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Optical and electrical properties of a squaraine dye in photovoltaic cells
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2,4-Bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine (SQ) was employed as a donor
material in organic photovoltaic cells based on planar heterojunctions. We studied optical
properties of SQ films, and discussed its photovoltaic performance via numerical fitting and
simulation on the photovoltaic cells. Exciton diffusion length (LD) in SQ films (4.5 nm) derived
from optical simulation should be the major limitation to efficiency, consistent with external
quantum efficiency data. Thermal treatment improved efficiency, which can be ascribed to reduced
saturation current of the photovoltaic cells. As a result, a power conversion efficiency of 4.1% was
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747623]
achieved. V

Among varied photovoltaic technologies, organic photovoltaic (OPV) is an attractive candidate for solar energy
applications, because OPV cells can be processed on lightweight flexible substrates via low-cost large-area coating
techniques.1 Molecular structures and band gaps of organic
compounds can be modified, so that efficient light harvesting
throughout UV to infrared can be achieved. Power conversion efficiency (PCE) of organic solar cells is moving forward rapidly to 10%.2–8
Both solution processes and thermal evaporation are used
to fabricate OPV cells. Polymer and recently some lowmolecular-weight materials are coated from solutions.9 For
low-molecular-weight compounds, vacuum deposition is so
far a good method to obtain high-quality films. Among these,
2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine (SQ) has been demonstrated to be a good donor material
with unique advantages.10,11 SQ and its analogs can be
dissolved and processed via solution process.12 Thermally deposited SQ/C60 photovoltaic cells showed decent efficiency.10
That means SQ can be incorporated into various device architectures via various coating techniques. Squaraine compounds
have extinction coefficients of as high as 3  105 cm1.
Therefore, 10-nm-thick squaraine films may cause significant absorption and photocurrent generation. Greater than 6%
of PCE has been realized from SQ:fullerene heterojunctions.12,13 Solution processed squaraine films yield high OPV
performance in combination with vacuum deposited fullerene
layers.12
With continuously increasing photovoltaic performance, it
is desirable to understand optical properties of SQ compounds
and sequential effects on photovoltaic performance. In this
work, we investigated optical properties of SQ films using
ellipsometry. Based on that, optical simulation was carried out
to understand photovoltaic performance in SQ/fullerene planar
heterojunction devices. Short LD was found to be the
major limiting factor for PCE. Our finding shows that thermal
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treatment enhanced PCE of >4%, reaching state-of-the-art
level in planar heterojunction based OPV cells. This is mainly
attributed to reduction in saturation current (J0).
SQ compound was in-house synthesized according to literature procedure.14 MoO3, fullerene C60 and C70, and bathocuproine (BCP) were commercially available. All organic
materials were purified by multi-step thermal sublimation.
Indium-tin-oxide (ITO) coated glass substrates were cleaned
by acetone, deionized water, and isopropanol in sonication,
and treated in UV-ozone for 30 min before loading into a
vacuum chamber. Organic and metal films were then sequentially deposited on top of ITO substrates via thermal evaporation at base pressure of 1  106 Pa. The device structure
is ITO/MoO3 (5 nm)/SQ (X nm, X ¼ 6.5–18 nm)/C60 or C70
(40 nm)/BCP (8 nm)/Al (100 nm). 5 nm thick MoO3 was
inserted between SQ film and the ITO surface to form an
ohmic contact for hole collection.15 Thickness of SQ layer
was changed for device optimization and numerical simulation. Aluminum was deposited on top of the organic layers
through a shadow mask, and the overlap between ITO anode
and Al cathode defined an active area of 2  2 mm2. The
made-up devices were transferred directly to a nitrogenfilled glovebox for encapsulation without exposure to air.
External quantum efficiency (EQE) and current densityvoltage (J-V) characteristics were measured on an integrated
characterization system for thin film solar cells, CEP-2000
by Bunkoukeiki Co. Both AC with chopper frequency of 80
Hz and DC modes were used to ensure accurate EQE. PCE
was obtained under 100 mW/cm2 AM1.5 G solar spectrum
using a reference silicon diode with a KG-5 filter, calibrated
by National Institute of Advanced Industrial Science and
Technology in Japan. Integration of EQE with standard solar
spectrum yields calculated short circuit current (Jsc) close to
measured Jsc with less than 5% discrepancy. Absorption
spectra were taken on a SHIMADZU MPC-2200 UV-Visible
spectrophotometer. Highest occupied molecular orbital
(HOMO) of SQ and fullerenes was determined using ultraviolet photoelectron yield spectroscopy by Sumitomo Heavy
Industry PYS and Riken Keiki AC-3. The lowest unoccupied
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molecular orbital (LUMO) was then derived by subtracting
bandgaps from HOMO levels. Optical constants, i.e., refractive indices (n) and extinction coefficients (k) of 100-nmthick organic layers, were determined by variable angle
spectroscopic ellipsometer as described previously.16 Using
these optical constants, we carried out numerical simulation
to calculate absorption and EQE spectra of multilayer structures following the procedure of optical simulations,2,17 enabling us to investigate and discuss the light absorption and
exciton diffusion in the OPV cells.
Fig. 1(a) shows molecular structures and absorption profiles of organic materials. Thickness of SQ film was varied
from 6.5 nm to 18.0 nm for efficiency optimization. SQ film
thickness of 6.5 nm delivers PCE of 2.7% with open circuit
voltage (Voc) of 0.79 V, Jsc of 5.7 mA/cm2, and fill factor
(FF) of 59%, consistent with previous report.10 When thickness increased to 9.0 nm, there was little change with device
performance, while data became more coherent and reliable.
Therefore, we used 9.0-nm-thick SQ film in OPV cells.
Fig. 1(b) shows the optical constants of the SQ film. We
found that SQ film showed slightly anisotropic property,
because its linear molecular shape favors alignment in films
on molecular level.18 k in the horizontal direction (ko) is
larger than that in the vertical direction (ke), showing that the
transition dipole moment of SQ molecules is slightly oriented in parallel to substrate surface. C60 and BCP films
have isotropic optical properties according to previous
report.19 When evaluating PCE and EQE, the simulated solar
light is a parallel beam perpendicular to the film plane.

