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ABSTRACT: Polymer solar cells fabricated in air under ambient conditions are of
significant current interest, because of the implications in practicality of such devices.
However, only moderate performance has been obtained for the air-processed
devices. Here, we report that enhanced short circuit current density (JSC) and open
circuit voltage (VOC) in air-processed poly(3-hexylthiophene) (P3HT)-based solar
cells can be obtained by using a series of donor−acceptor dyes as the third
component in the device. Power conversion efficiencies up to 4.6% were obtained
upon addition of the dyes which are comparable to high-performance P3HT solar
cells fabricated in controlled environments. Multilayer planar solar cells containing
interlayers of the donor−acceptor dyes, revealed that along with infrared
sensitization, an energy level cascade architecture and Förster resonance energy
transfer could contribute to the enhanced performance.
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Polymer bulk-heterojunction solar cells (PSC) offer a
promising route toward lightweight, large area, flexible

energy-harvesting devices, which are readily amenable to roll-to-
roll high volume production.1−3 The most widely utilized PSCs
employing poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C61-butyric acid methyl ester (PC61BM), have yielded power
conversion efficiencies (PCE) up to 5%.4−7 The upper limit in
PCE in P3HT/PC61BM devices could be determined by the fact
that low energy absorption band edge of the active layer is limited
to ∼700 nm. To address this inherent limitation with this
combination, researchers have taken two promising approaches.
In one approach, new generation lower band gap polymers that
absorb in the red and near-infrared (NIR) have been reported
and this approach has yielded PSC efficiencies approaching
9%.8−15 In an alternate approach, use of ternary blends of P3HT
with low band gap polymers has been explored.16,17 Improved
PSC performance in these cases was attributed to better light
harvesting in the red and NIR regions by the ternary blends.
However, a reduced external quantum efficiency was observed in
the P3HT absorption region of these blends. Interestingly, it has
been reported that an aliphatic amine-based squaraine additive in
the P3HT/PC61BM active layer can lead to improved JSC in the
solar cell.18 Interestingly, a constant open circuit voltage (VOC)
was reported, which was pinned to the lowest energy difference
between the highest occupied molecular orbital (HOMO) of the
P3HT donor and the lowest unoccupied molecular orbital
(LUMO) of the PC61BM acceptor. An attractive strategy to
improve the PCE in this combination will be to improve the VOC.

We envisaged the possibility that this can be achieved by
systematically varying the redox potential of the squaraine
additives. In this manuscript, we report our findings on the effect
of systematically varying the frontier orbital energy levels upon
the VOC and the overall efficiency of squaraine-containing
P3HT/PC61BM solar cells.
Note that most of the reported PSCs discussed above are

fabricated in an oxygen- and moisture-free controlled environ-
ment. Although these controlled conditions provide the
opportunity to obviate variations due to environmental
variations, it is also clear that device fabrication in air under
ambient conditions would lead to cheaper and high-throughput
production of PSCs. However, the PSCs fabricated in air tend to
display significantly reduced PCEs.19,20 We stipulated that our
devices be fabricated and tested in air under ambient conditions.
We show here that efficiencies of up to 4.62% can be obtained in
squaraine-based ternary blends in these air-processed devices,
which are comparable to the high-performance P3HT/PC61BM
based devices fabricated in controlled environments. The
improved performance observed for devices with ternary blends,
is attributed to an energy level cascade in the active layer
components, with sensitization by the squaraines in red and NIR
spectral regions.
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Squaraine dyes with aromatic amines have been reported as
good light-harvesting donor materials in small molecule solar

cells.21 Additionally, the phenyl groups in the triarylamines can
be readily functionalized to render the obtained dyes with well-

Figure 1. (a) Chemical structures of the squaraine additives. (b) Frontier molecular orbital energy levels of the utilized materials. UV−visible absorption
spectra of the P3HT/PC61BM active layers with (c) Sq-TAAH, (d) Sq-TAAF, and (e) Sq-TAACF3; P3HT/PC61BM (black line), 5 wt % squaraine (red
line), 10 wt % squaraine (blue line).

