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a b s t r a c t

Efficient planar organic solar cells extending the response into the near-infrared (NIR) were
fabricated using the highly ordered Titanyl phthalocyanines (TiOPc) films as the donor
layer. This type of films obtained through the weak epitaxy growth (WEG) method presents
good continuity and integrity with the low density of grain boundaries. More importantly
the films own a strong absorption in the NIR (750–950 nm) and a broad absorption spec-
trum from 550 to 950 nm. Meanwhile the high external quantum efficiency (EQE) is
obtained in the NIR with the peak value over 38% and the EQE is over 18% in the entire
response range, which could benefit from the long exciton diffusion length and the high
carrier mobility of the highly ordered films. Thereby the fabricated planar solar cells
achieve a high short-circuit current density (Jsc) of 9.26 mA cm�2 and a power conversion
efficiency (PCE) of 2.67%.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells have attracted extensive attention
due to the low cost, light weight and flexibility. Their
power conversion efficiency advances considerably since
the Tang reported the donor–acceptor planar solar cell
[1], but the efficiency is still not enough for industrializa-
tion compared with the solar cells based on the silicon.
One limiting factor is the inadequate utilization of the solar
spectrum. Typically the absorption range of the current
materials used for organic solar cells is located in the visi-
ble region [2–6], but over 40% solar energy falls into the
NIR. Thereby two-cell integration by series or parallel
(One main response lies in visible region and the other in
NIR) could be an optimal option to solve the limitation
[7,8]. The devices with the main response in the visible
region have been done well [9,5,6], and much attention
recently is paid to the devices extending the response into
the NIR [10–18]. Based on these current research out-
comes, it is crucial to design the films showing the strong
. All rights reserved.
absorption in the NIR and enabling the improvement of
the cells performance.

TiOPc is a typical non-planar phthalocyanine, one of the
most sensitive organic photoconductors in the NIR. Its
absorption spectrum, photoconductivity and charge-
transport properties all depend on a variety of the phases.
Specifically the phase II has a shorter separated distance
between adjacent molecules than the phase I [19,20,13]
and it enhances the intermolecular p–p interaction. The
phase II TiOPc has been proven to be an excellent p-type
semiconductor with high photoconductivity, and corre-
spondingly the film possesses a broad absorption spectrum
and the strong absorption in the NIR. Thus the film is more
appropriate one as the donor layer in the cell. Much work
has been done to fabricate directly the phase II films on
the different substrates (KBr, indium tin oxide (ITO) glass,
and sapphire, and oriented poly(tetrafluoroethylene))
[21,22] or to adopt diverse approaches (supersonic molecu-
lar bean epitaxy and organic molecular beam deposition)
[21-24]. These films, composed of separated crystallites,
are inappropriately applicable to the solar cells, and the
phase II films which can be used in the solar cells are
often obtained by the indirect method [13]. The method in-
cludes two steps: the amorphous films are obtained firstly
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by vacuum deposition on the ITO substrate at room temper-
ature, and then treated by solvent annealing for several
hours. This process, however, is supposed to be complex
for fabricating the solar cells. The small grains and many
grain boundaries in the films would cause the low carrier
mobility and high density of traps which restrict the cell
performance. As is reported, the exciton diffusion length
(LD) can be improved by enhancing the order of the films
[25]. Therefore it is necessary to prepare directly the highly
ordered TiOPc films which can be used as the donor layer in
the cells.

In this paper, we report a type of planar solar cells
extending the response into the NIR by using the highly or-
dered phase II TiOPc films as the donor layer. Through the
WEG technique [26], the films are prepared with the 2,5-
bis(4-biphenylyl)-bithiophene (BP2T) as the inducing
layer. The epitaxial relationship formed between phase II
TiOPc and BP2T generates highly ordered and continuous
TiOPc films. They present a broad response range from
550 to 950 nm and a strong absorption in the NIR (750–
950 nm). Meanwhile the high carrier mobility in the films
could favor the exciton separation and the carrier transport
[27]. Thereby the fabricated planar solar cells (BP2T/TiOPc/
C60) achieve a high Jsc of 9.26 mA cm�2 and a PCE of 2.67%.
2. Experiment

2.1. Materials and device fabrication

The TiOPc, C60 and 8-hydroxyquinoline aluminum
(Alq3) were purchased from Aldrich Corp, and BP2T was
synthesized according to the reference [28]. The chemical
structures of TiOPc and BP2T are shown in Fig. 1(a). Prior
to deposition, all the organic compounds were purified
twice via thermal-gradient sublimation.

