s model was applied to ana-
lyze the electric profile at the interface, being employed for a p—
n hetero-junction organic cell by Chamberlain.'” In this model,
the capacitance is expressed as a function of the bias:

C™% = (ENy + ENA(Vy — V)

®)
/[(gnNn + gpr)SngpgoanNpAzL

where &, is the relative dielectric constant of an n-type semi-
conductor, &, is the relative dielectric constant of a p-type
semiconductor, & is the vacuum permitivity, ¢ is the electron
charge, N, is the density of the ionized carrier in the n-type
semiconductor, N, is the ionized carrier density in the p-type
semiconductor, V}, is the built-in potential of the p—n hetero-
junction, and A is the active area. The subscripts n and p rep-
resent TiO, as the n-type semiconductor and the organic solid
as the p-type semiconductor, respectively.

Dye-Sensitization of Polythiophene

As shown in Fig. 9(a), the plot of C~2 against V, a so-called
Mott—Schottky plot, for the pure PTh cell gave a straight line in
the range between —0.15 and +0.05 V. We obtained V, =
0.25 V. When N, = 6.0 x 10" cm™3,° &, =4,% and &, =
48" were used, the value of 1.7 x 10" cm™3 was obtained
for N,. Following equations 6 and 7, we obtained W, = 12
nm, W, = 51 nm, where W, and W, represent the widths of
the depletion layers in the p-type PTh and the n-type TiO,
under short-circuit conditions, respectively:

Wp = [ZNngnngb/[qu(gan + epNn)]]l/z, (6)
Wa = [2N,€0, Vo /[gN(EaN, + N1V (7

Further, from Eqgs. 8 and 9, we obtained Vi, = 0.184 V and
Von = 0.066 V, where Vy, and Vi, represent the built-in poten-
tials in the p-type PTh and in the n-type TiO, under short-cir-
cuit condition, respectively.

pr/vbn = gnNn/(gpr)v (8)
Vo = Vi + Von. ©)

Since the Mott—Schottky plot for the MC1 + PTh blend cell
gave a straight line between —0.15 and +0.10 V, as shown in
Fig. 9(b), we obtained Vi, =0.620 V and N, = 6.9 x 10"
cm~3 from Eq. 5, and further W, = 20 nm, W,, = 80 nm, V},, =
0.613 V, and Vi, = 0.207 V from Eqgs. 6, 7, 8, and 9, respec-
tively. These parameters are summarized in Table 4. The W,
value of the MC1 + PTh blend cell was nearly equal to the re-
gion of the photocurrent generation estimated from the thick-
ness dependence of the photovoltaic properties in Fig. 7.

Under short-circuit conditions, the potential gradient Vy,,/ W),
on the PTh side of the TiO,/PTh interface was 3.9 x 10°
Vem™!, and Vy,/W, on the TiO, side was 3 x 10* Vem™!.
Further, for the MC1 + PTh blend cell, the values of 7.7 x
10° Vem™! and 6 x 10* Vem™' were obtained for Vi,/W,
and the Vi, /W, respectively. Since the electric field on the or-
ganic solid side of both cells was much larger than that on the
TiO; side, this type of solar cell may be regarded as a TiO, /or-
ganic solid Schottky barrier cell rather than a p—n hetero-junc-
tion cell.

Since the value of the electric field on the organic solid side
of both solar cells, MC1 + PTh > PTh, agreeded with that of
the energy conversion efficiency, 17, to within on order of mag-
nitude, there exists the opportunity to improve the photovoltaic
properties.

Conclusions

In the TiO,/organic solid/Au sandwich-type cells, the
photovoltaic properties were much better for the MC1 + PTh
blended cell than for the pure PTh cell. This is because an ef-
fective photoinduced hole-transfer occurred from the excited of

Table 4. Ionized Carrier Density N in the Organic Solid, Built-in Potential Vj, in TiO,/Organic Solid/Au Sandwich-Type Solar
Cells, and Depletion Layer Width W at the TiO,/Organic Solid Interface under Short-Circuit Condition

R d N, N, Wy  Wa Ve Vi Von/ Wy Von/Wa
/om - /107 ecm™ /107 ecm™  /om /nm /mV /mV /10° Vem™!  /10° Vem™!
PTh 0 83 6.09 1.7 12 51 184 66 3.9 0.3
MCI + PTh  0.30 66 6.9 1.7 20 80 613 207 7.7 0.6

a) From Ref. 6.
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MCI to the ground-state of PTh, accelerating the photocharge
separation in the depletion layer formed at the interface of TiO,
and MC1 + PTh. The depletion layer existed in the narrow re-
gion of about 20 nm on the organic solid side, and the electric
field was about 8 x 10° Vem™'. That is, the blended solar cell
in this work is not a so-called Gritzel cell being sensitized by
mono-layer dyes chemically adsorbed on to a TiO, electrode,
but rather the enhanced photovoltaic properties are attributable
to the dye-sensitization of the regioregular polythiophene.

We think further modifications of the conjugated polymer,
sensitizer, and TiO, electrode would increase the electric filed
of the depletion layer or/and the thickness of the depletion
layer. In fact, we recently obtained the photovoltaic properties
of J. =814 uAcm=2, Vo =737 mV, FF =56%, and
n = 0.33% under AM1.5-100 mW cm~2 illumination in a
new-type TiO,/MC1 + PTh blend solar cell fabricated with
the TiO, electrode prepared by a different method. This will
be reported elsewhere in detail.
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