Figure 2. Current density−voltage (J−V) curves for the PSCs with (a) Sq-TAAH, (b) Sq-TAAF, and (c) Sq-TAACF3; P3HT/PC61BM (black line), 5
wt % squaraine (red line), 10 wt % squaraine (blue line). IPCE spectra for the PSCs with (d) Sq-TAAH, (e) Sq-TAAF, and (f) Sq-TAACF3; P3HT/
PC61BM (black squares), 5 wt % squaraine (red circles), 10 wt % squaraine (blue triangles).
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tuned redox potentials.22 The dyes employed in the ternary
blend were chosen to have a “weak-donor−strong-acceptor−
weak-donor” design (Figure 1a) with squaraine as the acceptor
and triarylamines as donors. To investigate the effect of change in
the dye frontier molecular orbital energy levels on obtained
ternary blend performance, we selected triarylamines bearing
electron withdrawing groups (para-fluoro and meta,meta-bis-
trifluoromethyl) (Figure 1b).22 Importantly, these additives were
selected to have HOMO and LUMO levels lying between those
of P3HT and PC61BM, enabling an energy level cascade in the
active layer (Figure 1b). The additives have high molar
absorptivities (1 × 104 to 1 × 105 M−1 cm−1) with solid state
absorption maxima at 715 nm (Sq-TAAH), 706 nm (Sq-
TAACF3), and 687 nm (Sq-TAAF). Interestingly, the function-
alized dyes also displayed different charge transport character-
istics. They exhibit hole (Sq-TAAH), electron (Sq-TAACF3),
and ambipolar (Sq-TAAF) carrier mobilities of∼1 × 10−5 to 1 ×
10−6 cm2 V−1 s−1, as characterized in the field effect transistor
mode.22 The squaraines were solution blended at a constant 1:1
ratio of (P3HT + Squaraine):PC61BM, and a weight fraction of
5−10%. Device active layers were spin coated in air under
ambient conditions as described in the experimental section. The
complementary absorption of P3HT and the squaraine gives an
active layer absorption spanning much of the solar spectrum
(Figures 1c−e). The absorption of the employed squaraines also
overlaps with the photoluminescence band of P3HT (see the
Supporting Information, Figure S1), which enables exciton
transfer from P3HT to the squaraines through FRET. From the
spectra (see the Supporting Information, Figure S1), the Förster
radius R0 is estimated to be favorable at 7.5 nm for Sq-TAAH and
Sq-TAAF, and 7.0 nm for Sq-TAACF3.
All the PSCs used PEDOT−PSS as the electron blocking layer

and Al as the cathode, with thermal annealing in a final step (see
the Supporting Information, Figure S2). PSCs were charac-
terized in air using AM 1.5 direct irradiation at 100 mW·cm−2

light intensity. The thickness of the active layer for all the
fabricated devices was 150 nm. Device J-V curves are given in
Figure 2, with the performance metrics summarized in Table 1.

The air-processed P3HT/PC61BM PSC gave a PCE of 1.44%
with JSC = 5.6 mA cm−2, VOC = 0.46 V, and 0.55 fill factor (FF);
these are comparable to those of other air-processed P3HT/
PC61BM devices.19,20

By comparison, PSCs with 10 wt % Sq-TAAH gave JSC = 12.8
mA cm−2, VOC = 0.55 V, and FF = 0.42, for a 3.10% PCE (Figure
2a, Table 1). An even more striking improvement was obtained
using active layers with 10% Sq-TAAF, which gave JSC = 15.2 mA
cm−2, VOC = 0.58 V with FF = 0.47 and PCE = 4.28% (Figure 2b,
Table 1), which is close to some of the reported P3HT/PC61BM
devices fabricated in controlled air and moisture free environ-
ments.4−7 A significantly improved VOC in addition to the

improved JSC was obtained for devices with 10 wt % Sq-TAACF3
(JSC = 9.7 mA cm−2, VOC = 0.73 V, FF = 0.65), resulting in a PCE
of 4.62% (Figure 2c, Table 1), which is comparable to the high-
performance P3HT/PC61BM PSCs discussed above. For both
Sq-TAAF and Sq-TAACF3, the LUMO is substantially stabilized
in comparison to Sq-TAAH (Figure 1b), to be slightly higher
than the LUMO of PC61BM. Hence, high PCEs for devices with
electron-poor Sq-TAAF and Sq-TAACF3 could be attributed at
least partly to their ambipolar and n-type charge transport
characteristics, respectively.
To investigate the factors that result in the enhanced