The ITO-coated glasses with a sheet resistance of
10 X sq�1 were wiped with detergent, ultrasonic treatment
in acetone, alcohol and deionized water in sequence and
subsequently dried in pure N2. Then they were coated with
a 40 nm thick poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonic acid) (PEDOT:PSS) by spin coating. Afterwards
the substrates were dried at 160 �C for 15 min in air. BP2T
and TiOPc were deposited sequentially on the substrate
which was kept at 160 �C (Tsub = 160 �C), then C60, Alq3
and Al on it at room temperature. The area of the cathode
is defined by a shadow mask with an active area of
3.14 mm2. In the process of deposition, the pressure
remains below 10�4 Pa, the rate below 0.1 nm s�1 for
organic materials and 1 nm s�1 for Al. For comparison, we
also prepared the cells with TiOPc films obtained under dif-
ferent conditions. The vertical diodes were fabricated to
estimate the carrier mobility.
2.2. Characterization of films and device measurements

The film morphologies were imaged by a SPI 3800/SPA
300HV (Seiko Instruments Inc., Japan) with tapping mode.
The selected area electron diffraction was taken by JEOL
JEM-1011 transmission electron microscope operated at
100 kV. The wide angel X-ray diffraction (XRD) patterns
were performed in a D8 discovery thin-film diffractometer
with Cu Ka radiation (=1.54056). The selected voltage and
current were 40 kV and 40 mA respectively.

The current–voltage curves of the solar cells were mea-
sured by a Keithley 2400 source-measurement under
100 mW cm�2 illuminations (SS150W solar simulator,
Sciencetech Inc.) calibrated with a standard silicon cell
traced to the National Renewable Energy Laboratory
(NREL). The EQE was measured with Q Test Station 2000
(Crowntech Inc. USA). The current–voltage tests of diodes
were also taken with a Keithley 2400 source-measurement
at room temperature in air.

3. Results and discussion

3.1. Film morphologies, structural properties and absorption
spectra

Fig. 1(b) shows the atomic force microscope (AFM)
topography image of the 20 nm TiOPc films on the 8 nm
BP2T (TiOPc/BP2T). The TiOPc/BP2T films composed of
lamellar crystals demonstrate a layer-by-layer growth
behavior, and the lamellar crystals are intimately coalesced
with each other. Consequently the films present good con-
tinuity and integrity with the low density of grain bound-
aries. It differs greatly from the morphology of TiOPc
grown directly on the ITO substrate (TiOPc/ITO). The
TiOPc/ITO films are composed of small-sized and ran-
domly-oriented spherical grains with denser grain bound-
aries as seen in Fig. 1(c). The induction of the BP2T
enhances the continuity and integrity of the TiOPc films
and subtracts the grain boundaries.

The out-of-plane X-ray diffraction patterns of the TiOPc
films are shown in Fig. 1(d). The strong intensity diffraction
peak is found in the TiOPc/BP2T films which is located at
7.5� corresponding to the (010) lattice plane of the phase
II TiOPc films. It indicates these films are highly ordered.
However, the TiOPc films deposited onto the ITO substrate
are amorphous or poor crystalline, because there is no vis-
ible diffraction peak.

Selected area electron diffraction was performed to
investigate the in-plane relationships between TiOPc and
BP2T. The epitaxial relationship is found between TiOPc
and BP2T. In Fig. 1(f), the diffraction spots of TiOPc are in-
dexed into (001) and (�2�12) of the phase II. There are
three in-plane orientations of TiOPc in each domain of
BP2T corresponding to incommensurate epitaxy and com-
mensurate epitaxy respectively. For incommensurate epi-
taxy, the angle of (�2�12)TiOPc-2 and (�2�12)TiOPc-3 with
respect to b�BP2T is ±55o respectively. For commensurate
epitaxy, evidenced by the coincidence of (�2�12)TiOPc-1

and (020)BP2T, the relationship is as follows: (010)TiOPc//
(001)BP2T, [101]TiOPc//[010]BP2T. The WEG mechanism
leads to the highly in-plane orientation and the compact
stack of TiOPc molecules on the BP2T layer, which can
explain the layer-by-layer growth behavior. The WEG rela-
tionship also improves the order of the films.

