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a b s t r a c t

A solution processed polymer tandem cell has been fabricated by utilizing organic layer
coated TiO2 nanoparticle (OL-TiO2) as an interlayer. The crystalline phase of the OL-TiO2

was anatase. The dispersed solution of the OL-TiO2 showed high optical transparency
and excellent film forming property. The top and bottom cell were clearly separated by
the OL-TiO2 interlayer without interlayer mixing, which was not observed for the tandem
cell utilizing commercially available TiO2 nanoparticle (N-TiO2) as an interlayer. The con-
version efficiency of a polymer tandem cell was enhanced from 1.43% to 3.44% by replacing
the interlayer from N-TiO2 to OL-TiO2. The tandem cell performance was further enhanced
by adjusting the thicknesses of the active layers in the subcells and adjusting the conduc-
tivity of the PEDOT:PSS layer in the bottom cell. The highest conversion efficiency of 3.66%
was obtained from the tandem cell having the structure of ITO/Baytron P VP AI 4083/
P3HT:PCBM (100 nm)/OL-TiO2/Baytron PH 500/P3HT:PCBM (100 nm)/Al. In addition that,
it was found that the OL-TiO2 interlayer enhanced the stability of the tandem cell compar-
ing to that of the single junction cell by the reduction of the oxygen diffusion to the bottom
layer by the interlayer. It is expected that the performance of the tandem cell can be further
enhanced by adopting efficient low band gap materials.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The single junction solar cell has limitations to over-
come Shockley–Queisser limitation because excess energy
of the photons, absorbed with energies greater than the
semiconductor band gap, are lost as heat and photons with
energies less than the semiconductor band gap are not ab-
sorbed [1]. The tandem solar cell technology could be one
way to overcome the limits of the single junction solar cell.
However, it is difficult to fabricate polymer tandem solar
cells because the previously deposited layer could be de-
. All rights reserved.
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stroyed by the following solution process. Therefore, it is
important to use a proper separation layer (or interlayer),
which isolates two subcells. The interlayer protects the bot-
tom cell as well as recombining the charge carriers from the
subcells. There are several reports on the formation of the
interlayer and middle electrode by the vacuum deposition
method [2–7]. However, it is desirable to fabricate polymer
tandem cells with all solution processes in terms of large
area fabrication, the production cost and the high through-
put. It is essential to develop solution processed interlayer
materials to fabricate the polymer solar cell with solution
process. Semiconducting metal oxides are thought to be
promising candidates for the interlayer due to their optical
transparency, electron mobility and chemical stability. Gi-
lot et al., used ZnO nanoparticles/PEDOT interlayer for the
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Fig. 1. Organic layer coated TiO2 nanoparticle used in this study. (a,b) Schematic illustration of the nanoparticle surface where acetylacetone (AcAc) is
bound to Ti exposed on the surface (c) HR-TEM image of an individual TiO2 nanoparticle crystalline lattice. Scale bar represents 5 nm.
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polymer tandem cell [8]. However, the neutral pH PEDOT
was used for the interlayer instead of commercially avail-
able acidic PEDOT:PSS solution due to the chemical insta-
bility of the ZnO against the weak acid solution. Recently,
Kim et al., successively fabricated solution processed poly-
mer solar cells by utilizing the TiOx/PEDOT:PSS interlayer,
and the power conversion efficiency reached more than
6% under the 1 sun illumination condition [9]. Thought
the TiOx is promising interlayer material for the polymer
tandem cell, the TiOx layer formation needs a hydrolysis
process, which might affect the throughput of the polymer
tandem cell production and storage stability of the TiOx

solution is thought to be concerned. The nano-crystalline
TiO2 nanoparticle (NC-TiO2) is possible candidate material
for the interlayer due to their chemical stability, crystallin-
ity and optical transparency. In this study, we fabricated
polymer tandem solar cell by using NC-TiO2 interlayer.
Two types of NC-TiO2 (TiO2 nanoparticle with or without
organic layer on the surface) were utilized as interlayer
for the tandem cell. The effects of NC-TiO2 interlayers on
the performance of polymer tandem solar cell will be
discussed.
Fig. 2. The polymer tandem cell structure used in this study.
2. Experimental