performance for ternary blends, we measured the incident
photon-to-current efficiency (IPCE) spectra for the PSCs. In all
cases, the devices with ternary blends (Figure 2d−f) display two
prominent peaks, centered around 550 nm and around 690−715
nm, corresponding to the light harvested by P3HT and
squaraines, respectively. This indicates that the squaraines
actively contribute to the energy harvesting in the red and NIR
region by the ternary blends. Significantly more energy is
harvested upon increasing the squaraine fraction as indicated by
the enhancement in IPCE peaks, resulting in an improved JSC.
The calculated JSC values from IPCE spectra were close to the
device JSC (see Table 1 and the Supporting Information). Note
that in all three devices, addition of 5 wt % squaraine does not
afford significant enhancements in IPCE in the P3HT region,
suggesting that the observed enhancement primarily arises from
sensitization of the active layer in the lower energy region where
the squaraines absorb. Interestingly, increasing the additive
amount from 5% to 10% results in enhanced IPCE in both P3HT
and squaraine absorption regimes. This could be attributed to the
change in morphology, where the additives result in a
morphology that facilitates exciton splitting at the interfaces.
However, atomic force microscopy (AFM) performed on the
active layers with squaraines did not show significant changes in
the surface morphology (see the Supporting Information, Figure
S1).
We were interested in further investigating the reason for

increase in the IPCE peak for P3HT with increasing squaraine
fraction. It has been recently reported that the photo-
luminescence of a squaraine derivative improved by addition of
P3HT, with a concomitant reduction in the P3HT excited state
lifetime.18 By analogy, an increase in P3HT light harvesting could
occur by the transfer of P3HT excitons to the additives through
FRET. This could effectively increase the distance over which the
exciton can migrate, resulting in improved JSC. But, this would
need the additive to be at the interface of P3HT and PC61BM
phases.
To determine whether FRET can indeed contribute to the

increased light harvesting in the bulk heterojunction PSCs, if the
squaraines were to be at the interface between the P3HT and the
fullerene phases, multilayer planar PSCs with squaraine
interlayers were fabricated in air under ambient conditions.
These PSCs also employed PEDOT−PSS as the electron
blocking layer and Al as the cathode. To preserve the multilayer
architecture, the planar PSCs were not annealed. Solubility of the
squaraines in dichloromethane (DCM, a nonsolvent for P3HT)
allowed spin-coating of squaraine interlayers atop the P3HT
layer (see the Supporting Information, Figure S2). The P3HT
layers (70 nm) were mademuch thicker than the squaraine layers
(20 nm), to ensure a majority of light absorption in the P3HT
layer. C60 acceptor layers were vapor deposited onto the P3HT
layer for the control device and squaraine interlayer for the
multilayer device. It has been reported that thermal evaporation

Table 1. PSC Performance Characteristics

squaraine
fraction (wt

%)
JSC (calcd JSC)
(mAcm−2)

VOC
(V) FF

PCE
(%)

control 0 5.6 (5.8) 0.46 0.55 1.44
Sq-TAAH 5 6.1 (6.3) 0.46 0.60 1.73

10 12.8 (12.1) 0.55 0.42 3.10
Sq-TAAF 5 6.7 (6.5) 0.47 0.60 1.91

10 15.2 (14.5) 0.58 0.47 4.28
Sq-
TAACF3

5 8.6 (8.1) 0.47 0.37 1.53

10 9.7 (9.3) 0.73 0.65 4.62

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am5021759 | ACS Appl. Mater. Interfaces 2014, 6, 9920−99249922



of C60 onto P3HT does not result in a significant diffusion of the
fullerene into the polymer.23 We have replaced PC61BMwith C60
because of the thermal deposition capabilities available in the
latter material. The energy level cascade architecture should not
be affected by this change, since the HOMO and LUMO of C60
are lower than those of PC61BM. The planar devices were
characterized in air using AM 1.5 direct irradiation at 100 mW
cm−2 light intensity, with J−V curves shown in Figure 3a and
performance metrics summarized in Table 2. A control device
was fabricated by spin-coating “blank” solvent DCM over a dried
P3HT film before vapor deposition of the C60 layer.

The P3HT/C60 bilayer PSC had a PCE = 0.26%, with JSC = 2.3
mA cm−2, VOC = 0.35 V, and FF = 0.30. For the P3HT/Sq-
TAAH/C60 planar PSC, JSC improved significantly, whereas VOC
and FF increased slightly, giving an improved PCE = 0.49%.
Interestingly, compared to the control, the introduction of Sq-
TAAF and Sq-TAACF3 interlayers strongly enhanced PCE of the
planar devices with a PCE = 0.63% and PCE = 0.79%,
respectively, aided by considerable improvements in the JSC
and VOC. AFM performed on each fabricated layer suggest that
the integrity of all the layers was preserved during processing (see
the Supporting Information, Figure S2).
IPCE spectra for the planar multilayer PSCs are displayed in

