
Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2009, Article ID 581068, 7 pages
doi:10.1155/2009/581068

Research Article

Squaraine Planar-Heterojunction Solar Cells

Bin Fan, Ylenia Maniglio, Marina Simeunovic, Simon Kuster, Thomas Geiger,
Roland Hany, and Frank Nüesch
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The photovoltaic performance of squaraine-based organic solar cells is investigated. Two squaraine derivatives with extraordinarily
high extinction coefficients are used as electron donors in bilayer heterojunctions with fullerene C60 as electron acceptor. Due to
the very strong squaraine absorption band in the red spectral domain, antibatic behavior due to light filtering is observed in
the photocurrent spectrum for film thicknesses of 35 nm to 40 nm. At reduced film thicknesses of 20 nm, this filtering effect at
maximum absorption can be alleviated and power conversion efficiencies under simulated AM 1.5 full sun irradiation of 0.59%
and 1.01% are obtained for the two squaraine derivatives, respectively. The photovoltaic properties of these cells are investigated
with respect to electrode materials and chemical doping.
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1. Introduction

The developments in organic semiconductors provide effi-
cient and inexpensive solutions for solar energy conversion.
Continuous optimization of organic solar cells has resulted
in power conversion efficiencies (PCEs) from 4% to 5%
for single junction cells based on spin-coated polymers [1]
and thermally evaporated small molecules [2]. Compared to
polymeric materials, small molecular semiconductors benefit
from well-controlled synthesis and characterization along
with easier purification [3–5]. Soluble small molecules are
even more advantageous due to their low cost processability
[6]. Several works have now demonstrated efficiencies above
1% in planar heterojunction cells [7], bulk-heterojunction
cells, [8] and Schottky-type cells [9].

Among these soluble small molecular semiconductors,
squaraine dyes are attracting a lot of attention due to their
unique photophysical and photochemical properties. They
are characterized by an aromatic four-membered ring system
derived from squaric acid [10]. Their extinction coefficients
are extraordinarily high and absorption in the far red and
infrared domain has been demonstrated. Squaraine dyes that
are solution-processible have already been applied in laser
printers, photocopier, and optical disks as photoconductive
materials [11, 12]. Their application in nonlinear optical

devices has also been investigated [13]. The exceptional
optical properties of squaraines are of particular interest
to solar cells. First of all, strong absorption coefficients
open the possibility to use thinner active films, which may
facilitate charge transport in the devices. Furthermore, there
are only few organic materials absorbing so strongly in
the far red and near infrared domain. Indeed, squaraines
have already been employed quite early in organic Schottky-
type solar cells, though with rather poor efficiency [14]. In
recent years, squaraines have been extensively investigated in
dye-sensitized solar cells (DSSCs) [15–20]. The best power
conversion efficiency so far has reached 4.5% [21]. There
are only few works that report on solid organic solar cells
based on squaraines. Recently, a power conversion efficiency
of 1.2% has been obtained in bulk-heterojunction solar cells
using a blend of a squaraine derivative and (6,6)-phenyl C61

butyric acid methylester (PCBM) [22].
To our best knowledge, bilayer heterojunction photo-

voltaic devices based on squaraines have not been reported
so far. In this work, we report on planar-heterojunction solar
cells based on two soluble squaraine derivatives, respectively,
that we use as electron donors in combination with vacuum-
deposited electron acceptor C60. In particular, we investigate
the influence of squaraine film thickness on the photovoltaic
performance. We further improve device performance by
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Figure 1: (a) Molecular structure of SQ01 and SQ02. (b) Solar cell architecture.
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Figure 2: Energy level diagram of the organic materials and
electrodes. The work function of Ca of −2.9 eV is not shown in this
diagram.

choosing an appropriate cathode material. The effect of
chemical doping of the squaraine layer is also investigated.