2.1. Materials and solutions

The P3HT and PCBM blended solution was used to form
bulk-heterojunction active layers for the polymer tandem
solar cell. The regioregular poly(3-hexylthiophene) (P3HT,
Aldrich) and the fullerene derivative [6,6]-phenyl C61-buty-
ric acid methyl ester (PCBM, American Dye Source, Inc.)
were dissolved in chlorobenzene with the weight ratio of
1:0.8, and used for active layer of subcells. Three kinds of
PEDOT:PSS solutions (Baytron P VP AI 4083, Baytron P,
and Baytron PH 500) were purchased from Baytron, H.C.
Starck and diluted with methanol by 1:1 vol%. Two types
of titanium oxide solution were prepared for the transpar-
ent interlayer in the polymer tandem cell. One is the solu-
tion that organic layer coated TiO2 nanoparticles (OL-
TiO2) are dispersed in ethanol. The OL-TiO2 were synthe-
sized through the hydrolysis of titanium butoxide at 60 �C
in the presence of acetylacetone as an organic modifier
and p-toluene sulfonic acid as an acid catalyst [10,11].
The mean size and the crystallinity of particles were ad-
justed by tuning the ratio of reactants. As synthesized
nanoparticles were precipitated in toluene, and redispersed
in ethanol by 5 wt% which exhibited a transparent yellow
color. The schematic diagram of OL-TiO2 nanoparticle
showing acetylacetone coordinated to TiO2 at the nanopar-
ticle surface and high resolution transmission electron
microscope (HR-TEM) image of an individual nanoparticle
are shown in Fig. 1. From the selected area electron diffrac-
tion (SAED) on TiO2 nanoparticles and XRD data, it was con-
firmed that their crystalline structure of OL-TiO2 was
anatase. The other solution (N-TiO2) was obtained from
the dispersing the TiO2 nanoparticles (F-6, Showa Denko,
Japan) in ethanol by bead-mill. The particle size of the N-
TiO2 was about 15 nm.
2.2. Device fabrication and measurements

The polymer tandem solar cell structure used in this
study is shown in the Fig. 2. The tin doped indium oxide
(ITO) was used as bottom electrode (BE in Fig. 2) for the
tandem cell. The patterned ITO/glass substrates were
cleaned in an ultrasonic bath of isopropanol and acetone
repeatedly, followed by a UV treatment for 20 min. For
the hole injection layer of the bottom cell (HIL in Fig. 2),
the PEDOT:PSS aqueous solution (Baytron P VP AI 4083,
Baytron P, or Baytron PH 500) was spin-coated onto ITO
substrates and dried in the vacuum oven at 120 �C for
10 min. The thickness of the HIL was approximately
40 nm. P3HT:PCBM solution was spun onto the HIL and
dried in air at room temperature for 10 min to form a bot-
tom active layer (BL in Fig. 2). Three different thicknesses
(70, 100 and 200 nm) of the BL were prepared and the
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Fig. 3. Current density–voltage characteristics of single junction cell (SC)
and tandem cells (TC-N and TC-OL) under the AM 1.5G 1 sun illumination.
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thickness of the layer was controlled by R.P.M of the spin
coater. Subsequently, the interlayer (ITL in Fig. 2) for the
tandem cell was formed by spinning the TiO2 nanoparticle
solution and drying at 60 �C for 10 min in the vacuum
oven. The obtained thickness of the ITL was about 40 nm.
Highly conductive PEDOT:PSS (Baytron PH 500, H.C.
Starck) was used for the middle electrode (ME in Fig. 2).
Since the surface of the ITL is hydrophilic, the aqueous
PEDOT:PSS solution can be deposited on it. The same
P3HT:PCBM solution was used for the formation of top ac-
tive layer (TL in Fig. 2). Also, the thickness of the TL was
varied from 70 to 200 nm. Finally, Al top electrode (TE in
Fig. 2) was vacuum deposited in the base pressure of
2 � 10�6 torr. The thickness of the TE was about 80 nm.
The deposited Al electrode area defines an active area of
the device as 0.09 cm2. The prepared tandem cells were di-
rectly annealed at 150 �C by a radiation heater for 10 min
in the same thermal vacuum evaporator. The base pressure
of the evaporator was maintained in the range of 2 � 10�6