Fig. 2 illustrates the normalized absorption spectra. Spe-
cifically the TiOPc/ITO films manifest a peak at 720 nm with
a shoulder centered at 650 nm, which is consistent with the
amorphous TiOPc films [21]. However, the TiOPc/BP2T



Fig. 1. (a) Molecular structures of TiOPc and BP2T. (b) and (c) AFM topography images of the TiOPc (20 nm)/BP2T (8 nm) films (2 � 2 lm) and TiOPc
(15 nm)/ITO films (2 � 2 lm) respectively. (d) X-ray diffraction spectra of the TiOPc/BP2T films and TiOPc/ITO films. (f) Selected area electron diffraction
(SAED) pattern of the TiOPc/BP2T films.
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films demonstrate an extremely different absorption spec-
trum compared with the TiOPc/ITO films and show a typical
absorption spectrum of the phase II TiOPc films obtained at
the high temperature [23,22]: the broad absorption range,
the strong absorption in the NIR and the relatively weak
absorption in the visible region. The differences of the
absorption spectrum could be made by a variety of molec-
ular packing in the two types of the films. The phase II TiOPc
has the strong intermolecular p–p interaction [20], which
can result in the red shift of the absorption spectrum. Addi-
tionally the TiOPc/BP2T films exhibit a more red-shift in-
tense peak at 870 nm and correspondingly a broader
absorption range from 550 to 950 nm, compared with the
TiOPc films in phase II obtained by solvent annealing
treatment [13]. It may be due to the improvement of the
TiOPc’s order in the TiOPc/BP2T films which has been con-
firmed by the XRD as seen in the Fig. 1(d). This type of large-
area, highly ordered and continuous films which present
the broad response and the strong absorption in the NIR
is an alternative for fabricating the tandem solar cells.

3.2. Device performance

Owing to the inducement of BP2T, the large-area and
highly ordered TiOPc films have been fabricated, and sub-
sequently the planar solar cells based on the films were
constructed. For comparison, the cells with the TiOPc/ITO
films were also prepared. The current density–voltage



Fig. 2. The absorption spectra of TiOPc (20 nm)/BP2T (8 nm) films and
TiOPc (15 nm)/ITO films.

Fig. 3. (a) The typical current density (J)–voltage (V) curves of the ITO/
PEDOT:PSS (40 nm)/BP2T (8 nm)/TiOPc (20 nm)/C60 (40 nm)/Alq3 (5 nm)/
Al and ITO/TiOPc (15 nm)/C60 (40 nm)/Alq3 (5 nm)/Al cells under the light
illumination with the device configurations inset. (b) The corresponding
EQE curves of the devices respectively.
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(J–V) curves of the ITO/PEDOT:PSS (40 nm)/BP2T (8 nm)/
TiOPc (20 nm)/C60 (40 nm)/Alq3 (5 nm)/Al (Tsub = 160 �C)
(BP2T/TiOPc/C60) and ITO/TiOPc (15 nm)/C60 (40 nm)/Alq3
(5 nm)/Al (Tsub = room temperature (RT)) (TiOPc/C60) cells
under the light illumination are imaged in Fig. 3(a) with
the device configurations inset. The device performance
parameters were summarized in Table 1. Obviously, the
BP2T/TiOPc/C60 cells exhibit much better performance
than the TiOPc/C60 cells: the higher Jsc (9.26 mA cm�2)
and fill factor (FF) (0.6). In order to define what affects
the performance of the devices, the devices with different
structures are also fabricated as follows:

Cell A: ITO/PEDOT:PSS (40 nm)/TiOPc (15 nm)/C60

(40 nm)/Alq3 (5 nm)/Al (Tsub = RT)
Cell B: ITO/PEDOT:PSS (40 nm)/BP2T (8 nm)/TiOPc
(15 nm)/C60 (40 nm)/Alq3 (5 nm)/Al (Tsub = RT)
Cell C: ITO/PEDOT:PSS (40 nm)/TiOPc (15 nm)/Alq3
(5 nm)/Al (Tsub = 160 �C).