2. Experimental

The molecular structures of squaraine dyes SQ01 and
SQ02 used in this work are shown in Figure 1(a). Both
dyes were synthesized in our laboratory according to a
previously published procedure [21] and exhibit extinction
coefficients of approximately 300 000 L mol−1cm−1 [23].
The architecture of our organic solar cells is shown in
Figure 1(b). The indium tin oxide glass substrate (ITO,
from AFC) was first cleaned in ozone plasma, then placed
subsequently in acetone, ethanol, and soap ultrasonic baths,
and finally dried in a nitrogen flow. A 50 nm thick
layer of hole-transporting poly(styrene sulfonate) doped

poly (3,4-ethylenedioxythiophene) (PEDOT:PSS) (Sigma-
Aldrich) was spin-coated on top of the ITO substrate from
a water solution, then heated to 120◦C for 15 minutes
in order to remove residual water. The coated substrates
were transferred into an N2 glovebox to avoid exposure to
oxygen and humidity. The squaraine dyes were spin-coated
on top of the PEDOT:PSS layer from 5 mg/mL solutions in
chloroform, resulting in layer thickness of 40 nm and 35 nm
for SQ01 and SQ02, respectively. Thinner films of 20 nm were
achieved by diluting the chloroform solutions accordingly.
The C60 layer (40 nm) was vapor-deposited on top of the
squaraine layer. Aluminum or calcium (60 nm) were used as
top cathode to define an active device area of 7.1 mm2. Note
that when applying aluminum as the cathode, an ultra-thin
layer (2.5 nm) of tris(8-hydroxyquinoline)aluminum (Alq3)
was always inserted between Al and C60 as to protect the
organic layers during aluminum deposition [24]. Alq3 was
not applied when calcium was used as cathode. To increase
the conductivity of one of the squaraine films, SQ02 was
doped with nitrosonium tetrafluoroborate (NO+BF−4 ). Dop-
ing was first achieved in solution before coating the SQ02
solution to form a film. For that purpose, precise amounts
of NO+BF−4 from a 0.01 mol/L NO+BF−4 master solution in
CH3CN were added to the SQ02 solutions in chloroform.

The energy level diagram of the organic materials and
electrodes applied is shown in Figure 2. The levels of the
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) of the squaraine
dyes were determined by cyclic-voltammetry in dilute N,N-
dimethylformamide (DMF) solutions using Fc/Fc+ as an
internal reference. The vacuum-referenced energy values
were determined by adopting the potential of +0.72 V versus
NHE for Fc/Fc+ in DMF and setting NHE at 4.5 eV below
the zero vacuum energy level. The energy levels of the other
materials are taken from our previous work [25].

The photovoltaic performances of the solar cells were
measured under simulated AM 1.5 solar irradiation, with an



International Journal of Photoenergy 3

−6

−4

−2

0

2

4
C

u
rr

en
t

de
n

si
ty

(m
A

/c
m

2
)

−1 −0.5 0 0.5 1

Voltage (V)

(a)

0

2

4

6

8

10

12

14

IP
C

E
(%

)

400 500 600 700 800

Wavelength (nm)

0.2

0.4

0.6

0.8

1

1.2

A
bs

or
pt

io
n

(b)

−6

−4

−2

0

2

4

C
u

rr
en

t
de

n
si

ty
(m

A
/c

m
2
)

−1 −0.5 0 0.5 1

Voltage (V)

(c)

0

2

4

6

8

10

12

14

IP
C

E
(%

)

400 500 600 700 800

Wavelength (nm)

0.2

0.4

0.6

0.8

1

A
bs

or
pt

io
n

(d)

Figure 3: Current-voltage characteristics and IPCE curves of solar cells based on SQ01 ((a) and (b)) and SQ02 ((c) and (d)). The solid
curves represent the cells using an Al/Alq3 cathode, the dashed curves represent the cells using a Ca cathode. The dotted line in (b) and (d)
represents the cell absorption. The thickness for SQ01 and SQ02 is 40 nm and 35 nm, respectively.

incident light intensity of Pin = 100 mW/cm2. The open-
circuit voltage (VOC) and short-circuit current (JSC) were
obtained directly form the current density-voltage (J-V)
characteristics of the solar cells. The PCE is calculated as

PCE(%) = FF ·VOC · JSC

Pin
× 100%, (1)

with fill factor

FF = (J ·V)max

VOC · JSC
. (2)

However, (J · V)max is the maximum power point and FF
is the fill factor. The incident photon-to-current conversion
efficiency (IPCE) is defined as the number of electrons

collected in the external circuit divided by the number of
incident photons per second and is calculated according to

IPCE(%) = hcJSC

eλPin
, (3)

where h is Planck’s constant, c is the speed of light, e is the
elementary charge, and λ is the monochromatic irradiation
wavelength.