to 7 � 10�6 torr.
Photocurrent–voltage measurements were performed

on the tandem cells by using a Keithley model 2400 source
measuring unit. A class-A solar simulator with a 150 W Xe-
non lamp (Newport) served as a light source, where its
light intensity was adjusted by a NREL-calibrated mono
Si solar cell, with a KG-2 filter, for approximately AM 1.5
G 1 sun light intensity. External quantum efficiency was
measured as a function of wavelength from 300 to
800 nm using incident photo-to-current conversion system
(IPCE) (PV measurements, Inc.). Calibration was performed
using a silicon photodiode G425, which was NIST-cali-
brated as a standard. The atomic force microscopy (AFM)
was used to investigate the surface morphology formed
by TiO2 nanoparticle solutions. The AFM measurements
were carried out on an Asylum Research MFP-3D-SA AFM
mounted on AC160-TS cantilever in noncontact mode.
The cross-sectional image of the polymer tandem solar cell
was taken with the Dual Beam FIB/SEM system (Nova 200,
FEI Company), which allows sectional analysis for the
cross-section of delaminated region.
3. Results and discussion

The device structure of the polymer tandem cell used in
this experiment is glass/ITO (bottom electrode; BE)/PED-
OT:PSS (hole injection layer; HIL)/P3HT:PCBM (bottom ac-
tive layer; BL)/TiO2 nanoparticle layer(interlayer; ITL)/
PEDOT:PSS (PH 500) (middle electrode; ME)/P3HT:PCBM
(top active layer; TL)/Al (top electrode; TE) (Fig. 2). Since
this study focuses on the development of the TiO2 nano-
particle interlayer, the same active layer (P3HT:PCBM) is
used for the bottom and top cells.

Two different types of TiO2 solutions have been exam-
ined for the formation of ITL of the polymer tandem cells.
The commercially available TiO2 nanoparticle (F-6, Showa
Denko, Japan) was dispersed in ethanol solution (N-TiO2

solution), and used for the ITL of a polymer tandem cell
(TC-N). For the other solution, organic layer (acetylacetone,
(AcAc)) coated TiO2 nanoparticles (OL-TiO2 solution) were
used to form the ITL for another tandem cell (TC-OL). The
N-TiO2 solution had turbid milky color and precipitated
after several days. Whereas, the OL-TiO2 solution was
highly dispersive, transparent and stable over six months
without any precipitation.

Fig. 3 shows the current density–voltage characteristics
of TC-N and -OL under the AM 1.5 1 sun illumination. The
VOC of TC-N (0.92 V) is higher than that of single junction
cell (0.6 V). However, there is significant decrease in the
JSC and FF of TC-N compared to those of SC. The perfor-
mance of the tandem cell was enhanced by replacing the
interlayer from N-TiO2 to OL-TiO2. The VOC, JSC and FF of
the tandem cell was increased from 0.92 V, 3.24 mA/cm2

and 0.48 to 1.04 V, 6.33 mA/cm2 and 0.52 by changing
the interlayer, respectively. As a result, the power conver-
sion efficiency of TC-OL was 3.44% which is 141% higher
than that of TC-N (1.43%).

The surface of the interlayer was investigated using
atomic force microscopy (AFM). AFM images were ob-
tained after spinning the corresponding TiO2 nanoparticle
solutions on the P3HT:PCBM film. As shown in Fig. 4, large
aggregations (ca. 150–300 nm) are observed from the film
prepared from the N-TiO2 solution. The inset of Fig. 4(a) re-
veals that large aggregations are composed of small nano-
particles (�20 nm). However, no notable aggregation was
observed from the surface of the film prepared by the
OL-TiO2 solution (Fig. 4(b)). The RMS roughness of the
OL-TiO2 film was 4.5 nm, which is significantly lower than
that of the N-TiO2 film (87.4 nm). The height profiles of the
corresponding film (Fig. 4(c) and (d)) clearly show the dif-
ference in the roughness between films. The height of the
OL-TiO2 film is around 10 nm and that of the N-TiO2 film
is in the range of 100–150 nm. However, small voids with
size around 30 nm were observed from the OL-TiO2 film.
Those voids are thought to be formed during the solvent
evaporation.