By comparing the performance of the three devices
(TiOPc/C60, Cell A and Cell B) in the Table 1, it indicates that
the introduction of PEDOT:PSS and BP2T cannot improve
the performance of the devices at room temperature. And
the Cell C without BP2T also does not perform well at
160 �C, although the Jsc is improved slightly. Inferably the
introduction of BP2T at 160 �C could effectively improve
the performance of the cells. This may be that the BP2T im-
proves the order of the crystalline TiOPc films, which can
affect the LD and the carrier mobility. As shown in
Fig. 3(b), the improvement of the Jsc in the BP2T/TiOPc/
C60 cells is owing to the high EQE of over 18% in the entire
response range, especially in the NIR with the peak value of
38%. The high EQE value from 780 to 910 nm is realized
due to the strong absorption of the TiOPc/BP2T films in
the NIR where the TiOPc/ITO films hardly have absorption.
Integrating the EQE curve of the BP2T/TiOPc/C60 cells from
400 to 950 nm with the standard AM 1.5G solar spectrum,
a current density about 8.76 mA cm�2 is obtained, which is
slightly lower than the measured value (9.26 mA cm�2)
with the error <5%. The photocurrent from the contribution
of TiOPc is about 5.95 mA cm�2 by integrating the response
from 550 to 950 nm. The integration of the response in the
NIR from 750 to 950 nm yields the current density of
3 mA cm�2 which offers 50% of the current density from
TiOPc. The high response in the NIR is a crucial factor for
the improvement of the Jsc. On the other hand, the BP2T/
TiOPc/C60 cells manifest higher EQE values than the TiO-
Pc/C60 cells in the entire response range. It could be attrib-
uted to the long LD and the high carrier mobility of the
ordered TiOPc/BP2T films. The LD is estimated using the
transfer matrix method with the optical interference effect
according to the references [29,30]. By fitting the EQE
curves of the BP2T/TiOPc/C60 cells and the TiOPc/C60 cells,
the LD of the TiOPc/BP2T is approximately 19 nm which
is higher than that of the TiOPc/ITO films (9 nm). The in-
crease of LD could benefit from the enhanced order of the
TiOPc/BP2T films. Details of the effects have been dis-
cussed in another place [31]. The carrier mobility of the
vertical direction in the TiOPc films was measured with
the device structures of ITO/PEDOT/BP2T/TiOPc (100 nm)/
Au (Tsub = 160 �C) and ITO/TiOPc (100 nm)/Au (Tsub = RT)
using a space-charge-limited-current model. The typical
J–V curves are presented in Fig. 4 with the device config-
ures inset. The ordered TiOPc/BP2T films have the high ver-
tical mobility (2.2 � 10�4 cm2 V�1s�1), which is one order



Table 1
Device parameters for organic solar cells based on TiOPc/C60 heterojunctions.

Device structures Voc
a (V) Jsc (mA cm�2) FF PCE (%)

ITO/PEDOT:PSS/BP2T/TiOPc/C60/Alq3/Al (160 �C) 0.48 9.26 0.60 2.67
ITO/TiOPc/C60/Alq3/Al (RT) 0.52 3.12 0.54 0.88
ITO/PEDOT:PSS/TiOPc/C60/Alq3/Al (RT) 0.52 2.54 0.31 0.41
ITO/PEDOT:PSS/BP2T/TiOPc/C60/Alq3/Al (RT) 0.52 2.98 0.41 0.64
ITO/PEDOT/TiOPc/C60/Alq3/Al (160 �C) 0.26 4.18 0.35 0.38

a The open-voltage.
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of magnitude higher than the amorphous TiOPc/ITO films
(1.3 � 10�5 cm2 V�1s�1). The TiOPc/BP2T films with high
order and good continuity supply the high carrier mobility
[26], which can improve the transport efficiency and con-
sequently boost the EQE [30].

It is acknowledged that the response from 400 to
550 nm is the contribution of C60. In the BP2T/TiOPc/C60

cells, the response of C60 is larger than that of TiOPc/C60

cells. It indicates that the ordered TiOPc films can improve
the separation efficiency of excitons generated in the C60

layer, given the same condition of C60 deposition. The high
carrier mobility is proven to raise the exciton separation
efficiency [27]. Thus the high EQE from 400 to 550 nm
might be due to the high carrier mobility in the films.
Meanwhile the high carrier mobility possibly decreases
the series resistance (Rs) of the devices. The BP2T/TiOPc/
C60 cell has a lower Rs (1.44 X cm2) than TiOPc/C60 cell
(4.82 X cm2). Also the low density of the traps in the TiO-
Pc/BP2T films could decrease the carrier recombination.
Thereby the BP2T/TiOPc/C60 cell has the higher FF (0.6).

In conclusion, we have fabricated efficient planar organ-
ic solar cells based on the highly ordered TiOPc films
Fig. 4. The typical current density (J)–voltage (V) curves of the ITO/
PEDOT/BP2T/TiOPc (100 nm)/Au (Tsub = 160 �C) and ITO/TiOPc (100 nm)/
Au (Tsub = RT) diodes with the device configurations inset. The symbols
are experimental data for transport of holes, and the solid lines are fitted
according to the space-charge-limited-current model.
obtained through the WEG technique. The films are
prepared by the inducing of BP2T directly. Composed of
lamellar crystals connecting with each other, the films
show good continuity and integrity which decrease the
density of grain boundaries. On the other hand, the films
manifest the strong absorption in the NIR (750–950 nm)
with the broad response from 550 to 950 nm. Thus the
cells using these films as the donor layer and C60 as the
acceptor achieve a broad response from 400 to 950 nm
with the EQE over 18%. Moreover, the higher EQE in the
NIR is obtained with the peak value of over 38% at
870 nm, and correspondingly the cells yield a PCE of
2.67% with a high Jsc of 9.26 mA cm�2 and FF (0.6). This
work also provides an optimal option for fabricating multi-
component solar cells to realize the broad spectral cover-
age into the NIR.
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