3. Results and Discussion

The J-V characteristics of solar cells using 40 nm thick SQ01
film or a 35 nm thick SQ02 film under AM 1.5 white light
irradiation are shown in Figures 3(a) and 3(c), respectively.
The photovoltaic parameters of these cells are summarized
in Table 1. Comparing the photovoltaic performance of the
two squaraines, we see that despite the structural difference
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Figure 4: Current-voltage characteristics and IPCE curves for solar cells based on 20 nm thick SQ01 ((a) and (b)) and SQ02 ((c) and (d))
films. The dotted lines in (b) and (d) represent the absorption of SQ01 and SQ02 based cells, respectively.

of the dyes, the photovolatic performance of SQ01 and SQ02
are rather similar. Both J-V curves show a typical S-shape
behavior, which is somewhat dependent on the choice of
the cathode. This feature could be induced by poor charge
carrier transport in the squaraine layers. We do not exclude
the possibility that a contact barrier at the anode interface
could also lead to the S-shape feature. For both devices,
the Ca cathode provides higher JSC, FF, and slightly lower
VOC. We have attributed the better device performance
to Ohmic contact formation between Ca and C60. Al-C60

contact generally introduces an energy barrier that hinders
the electron extraction by the cathode. This barrier can be
reduced significantly by introducing a thin buffer layer of
Alq3 [24]. In our devices, the charge extraction ability of the
Ca cathode turns out to be still better than the Al cathode
with Alq3 buffer layer. The lowered VOC could be explained

by the higher workfunction of the aluminum electrode as
compared to the low workfunction of Ca [26–28].

The corresponding IPCE curves are shown in Figures
3(b) and 3(d) together with the absorption spectra of the
cells. The IPCE of the cells using Ca cathodes are significantly
higher than those using Al cathodes, indicating better charge
extraction. The latter may also result from a higher built-in
field produced in the devices using Ca cathodes. Strikingly, in
the absorption region from 600 nm to 700 nm, the IPCE does
not match the absorbance of the dye films. On the contrary,
the minium IPCE occurs at the maximum absorbance,
which is also termed as antibatic behavior. Light irradiation
penetrating through the ITO and PDOT:PSS layer is strongly
absorbed when entering the dye layer, where excited states
(excitons) are formed [29]. It appears that a large part
of the excitons is not able to reach the charge separating
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Table 1: Photovoltaic performance of SQ01- and SQ02-based solar
cells using C60 as electron acceptor. Film thicknesses of 40 nm and
35 nm were used for SQ01 and SQ02, respectively. When ultrathin
films were used, the thickness corresponds to 20 nm for both
squaraine derivatives. The type of cathode utilized in the devices
is also indicated.

JSC VOC FF ηp

(mA/cm2) (V) (%)

SQ01

Al cathode 1.7 0.42 0.218 0.16

Ca cathode 2.6 0.38 0.229 0.23

Thin SQ film 5.0 0.38 0.312 0.59

SQ02

Al cathode 2.0 0.46 0.228 0.21

Ca cathode 2.7 0.42 0.241 0.27

Thin SQ film 6.8 0.44 0.328 1.01

organic heterointerface, indicating that the exciton diffusion
length is certainly smaller than the film thickness of SQ01
and SQ02. Even though fairly thin squaraine films were
used, a substantial portion of the incoming light is merely
filtered and cannot contribute to charge generation. As a
consequence, the IPCE values in the absorption region of
the squaraines are below 6%. The maximum IPCE locates
between 450 nm and 500 nm, a spectral region where C60

is known to have a photocurrent peak [30]. As a matter
of fact, the incident photons with wavelengths in the C60

absorption region are not filtered by the squaraine layer but
are transmitted to the C60 layer where absorption occurs. In
this process, the excited C60 molecule provides the possibility
of electron transfer from the HOMO of the squaraine to the
HOMO of C60, resulting in the IPCE peak around 450 nm.

