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Effect of Surface Treatment on the Efficiency of Bulk
Hetero-Junction Solar Cells Prepared
on Low-Temperature Processed Titanium Dioxide Fim

Eiji Itoh, Yuta Takamizawa, and Keiichi Miyairi
Department of Electrical and Electronic Engineering, Faculty of
Engineering, Shinshu University, Wakasato, Nagano, Japan

We have fabricated the bulk hetero-junction organic solar cells consisting of PCBM
and P3HT blend on flat, and dense, low-temperature (<150°C) processed anatase
titanium oxide film obtained by sol-gel process. The photovoltaic properties were
markedly improved by the insertion of MoOj layer between active layer and Au
(or Ag). The photovoltaic properties of solar cell on non-treated low-temperature
titanium oxide, however, markedly decreases compared with the cell on
high-temperature processed titanium dioxide probably due to the dense surface
defects on the low-temperature titanium oxide. Therefore, we have treated the sur-
face of titanium oxide by fullerene based self-assembled monolayer (Cgy-SAM)
using aminopropyl-ethoxysilane and Cgy. The photovoltaic properties of polymer
BHJ cells on surface treated low-temperature titanium oxide was improved mark-
edly probably due to the passivation of surface defects on low-temperature pro-
cessed titanium oxide films, such as -OH etc. and improved electron transfer
between titanium oxide and active layer.

Keywords: bulk-hetero junction; fullerene SAM; low-temperature process; MoOs;
solar cell

1. INTRODUCTION

Printable, flexible and low-cost organic semiconductors are of great
interest for potential low-cost solar cells. Particularly, bulk-
heterojunction (BHJ) polymer solar cells is a promising candidate
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because of low-cost fabrication in large area by a solution process or
printing techniques on plastic substrates, and the power conversion
efficiencies have reached 3-5% in a single cell structure, recently
[1-9]. On the other hand, crystalline TiOs is well known as a wide-gap
semiconductor, which is transparent for visible light, and as an n-type
semiconductor with a large electron affinity, which is suitable for
photocatalysis [10], and for solar energy converters [11-16]. However,
crystallization of TiO, usually requires a high-temperature heat treat-
ment above 450°C by sol-gel techniques. Recently, Kim et al. and
Hayakawa et al. prepared a polymer BHJ cell with an efficiency of
4-5% by an insertion of very thin amorphous TiOx layer, and they
showed the higher air-stability and longer-lifetime [8,9]. Although, the
use of very thin amorphous TiOx layers instead of thicker crystalline
TiO, films seems to be a useful method, the establishment of a fabrication
process for crystalline TiO, films at a temperature lower than 150°C by
the sol-gel route [17-19] or sputtering techniques [20] is the recent trend
in the field of organic solar cell application as well as photocatalysis.

In this study we prepared crystalline TiO5 (anatase phase) thin film
by a high-temperature process and a low-temperature process at a
temperature not higher than 150°C by sol-gel techniques. We then fab-
ricated BHJ cell on these TiOy films consisting of regioregular poly
(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) as a active layer. We also investigated the effect of the
MoOs3 hole buffer layer and the self-assembled monolayer (SAM) of
fullerene, which is deposited on low-temperature processed TiOs in
order to reduce the electron traps, on the photovoltaic properties of
BHJ solar cells.

2. EXPERIMENTAL

Titanium-tetraisopropoxide (TTI) was used as a starting material,
and nitric acid (Wako Pure Chemical Industries) as a peptizer. The
refluxed sol of TTI with water and nitric acid was prepared by the pro-
cess reported Yun et al. [17]. That is a mixture of TTI (6 ml, 0.024 mol)
and ethanol (1ml) was added to de-ionized water (40ml) and then
nitric acid (0.4 ml) was added to the TTI solution. The resulting sol
was refluxed at 80°C for 8 h with vigorous stirring, producing a milky
solution. This sol (10 ml) was then diluted with ethanol (20 ml) for the
better wettability and reduction of damage to the under-layer [19].
TiOo thin films were then transferred onto ITO-coated glass sub-
strates by the dip-coating technique at a drawing speed of
100 mm/min. Here the width of Indium Tin Oxide (ITO) was 2mm
and the sheet resistance of ITO was 15Q/sq. TiOy films were then
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heat-treated at 150°C or 500°C for 1h in atmosphere. We defined the
low-temperature processed TiO, film at 150°C as L-TiO, and the
high-temperature processed TiO, film at 500°C as H-TiO,, respec-
tively. All samples were then paddled in de-ionized water and ethanol
for 2 minutes. The surface of L-TiO, films were also treated by
self-assembled monolayer (SAM) of 3-aminopropyl-triethoxysilane
(APTES) in toluene, and then treated again by fullerene Cgq in toluene
at 80°C if it is necessary [21]. The crystalline phase of TiO5 was iden-
tified from X-ray diffraction patterns. We chose a mixture of PS3HT and
PCBM (1:0.8 in wt%) as the active layer and it was spin-coated from
2 wt% of chlorobenzene solution, and then the 2-mm-wide MoOgs buffer
layer, and Au or Ag top electrode was evaporated. Here, the effective
electrode area was 4mm? The thickness of L-TiOs, H-TiO,, active
layers, MoOgs, Au, and Ag films were 100 ~200nm, 50 nm, 100 nm,
30nm, 30 nm and 30 nm, respectively.