The focused ion beam (FIB) image of the TC-OL
(Fig. 5(b)) shows the bottom and top cell are clearly sep-
arated by the OL-TiO2/PEDOT:PSS interlayer. In contrast,
the TC-N does not show a clear separation of subcells,
and large voids (bright region) are observed where the
N-TiO2/PEDOT:PSS ITL is located (Fig. 5(a)). Based on the
AFM and FIB experiments, it is believed that the dense



Fig. 4. (a) AFM image and (c) height profile of the film from N-TiO2 solution, and (b) AFM image and (d) height profile of the film from OL-TiO2 solution.
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OL-TiO2 interlayer helps the separation of subcell and
forms better interfacial contact between the OL-TiO2

and PEDOT:PSS layer. This implies that the recombination
efficiency at the N-TiO2/PEDOT:PSS interlayer will be sig-
nificantly lower than that at the OL-TiO2/PEDOT:PSS
Fig. 5. The Focused Ion Beam (FIB) cross-sectional image o
interlayer, which leads to voltage drop across the inter-
face, and results in a lower VOC of the TC-N [7].

These properties, however, were obtained after several
repeated measurements under the 1 sun illumination.
Fig. 6 shows the change in the photovoltaic properties of
f the polymer tandem cells (a) TC-N and (b) TC-OL.
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Fig. 6. Current density–voltage characteristics of a tandem cell utilizing
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the TC-OL after 3 min of 1 sun illumination. As shown in
Fig. 5, the JSC and VOC were increased from 5.83 mA/cm2

to 6.33 mA/cm2 and from 0.73 V to 1.04 V after the illumi-
nation, respectively. It is reported that the non-ohmic con-
tact between metal oxide and the PEDOT layer could
reduce the VOC of the tandem cell [8]. The ohmic contact
between the interface can be achieved by increasing the
conductivity of the metal oxide and it can be improved
by exposing the UV light on the metal oxide [12]. Since
there is UV portion in the AM 1.5 light, it is possible that
conductivity of the TiO2 film can be increased by the AM
1.5 illumination.

Although the VOC of the tandem cell was significantly
increased by using OL-TiO2, the VOC is still lower than the
sum of the VOC of the bottom and top cells. In the polymer
tandem solar cell having the TiO2/PEDOT:PSS interlayer,
electrons from the bottom cell recombine with the hole
from the top cell, at the TiO2/PEDOT:PSS interface. If the
bottom cell generates more photo-current than the top
cell, the excess electrons cannot recombine with the hole
from the top cell, and will be accumulated at the interface
between the bottom cell and the interlayer. The electron
accumulation will partially compensate the built-in volt-
age across the bottom cell until the photo-current from
the bottom cell matches with that of the top cell [7]. More-
over, excess electrons could act as a resister inside the bot-
tom cell and reduce the fill factor of the cell. This results in
a reduced performance of the tandem cell.

It was reported that photo-generated holes can be col-
lected from the area where ITO electrode is not deposited
due to the conductivity of the PEDOT:PSS [13]. Based on
the report, it is highly possible that the mismatch of JSC va-
lue between the bottom and top cells depends on the con-
ductivity of PEDOT:PSS, which is used in the bottom cell,
and this becomes significant as the conductivity of the
PEDOT:PSS layer is increased. The photovoltaic properties
of the single and tandem cells were examined by changing
the conductivity of the PEDOT:PSS layer. The three differ-
ent conductivities of the PEDOT:PSS solution, Baytron P
VP AI 4083 (r = 0.0002–0.002 S/cm), Baytron P (max
r = 0.1–1 S/cm), and Baytron PH 500 (r = 10–50 S/cm),
were used for the hole transporting layer (HTL) of the bot-
tom cell [14]. Hereafter, the tandem cell using Baytron P VP
AI 4083, Baytron P and Baytron PH 500 as HTL for the bot-
tom cell will be denoted as TC-OL-AI4083, TC-OL-P, and
TC-OL-PH 500, respectively. As shown in Fig. 7 and Table
1, the JSC of the single junction cell increased by increasing
the conductivity of the PEDOT:PSS. This implies that the JSC