FIG. 1. (a) Molecular structure of SQ, and absorption of SQ, C60, and C70
films (100 nm); (b) optical constants of SQ films on Si substrate. (b) Optical
parameters of SQ film, no (red solid), ne (red dotted), ko (blue solid), and ke
(blue dotted).
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Therefore, we use no and ko in the optical simulation, deriving LD and calculating optical profiles and exciton distribution without taking any optical approximation.
In our simulation, efficiency for both exciton dissociation into free carrier and charge collection by electrodes is
considered as 100%. Regarding exciton dissociation, we confirmed that photoluminescent (PL) emission from donor film
is too weak to measure. Therefore, to make sure that the
assumption is valid, we measured HOMO and LUMO levels
of both donor and acceptor materials. HOMO and LUMO
levels of SQ were 5.3 eV and 3.6 eV, respectively. Fullerene
C60 and C70 have similar LUMO and HOMO levels of
4.2 eV and 6.1 eV. The data indicate sufficient energy level
offset (>0.5 eV) for efficient charge transfer.
Regarding charge collection efficiency, it has been
proved that the charge carriers can be swept out completely
within thin film devices at reverse bias of 2 V as demonstrated by Blom’s group.20 According to our bright state J-V
curves, the ratio of photocurrent (Jph) at 2 V to Jsc, i.e., Jph
at 0 V, is 1.08. Such a value suggests that charge collection
efficiency at 0 V is well above 90%. With that, we are convinced to use charge collection efficiency of nearly unity in
optical simulation.
Taking into account that exciton dissociation and charge
collection are 100% efficient in OPV cells, EQE of a planar heterojunction is determined by optical constants of all layers, and
LD in the active layers, e.g., absorption efficiency and exciton
collection efficiency. Thus, if EQE can be measured experimentally, and absorption profile in the thin film device can be calculated, we shall be able to calculate LD in individual films. In
Fig. 2(a), we show the experimental and simulated EQE spectra,
from which the diffusion lengths in the SQ and C60 layer of
4.5 nm and 23 nm, respectively, were derived. From this result,
we can understand why the SQ layer in planar heterojunction
based OPV cells should be thin such as 9 nm; this is because the
diffusion length in the SQ layer is small. In spite of the small
diffusion length of 4.5 nm, the OPV cells still delivered considerable Jph due to the large extinction coefficient of the SQ layer
due to the large oscillator strength of the SQ molecule itself. As
for LD in C60 film, our calculated value is consistent with previous reports by Peumans and Forrest2 and Cheyns et al.21
Fig. 2(b) shows the absorption profile distribution vs
wavelength in the bilayer device. It is clear that the blue light
is mainly absorbed in C60 layer, and red and near infrared in
SQ layer. The absorption maxima of both red and blue lights
are close to the donor/acceptor interface, which facilitates
exciton separation and charge generation. However, from the
effective optical absorption profile shown in Fig. 2(c), the
utilization of excitons in SQ layer is far less sufficient, and
that suggests the huge potential of SQ to explore.
From SQ/C60 heterojunction, we saw a deep dip in the
EQE curve from SQ/C60 heterojunction shown in Fig. 2(a),
meaning insufficient green light capturing. Therefore, we use
fullerene C70 replacing C60. Fig. 3(a) shows EQE curves of SQ/
C70 heterojunction cells. The average EQE value reaches over
30% throughout visible range, and thus Jsc of 8.0 mA/cm2 is
observed, which is almost 30% higher than that from C60 based
devices. However, the FF of approximately 56% limits PCE in
comparison with state-of-the-art bilayer organic photovoltaic
cells.19,22,23
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FIG. 3. (a) EQE spectra and (b) J-V characteristics illuminated at 100 mW/
cm2 (AM 1.5 G solar spectrum) for the SQ (9 nm)/C70 (40 nm) bilayer OPV
cells.