The current-voltage (I-V) characteristics under illumination were
then measured in a vacuum chamber at 30°C using a source meter
(Keithley 2400) and a 100 W Xenon arc lamp with an optical filter to
obtain the AM-1.5-like spectrum. The intensity of the incident light
to the sample was 70 mW/cmz. Here, the sample was illuminated
through the transparent ITO side, and the sample was also measured
after heat-treatment at various temperatures of 50, 75, 100, 125, and
150°C for 30 min. The forward bias was applied to the top electrode
with respect to ITO.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of titanium oxide films
heat-treated at 150°C (L-TiO5), and 500°C (H-TiO5) for 1h. It is noted
here that the sol-gel processed TiOg film heat-treated at a low tem-
perature usually becomes amorphous, and the anatase crystalline
form appears only after sintering the film at a high temperature of
about 500°C. However, both films sintered at 150°C and 500°C show
the strong (101) peak and (200) peak corresponds to anatase TiO,
[11-16]. That is, this process seems to be compatible with flexible
device applications and the preparation of TiO, layers on
polymer-based semiconductors.

Figure 2 shows the I-V curves of ITO/H-TiO;/P3HT + PCBM/Au
device as a parameter of the heat-treatment temperature under illu-
mination. It is clearly shown that the photovoltaic properties were
improved markedly by heat-treatment up to 75°C probably due to
the crystallization of PSHT in the active layer as shown in Figure 3.
On the other hand, the photovoltaic properties deteriorate gradually
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FIGURE 1 The X-ray diffraction patterns of titanium oxide films heat-treated
at 150°C (L-TiOy), and 500°C (H-TiO,) for 1h.
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FIGURE 2 The I-V curves of ITO/H-TiOy/P3HT + PCBM/Au device as a
parameter of the heat-treatment temperature under illumination.
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FIGURE 3 The X-ray diffraction patterns of active layer (P3HT/PCBM blend
film) as a parameter of heat-treatment temperature.

as temperature increase above 100°C probably due to the decrease in
shunt resistance. Figure 4 shows the comparison of the I-V curves of
ITO/H-TiO2/P3HT + PCBM/Au, ITO/H-TiOo/P3HT + PCBM/MoO3/Au
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FIGURE 4 The comparison of the I-V curves of ITO/H-TiOo/P3HT +
PCBM/Au, ITO/H-TiOy/P3HT + PCBM/Mo0O3/Au and ITO/H-TiO2/P3HT +
PCBM/Mo0Og3/Ag devices under illumination. All samples were measured after
heat-treatment at 75°C in a vacuum.
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and ITO/H-TiOo/P3HT +PCBM/MoO3/Ag devices under illumina-
tion. Here, all samples were measured after heat-treatment at 75°C
in a vacuum. Both open circuit voltage Voc and short circuit current
density Jgc markedly increase by the insertion of MoO3 layer. We con-
sidered it is attributed to the increment of internal electric field
between TiO, and top electrodes because MoOs; has a larger
work-function (>5eV) than Au (4.8eV) and Ag (4.4eV) [22]. It should
be noted here that Au particles penetrates into the organic film during
the evaporation [23]. MoOj3 film, therefore, also contributes to reduce
the penetration of Au and Ag into the active layer, and acts as the elec-
tron blocking layer. Figure 5 shows the change in Vg, Jsc, fill factor
(F.F.), and the power conversion efficiency #p as a function of
heat-treatment temperature for the devices discussed in Figure 4.
The Jsc and 5p increase markedly by heat-treatment up to 75°C for
all devices probably due to the crystallization of PSHT as discussed
in Figure 3. On the other hand, Voc decreases gradually with the
heat-treatment temperature in the devices with MoOj; buffer layer.
It should be noted here that Vge of ITO/H-TiOy/P3HT +
PCBM/MoO3/Au and ITO/H-TiO./P3HT + PCBM/MoO3/Ag are
almost the same for all temperature though there is a remarkable dif-
ference in the work-function between Au (4.8eV) and Ag (4.4eV). We
therefore considered that MoOj3; buffer layer acts as an electrode mate-
rial and the work-function difference between TiOy and MoOj3 plays an
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FIGURE 5 The change in open circuit voltage Vo, short circuit current den-
sity Jgc, fill factor (F.F.), and the power conversion efficiency #p as a function
of heat-treatment temperature for the devices discussed in Figure 4.
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important role for the Vo of these devices. It should be noted here
that the work-function of our MoO; film reduces its work-function
from 5.2-5.4eV to 4.7-4.8eV by heat-treatment. Therefore, the
decrease in Vgoc at the heat-treatment temperature above 75°C is
likely to due to the reduction of the built-in potential in the active
layer. The mechanism should be clarified in the near future.

