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Organic photovoltaics (OPVs) offer new, renewable sources of
electrical energy, capitalizing on attractions such as low fabrication
cost and easy processing on flexible substrates. In the most
successful embodiment, a soluble n-type fullerene, (6,6)-phenyl Cg,
butyric acid methylester (PCBM), is blended with conjugated p-type
polymers to form bulk-heterojunction (BHJ) cells.! An attraction
of these devices, which are processed from solution, is the ability
to deposit active layer precursors over large areas in a single step,
using techniques ranging from inkjet printing to spin-coating.” Small
molecule donors offer the same facile processing however are easier
to synthesize in many variants and purify (e.g., removal of trace
metal catalysts employed in the synthesis), are intrinsically mono-
disperse, and are often environmentally more stable.’

Squaraine dyes* have been the subject of many recent investiga-
tions owing to their unique photochemical/photophysical properties.
Applications include photoreceptors in copiers and laser printers,”
and IR absorbers in optical disks and nonlinear optical materials.®
Principal attractions of this dye class include facile synthetic access,
a wide variety of possible structural motifs, and remarkable O, and
moisture stability, thus enabling active layer deposition under
ambient, in contrast to the inert atmosphere required for P3HT and
related BHJ materials. Squaraines were studied as active compo-
nents in single-layer OPVs during the 1970s—80s, affording maxi-
mum power conversion efficiencies (PCEs) of ~0.02%, and more
recently in dye sensitized-solar cells (DSSCs).”

In this communication, we report the use of appropriately
designed squaraines as effective, long-wavelength donor compo-
nents in BHJ OPVs and the effects of core modification on active
layer film morphology and OPV response. The result is some of
the highest PCEs reported to date for ambient solution-processed
small molecule OPVs. New soluble squaraine derivatives 1 and 2
were synthesized via a modification of previously reported proce-
dures.® Both linear and branched alkyl chain substituents allow
manipulating the solubility, but with different effects on the solid
state organization.® Condensation of the appropriate arylhydrazon-
alkylpyrrole precursors with squaric acid in i-PrOH/toluene affords
1 and 2 in 45% and 48% yield, respectively (Scheme 1). All new
compounds were characterized by conventional spectroscopic and
analytical methods (see Supporting Information).

Figure 1A shows normalized optical spectra of 1,2-derived films
(from CHCls) and solutions (in CHCl3). The absorption of the films
is broad and covers the 550—900 nm region, exactly where the
solar photon flux is maximum; the absorption maximum is
somewhat red-shifted for squaraine 2. The HOMO and LUMO
energies of 1 and 2, estimated by cyclic voltammetry (see
Supporting Information), are —3.3 and —5.0 eV, respectively, for
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Scheme 1. Synthetic Route to Squaraine Donors?
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Figure 1. (A) Normalized optical absorption spectra: 1 (red line) and 2
(black line) as solutions in CHCls; 1 (green line) and 2 (blue line) as films
from CHCI;. (B) HOMO/LUMO levels for 1 and 2 vs PCBM.

both molecules, demonstrating that the alkyl chains negligibly affect
the redox properties. The relevant energy level positions (Figure
1B), absorption coefficients (~2 x 10° cm mol™' cm™), and
absorption energies suggest that these new squaraines should be
effective donors in BHJ devices.

BHJ OPV cells were fabricated by spin-coating under ambient
atmosphere squaraine:PCBM (x:y wt:wt ratio, x = 1,2; y = 1,3)
blends, first in o-dichlorobenzene (ODCB), then in CHCI; onto
cleaned tin-doped indium oxide (ITO)-coated glass anodes, modified
by first spin-coating on PEDOT:PSS [poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate] as a hole extraction/electron-blocking
layer (~30 nm), affording an active layer thickness of 30—140 nm.
After drying, the cells were then completed by sequential thermal
vacuum deposition of LiF and Al as the cathode. All devices were
characterized under the standard AM1.5G 1 Sun test conditions
using instrumentation and analysis procedures described previ-
ously,'® and PCEs were derived from eq 1

7, = (U Vo FF)/ P, (1)