In order to improve device performance in squaraine-
based bilayer devices, one possibility is to reduce the
squaraine film thickness. Although less photons are being
absorbed by the thinner film, a much larger proportion of
excitons would be able to reach the organic heterointerface,
resulting in a higher number of generated charges. In
Figure 4, the performance of devices using 20nm thick
squaraine dye films is shown. It has to be noted that decent
diode characteristics were obtained despite the extremely
small thickness of the dye films. Apparently, the squaraine
derivatives used here own excellent film forming properties.
In these devices, the IPCE in the absorption region of SQ01
and SQ02 reaches 12.8% and 18.5%, respectively. Moreover,
the IPCE spectrum now resembles the absorption spectrum
of the dye films. Again, this corroborates the fact that light
filtering without charge generation is occuring for the thicker
squaraine films. Additionally to improved charge generation,
the reduced film thickness also leads to a better hole-
transport through the squaraine film, and hence a smaller
series resistance. Importantly, the S-shape, which is observed
for the thicker squaraine layers, has been largely reduced
when thin layers are employed. As demonstrated by J-V
curves (Figures 4(a) and 4(c)), the JSC and FF increase for
both devices results in much better PCE of 0.59% for SQ01
and 1.01% for SQ02.
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Figure 5: Current-voltage characteristics (a) and IPCE curves (b)
of pristine (full line) and doped (dashed line) solar cells based on
SQ02. The absorbance of the cell is also indicated (dotted line).

Charge transport in squaraine films has been investigated
very scarcely in literature. In the crystalline state, a field
effect hole mobility of 1 × 10−3 cm2V−1s−1 was reported for
a particular squaraine derivative [31]. As demonstrated by
the authors, the mobility was strongly dependent on the
morphology of the thin electroactive film. In the present
work, we use assymetric squaraine dyes that moreover
possess octyl chains. This particular chemical structure
provides good solubility and is probably also responsible
for good film forming properties. However, the particular
structure of SQ01 and SQ02 may be unfavorable for charge
transport and may be responsible for low charge carrier
mobility.

In our previous work, we were able to increase the
hole transport by doping the electron-donor film [25]. By
introducing oxidative dopants,the film conductivity rises,
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and hence more photogenerated charges can be extracted.
We applied the same strategy in the case of SQ02-based
devices. In order to evaluate the effect of doping, we focussed
on the thicker SQ02 film of 35 nm, since the effect of
conductivity is expected to be higher in this case. SQ02 was
first doped in solution using NO+BF−4 as oxidizing agent
before being coated on the PEDOT:PSS layer. We found that
doping was not substantially enhancing device performance.
The optimum doping concentration was obtained for an
NO+BF−4 /SQ02 ratio of 0.005 (mol/mol). At higher concen-
tration, doping has a deteriorating effect, probably due to
defect formation in the organic layer. As shown in Figure 5,
doping increases the current output (JSC, IPCE) and open-
circuit voltage (see Table 1). Similarly to our previous work,
we believe that the increased VOC is due to the formation of
a Schottky barrier at the PEDOT:PSS/SQ02 interface upon
equilibration of the respective Fermi levels.

4. Conclusion

In summary, we have fabricated a series of organic solar
cells with squaraine dyes SQ01 and SQ02. The active organic
layers form planar heterojunctions, where charge separation
takes place between the squaraine electron donor and the C60

acceptor. Due to the extremely high extinction coefficients
and the limited exciton diffusion length in squaraines, these
devices show strong light filtering effects even at small film
thicknesses of 35 nm to 40 nm. Only if the film thickness is
reduced to 20 nm, power conversion efficiencies of 1% can
be achieved. The photovoltaic performance is a result of both
the photoactivity of C60 in the blue-to-green spectral domain
and the photogeneration in the far red domain, where the
squaraine dyes absorb. Further optimization of the devices
would imply an increase of the hole carrier transport in the
squaraine films. This conclusion is corroborated by the fact
that oxidative doping of the dye film leads to increased JSC

and VOC.
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