mismatch between the bottom and top cell of the tandem
cell will be increased as the conductivity of PEDOT:PSS in-
creases. The JSC mismatch between subcells accommodates
the charging of ITL and increase the internal resistance of
the tandem cell, which resulted in the reduction of the
VOC and FF of the tandem cell. The JSC of the tandem cell
was decreased from 6.7 mA/cm2 to 5.3 mA/cm2 as the
HTL of the bottom cell was changed from the highly con-
ductive Baytron PH 500 (TC-OL-PH 500) to the less conduc-
tive Baytron P VP AI 4083 (TC-OL-AI4083). However the
VOC and FF of the TC-OL-AI4083 were significantly en-
hanced, in particular, the VOC of the cell was almost dou-
bled compared to that of the single junction cell. As a
result, the power conversion efficiency of the TC-OL-
AI4083 (3.66%) was 6%, and 37% higher than that of TC-
OL-P and TC-OL-PH 500, respectively. Based on the exper-
imental results, the conductivity of the PEDOT:PSS is con-
sidered to be closely related to JSC, VOC and FF in the
tandem cells.

However, the JSC value of the tandem cell was signifi-
cantly lower than that of the single cell. In order to opti-
mize the photo-current of the tandem cell, we varied the
thickness of the active layers of the top and the bottom
cell. First, the thickness of active layer of the top cell (TL)
was varied while maintaining the thickness of active layer
of the bottom cell (BL) at 100 nm. Table 2 summarizes the
photovoltaic performance of the tandem cell and Fig. 8(a)
shows their I–V curves. The JSC of the tandem cell was in-
creased from 4.88 to 5.91 mA/cm2 as the thickness of the
TL increased from 70 to 200 nm. The highest photo-current
of 5.91 mA/cm2 was obtained from the T3 and the value is
21% higher than that from the T1. The external quantum
efficiency (EQE) for these tandem cells (Fig. 9(a)) are con-
sistent with the JSC result of the tandem cells. The EQE of
the tandem cell was increased at around 400 and 600 nm
as the thickness of the top cell increased. Whereas, no



Table 1
The dependence of HIL conductivity on the performances of single cells and tandem cells having OL-TiO2 interlayer.

HIL ITL VOC (V) JSC (mA/cm2) FF Efficiency (%)

Baytron P VP AI 4083 0.61 10.17 0.65 4.04
Baytron P 0.62 11.14 0.63 4.32
Baytron PH 500 0.60 11.42 0.62 4.26
Baytron P VP AI 4083 Baytron PH 500 1.16 5.3 0.60 3.66
Baytron P Baytron PH 500 1.04 6.33 0.52 3.44
Baytron PH 500 Baytron PH 500 0.93 6.69 0.43 2.67

Table 2
The dependence of active layer thickness on the performances of single cells and tandem cells having OL-TiO2 interlayer.

Cell type Active layer thickness (nm) VOC (V) JSC (mA/cm2) FF Efficiency (%)

Single junction
S1 70 0.63 8.55 0.63 3.39
S2 100 0.62 10.25 0.63 4.04
S3 200 0.60 11.19 0.55 3.71

Tandem
T1 100 (bottom)/70 (top) 1.05 4.88 0.52 2.62
T2 100 (bottom)/100 (top) 1.16 5.3 0.60 3.66
T3 100 (bottom)/200 (top) 1.07 5.91 0.48 2.97
T4 70 (bottom)/100 (top) 1.00 5.95 0.42 2.44
T5 200 (bottom)/100 (top) 1.02 3.16 0.59 1.89
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(b) bottom active layer (BL) on the current density–voltage characteristics
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change in the EQE at 500 nm was observed by varying the
thickness of the TL. This is related to the transmittance of
the P3HT in the BL. The transmittance of 100-nm thick film
of P3HT was about 30% at 500 nm (Fig. 10). This implies
only 30% of incoming light of 500 nm wavelength can
reach to the TL. Because P3HT has the largest molar extinc-
tion coefficient at the wavelength, thin layer of the TL
(70 nm) is enough to absorb all the 500 nm light arriving
on it. As a result, the EQE of the tandem cell at 500 nm is
independent with the thickness of TL. On the other hand,
the transmittance of the P3HT at around 400 and 600 nm
is relatively higher than that at 500 nm due to the lower
molar extinction coefficient. Because larger amount of
400 and 600 nm wavelength light reaches to the TL and
P3HT in the TL has lower molar extinction coefficient at
the wavelength, the EQE values of the tandem cell at the
wavelengths are proportional to thickness of the TL.