Figure 6 shows the I-V curves of ITO/L-TiOy/P3HT +PCBM/
MoO3/Ag device as a parameter of the heat-treatment temperature
under illumination. It is clearly shown that the photovoltaic properties
were not so good compared with the device prepared on H-TiOy and
Jgc decreases markedly by heat-treatment probably due to the elec-
tron trapping at L-TiOy/active layer interface caused by the surface
defect on TiOy film prepared by low-temperature process, such as
—OH groups [24]. The results obtained in this device were not reprodu-
cible and the deviation between the samples were very large. Changes
in the work-function of MoOj3 and the surface defect on TiO5 layer may
cause the reduction of Voc during the heat-treatment. We therefore
treated the surface of L-TiOy by fullerene based SAM, which is
obtained by APTES and fullerene in toluene [21]. Figure 7 shows
the comparison of the I-V curves of ITO/H-TiOy/P3HT +PCBM/
MoO3/Ag, ITO/L-TiOy/P3HT + PCBM/Mo00O3/Ag and ITO/L-TiOg/

N W

—_
T

Heat-treatment

temperature —

—— as—prepared

4T —0—50C
——75C

5 ——100T

-01 0 01 0.2 0.3 04 05 0.6

Voltage [V]

FIGURE 6 The I-V curves of ITO/L-TiO2/P3HT + PCBM /MoO3/Ag device as
a parameter of the heat-treatment temperature under illumination.
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FIGURE 7 The comparison of the I-V curves of ITO/H-TiOy/P3HT + PCBM/

MoO3/Ag, ITO/L-TiO3/P3HT + PCBM /Mo00O3/Ag and ITO/L-TiOy/fullerene-
based SAM/P3HT+PCBM/Mo0O3/Ag devices under illumination.

fullerene-based =~ SAM/P3HT + PCBM/MoO3/Ag devices under
illumination. Here, all samples in Figure 7 were measured after
heat-treatment at 75°C in a vacuum. It should be noted here that
the photovoltaic properties of ITO/L-TiOg/fullerene-based SAM
(C6o-SAM)/P3HT + PCBM /Mo00O3/Ag device are improved markedly
and the photovoltaic properties are much reproducible compared with
the device without Cgo-SAM. Table 1 summarizes the photovoltaic
properties obtained in Figures 2, 4 and 7. The power conversion

TABLE 1 The Summary of Photovoltaic Properties in Figures 2, 4 and 7. (Light
intensity 70 mW/cm?, 75°C: Heat-Treatment Temperature, Measured at RT.)

Jsc Voc np
Device structure [mA/cm?] [V] F.F. [%]
ITO/H-TiO5/P3HT + PCBM/Au (as prepared) 1.20 0.37 0.36 0.23
ITO/H-TiOy/P3HT +PCBM/Au (75°C) 4.01 0.39 0.44 0.99
ITO/H-TiO2/P3HT + PCBM/Mo0Os/Au (75°C) 5.13 0.57 0.48 2.01
ITO/H-TiO5/P3HT + PCBM/MoO3/Ag (75°C) 5.18 0.61 0.52 2.33
ITO/L-TiO2/P3HT + PCBM/Mo0O3/Ag (75°C) 0.97 0.59 0.44 0.36
ITO/L-TiOg/Cgo-SAM/P3HT + 4.10 0.59 0.53 1.81

PCBM/MoOs/Ag (75°C)
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FIGURE 8 Schematic illustration of surface treatment of low-temperature
processed TiOg film.

efficiency of ITO/L-TiOy/Cgo-SAM/P3HT + PCBM /Mo0O3/Ag device
(1.81%) was five times as large as that of the device prepared on
L-TiO5 without Cgp-SAM (0.36%) and it was comparable to those of
ITO/H-TiO2/P3HT + PCBM /MoO3/Ag device (2.33%), successfully.
We therefore considered that the electron traps, such as —OH groups
on the surface of TiOy is probably terminated by fullerene-based

SAM and fullerene molecules assist the electron-transfer from PCBM
to TiO, film (see Fig. 8).

4. CONCLUSIONS

We have prepared crystalline TiO, (anatase) thin films by the
high-temperature process (500°C) and the low-temperature process
at 150°C, which is suitable for the application of polymer electronics
by sol-gel techniques. The refluxed sol of titanium tetraisopropoxide
(TTI) with water and nitric acid formed anatase phase TiO, without
requiring the high-temperature process. Both open circuit voltage
and short circuit current density of ITO/H-TiO,/P3HT:PCBM/Au
(or Ag), which is fabricated on high temperature processed TiOo
(H-TiOy), were improved markedly by the insertion of MoQOjs buffer
layer between the active layer and top electrode. The photovoltaic
properties were also improved by the heat-treatment of up to 75°C
before measurement in a vacuum which is attributed to the crystalli-
zation of PSHT. However, higher temperature leads to the decrease in
device properties. The photovoltaic properties of the device fabricated
on low-temperature processed TiOs (L-TiO,) deteriorates markedly
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than the device on H-TiO4 probably due to the surface defects, and it
was improved markedly by the surface treatment of TiOy by fullerene
based SAM. Therefore, it was concluded that the insertion of effective
buffer layer and the surface treatment of oxide is very important for
the device performance of inverted BHJ solar cells.
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