Figure 3b. As observed with the bulk-heterojunction PSCs, two
distinct peaks from absorption by P3HT and squaraine were
observed, but the contribution for light harvested by squaraine
was considerably lower for the planar devices. Importantly, all
planar PSCs with squaraine interlayers showed increased P3HT
IPCE intensities. Because AFM showed the retained integrity of
individual layers during processing, a donor−acceptor interface is
presumably only present between the squaraine interlayer and
C60 for the majority of the exciton separation to occur. Thus, the
improved P3HT IPCE unambiguously demonstrates that FRET
contributes to enhancement of the device JSC. Also, the IPCE
behavior for squaraine indicates red and NIR sensitization.
In general, introduction of the triarylamine containing

squaraines in P3HT/PC61BM devices results in enhanced solar

cell efficiencies for PSCs fabricated in air under ambient
conditions. This PSC performance enhancement can be
attributed to FRET, as the evidence from the multilayer device
suggests. However, these results do not necessarily rule out an
electronic cascade aiding the efficient exciton dissociation. This is
particularly relevant in these studies, because the squaraines with
electron withdrawing groups (Sq-TAAF and Sq-TAACF3) have
lower LUMOs than P3HT, which should favor a cascade electron
transfer. Such a cascade could also aid the exciton dissociation in
the multilayer PSC devices. Overall, the improved VOC observed
for both bulk heterojunction and multilayer planar PSCs in the
present study indicate reduced recombination losses at
squaraine/PC61BM interfaces.24−27 With reduced recombina-
tion, photocurrrent can be collected over a broader voltage bias
range, presumably leading to a overall higher VOC as discussed

27

elsewhere. The red and NIR abosorbing squaraine dyes in a
ternary blend with P3HT and PC61BM lead to a greatly improved
absorption bandwidth in the active layer. Importantly, the added
dyes improve the exciton migration in the active layer through
FRET as well as the exciton dissociation due to the cascade
energy levels. These factors lead to an improved light
harvestation as indicated by the increased IPCE in the P3HT
region, and thus result in the improved JSC. A higher weight
fraction of fluorine functionalized squaraines display an
enhanced performance as compared to the unfunctionalized
analogue, indicating that development of a suitable morphology
for efficient exction dissociation is vital. Although determination
of the location of the dyes in the ternary blend is a challenge, the
multilayer planar devices indicate that presence of squaraine at
the interface between P3HT and PCBM in the ternary blend
could account for the improved PSC performance. Thus,
systematic tailoring of the additive structures for well-matched
frontier molecular orbital energy levels giving cascade electronic
behavior is crucial for improving multiple aspects of photovoltaic
performance.
In summary, we report a strategy for obtaining marked

improvement in PSC performance, not just through improved
device JSC but also enhanced VOC, through the use of ternary
blends of P3HT:donor−acceptor dyes:PC61BM. These ternary
blends seem to provide morphologies with the dyes at the
interface between the major electron donor and major electron
acceptor, which aid in improving the exciton migration and
exciton dissociation through energy transfer and electron transfer
processes, respectively. Because these dye molecules are small in
size, it is reasonable to imagine that frontier molecular orbital
energy level tuning through electron-withdrawing or electron-
donating substituents will favorably alter the VOC with minimal

Figure 3. (a) Current density−voltage (J−V) curves for multilayer planar PSCs, P3HT/C60 (black line), P3HT/Sq-TAAH/C60 (blue line), P3HT/Sq-
TAAF/C60 (red line), and P3HT/Sq-TAACF3/C60 (purple line). (b) IPCE spectra for multilayer planar PSCs, P3HT/C60 (black squares), P3HT/Sq-
TAAH/C60 (blue triangles), P3HT/Sq-TAAF/C60 (red circles), and P3HT/Sq-TAACF3/C60 (purple inverted triangles).

Table 2. Multilayer Planar PSC Performance Characteristics

control
P3HT/C60

P3HT/Sq-
TAAH/C60

P3HT/Sq-
TAAF/C60

P3HT/Sq-
TAACF3/C60

JSC
(mA cm−2)

2.3 3.9 3.9 4.7

VOC (V) 0.35 0.36 0.42 0.41
FF 0.30 0.33 0.37 0.39
PCE (%) 0.26 0.49 0.63 0.79
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effect onmorphology. The hypothesis that the dyes are present at
the interface has been supported by indirectly testing whether
multilayer configuration devices with the dye molecules at the
interface would lead to increased PCE. Overall, we believe that
frontier orbital energy level tuning in small molecules to optimize
the PSC performance is a useful tool in the arsenal that one needs
to develop practical organic solar cells.
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