For the next experiment, the thickness of the BL was
varied while maintaining the thickness of active layer of
the TL at 100 nm. The result of their photovoltaic perfor-
mance and I–V curves are shown in Table 2 and Fig. 8(b).
The JSC of the tandem cell was increased from 3.16 to
5.95 mA/cm2 as the thickness of BL decreased from 200
to 70 nm. The highest photo-current of 5.95 mA/cm2 was
obtained from the T4 and the value is 88% higher than that
from the T5. The EQE of the tandem cell was inversely cor-
related with the thickness of BL without concerning the
wavelength. Because the light arriving on the TL will be in-
creased as decrease the thickness of BL. As a result of vary-
ing the thickness of active layer, the thinner BL (T4) or the
thicker TL (T3) generated more photo-current than other
tandem cells. Based on the experiments, it seems that the
photo-current of our tandem cells are mainly determined
by the photo-current generation from the top cell. How-
ever, the highest conversion efficiency was obtained from
the tandem cell of T2 which has intermediate thickness
(100 nm for the top and bottom cell). It is ascribed to the
enhanced VOC and FF of the T2 compare to the other tan-
dem cells.

Interestingly, the tandem cell showed enhanced stabil-
ity compared to the single cell (Fig. 11). The active layers of
the cells were covered with commercial epoxy resin (Clear
Epoxy, Dong Sung Uni. Tech. Co., Korea) in air before the
light soaking test. The stability of the cells was monitored
by continuous irradiation under a sulfur plasma lamp. The
light intensity of the lamp was adjusted using a NREL-cal-
ibrated mono Si solar cell with a KG-2 filter, for approxi-
mately AM 1.5G 1 sun light intensity. The temperature of
the testing chamber was approximately 35 �C. Fig. 10 com-
pares the stability of the TC-4083 and the single junction
cell, and it was found that there was 94% degradation after
125 h irradiation for the single junction cell, whereas the
TC-OL-4083 maintained 56% of its initial efficiency. The
degradation is mainly ascribed to the decreased JSC and
FF for both the single and tandem cells. The decline of
the JSC and FF of the single cell was much faster than that
of the tandem cell. It is thought that the better stability
of the tandem cell is ascribed to the dense TiO2 nanoparti-
cles interlayer, which can protect the active layer in the
bottom cell from the oxygen. Similar results have been re-
ported, where the stability of a cell was enhanced by utiliz-
ing the TiOx as an electron transporting layer [15].
4. Conclusions

In conclusion, solution processed polymer tandem cells
have been fabricated by utilizing the highly dispersive or-
ganic layer coated crystalline TiO2 nanoparticles (OL-TiO2)/
PEDOT:PSS interlayer. The top and bottom cell were clearly
separated by the interlayer without interlayer mixing,
which was not observed for the tandem cell utilizing com-
mercially available TiO2 nanoparticle (N-TiO2) for the
interlayer. The conversion efficiency of the polymer tan-
dem cell was enhanced from 1.43% to 3.44% by replacing
the interlayer from N-TiO2 to OL-TiO2. The JSC of the tan-
dem cell was increased by decreasing the bottom layer
thickness or increasing the top layer thickness. This implies
that the photo-current of our tandem cells are mainly
determined by the photo-current generation from the top
cell. However, the highest conversion efficiency was ob-
tained from the tandem cell having intermediate thickness
(100 nm for the top and bottom cell) due to the enhanced
VOC and FF by minimizing the charging of the excess charge
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carriers at the interlayer. Based on the VOC, JSC and FF of the
tandem cell, it is thought that the OL-TiO2 layer performs
the role of interlayer in the tandem cell with little loss of
JSC and VOC. In addition that, it was found that the OL-
TiO2 interlayer enhanced the stability of the tandem cell
comparing to that of the single junction cell. It could be as-
cribed to the reduction of the oxygen diffusion to the bot-
tom layer by the interlayer. We believe the highly
dispersive OL-TiO2 has several advantages for the solution
processed polymer solar cell in terms of excellent film
forming property, crystallinity, transparency, stability and
processability. It is expected that the performance of the
tandem cell can be further enhanced by adopting efficient
low band gap materials to the bottom cell.
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