FIG. 2. (a) Experimental and simulated EQE spectra of SQ/C60 bilayer OPV
cells; (b) absorption profile, and (c) exciton distribution for effective charge
generation.

Thermal treatment of photovoltaic cells at 90  C for
4 min enhanced PCE. As shown in Fig. 3(b) and Table I, all
three parameters with respect to PCE, i.e., Jsc, Voc, and FF,
were improved spontaneously. PCE from thermally treated
cells reached 4.1%. Among them, FF was improved up to
63%. Though the serial resistance was kept almost the same
according to the forward bias injection, the shunt resistance
increased, which is responsible for improved FF. It suggests
that reduced field dependent charge recombination occurs,
which might be due to mobility increase in SQ film after thermal treatment.10 It is supported by the EQE profiles shown in

Fig. 3(a), in which EQE was improved throughout the photoresponse range. So the improvement is related to charge collection process. We did not see any changes in absorption of
SQ films upon thermal annealing, and thus there is no thermal
induced aggregation.24 There is possibility that mixing of donor and acceptor at the interface due to the thermal treatment,
and thus enhanced Voc could also be expected.25 Another possible reason could be the interface for hole collection. A thermal treatment may cause MoO3 diffusion into SQ film, which
improves anode contact with ITO substrates, and thus
improves both charge collection and Voc.26
In spite of multiple possibilities, we tried to understand
the issue based on the electric properties of the cells. From
the dark J-V characteristics of fresh and annealed OPV cells
in Fig 3(b), after thermal annealing, the current density under
reversed bias decreased by one order of magnitude. Fitting
J-V curves to the diode equation27 yields significant difference in J0, as shown in Table I, while ideality factors (n) are
close to 2. The fresh cell has J0 of 8.13  108 mA/cm2, and
after annealing it is reduced to 3.04  108 mA/cm2.
TABLE I. Photovoltaic performance if fresh and annealed SQ (9 nm)/C70
(40 nm) bilayer device under 100 mW/cm2 (AM 1.5 G solar spectrum).
Device

Jsc (mA/cm2)

Fresh
7.3 6 0.1
Annealed 7.8 6 0.1

Voc (V)

FF

PCE (%) J0 (mA/cm2)

0.72 6 0.01 0.58 6 0.01 3.0 6 0.2 8.13  108
0.79 6 0.01 0.63 6 0.01 4.1 6 0.2 3.04  108
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Considering the correlation between J0 and Voc, Voc ¼ nkT/
q*In(Jsc/J0), where k is the Boltzmann constant, T is the temperature, and q is the elemental charge, the reduction of J0
should elevate Voc by 0.07 V, which matches our experimental observation. In inorganic semiconductor p-n junctions, J0 measures thermal generation of charge carriers,
representing the magnitude of charge recombination under
thermal equilibrium.28 Therefore, we believe the reduction
of J0 in our OPV cells indicates decrease of the recombination loss, which can be clearly seen in the improved shunt resistance and Voc. Nevertheless, Jsc is merely improved by
less 10% upon thermal treatment, and thus the optical simulation results still hold in annealed cells.
In conclusion, we investigated optical properties of SQ
films via ellipsometry method. LD of SQ was determined
from numerical simulation and EQE data. Photovoltaic devices based on SQ/fullerene planar heterojunction were fabricated, achieving maximum PCE of 4.1%. Good agreement
between the simulation results and experimental data was
obtained, suggesting enormous potential of SQ and its analog
compounds in organic photovoltaics.
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