SC "~ oC

where Ji. is the short circuit current, V. the open circuit voltage, FF
the fill factor, and P, the incident light intensity, in W/area. Before
OPV testing, the squaraine—PCBM blend morphologies were char-
acterized by tapping mode AFM; the images of blends spin-coated
from several solvents reveal smooth morphologies with rms rough-
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Table 1. Comparison of Solution-Processed Squaraine:PCBM BHJ
Photovoltaic Cells?

active layer solvent/ d Jse Voe FF n

[wt:wi] Ta [nm] [mA/cm?] V] [%] [%]
1/PCBM (1:1) ODCB/na 140 1.85 0.58 31 0.33
1/PCBM (1:1) ODCB/70 140 2.35 0.60 32 0.45
1/PCBM (1:1) ODCB/70 100 2.65 0.60 34 0.54
1/PCBM (1:1) ODCB/70 50 2.93 0.59 35 0.61
1/PCBM (1:1) ODCB/na 30 3.10 0.64 39 0.77
1/PCBM (1:1) ODCB/70 30 3.01 0.61 36 0.66
1/PCBM (1:3) ODCB/na 30 3.89 0.60 32 0.75
1/PCBM (2:1) ODCB/na 140 0.88 0.56 27 0.13
1/PCBM (1:1) CHCls/na 30 3.24 0.62 32 0.64
1/PCBM (1:3) CHCls/na 30 5.70 0.62 35 1.24
2/PCBM (1:1) ODCB/na 140 1.31 0.58 30 0.23
2/PCBM (1:1) ODCB/70 140 1.56 0.59 31 0.29
2/PCBM (1:3) CHCls/na 30 4.72 0.59 32 0.89

“The general structure of devices is ITO/PEDOT:PSS/Sq:PCBMblend/
LiF/Al, with ~6 mm? illuminated areas. 7, = annealing temperature (°C);
na: not annealed. Otherwise annealing is for 1 h.
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Figure 2. (A) J—V response of 1:PCBM BHJ OPV devices as a function
of D:A ratio; 1:1 ratio from ODCB (140 nm, black line), 1:1 ratio from
ODCB (30 nm, red line), 1:3 ratio from CHCl; (140 nm, pink line), and
1:3 ratio from CHCIl; (30 nm, blue line). (B) Dark current measurements
for 1:1 ratio films from ODCB (30 nm, red line), 1:3 ratio from CHCl;
(140 nm, pink line), and 1:3 ratio from CHCI; (30 nm, blue line).

nesses ~0.35 nm (see Supporting Information). Initial OPV studies
employed squaraine 1, spin-coating the blend from ODCB in air. With
140 nm thick films, J is low, probably reflecting limited charge
mobility, in accord with TFT-derived mobilities, u, &~ 1074—107 cm?
V™! s71.'" By reducing the solution concentration and therefore the
film thickness, OPV performance can be enhanced, with ~30 nm films
increasing Ji. from 1.85 to 3.10 mA/cm? and PCE from 0.33% to
0.77% (Table 1, Figure 2A).

The literature suggests that BHJ active layer thermal annealing
can optimize film phase separation/microstructural order and thereby
OPV performance.'? For the present materials, optimum annealing
conditions are 70 °C/1 h as evidenced by the increased phase
separation (AFM Figures S1—S4). As in MDMO-PPV/PCBM solar
cells,'? enhancing carrier mobility by adjusting the donor:acceptor
ratio also contributes to enhanced PCEs. In the present study,
devices fabricated with 1:3 1:PCBM ratios exhibit significant
increases in Ji. (to 3.89 mA/cm?), with PCE = 0.75%. In contrast,
devices with a 2:1 ratio exhibit decreases in both short circuit current
and PCE (Table 1). Spin-casting the 1:3 1:PCBM blend from CHCl;
rather than ODCB solutions yields a maximum PCE of 1.24%, with
a short circuit current of 5.70 mA/cm?, 1.5 times higher than the
ODCSB result, tentatively ascribed to the microstructure evolution
effects of more rapid film growth and drying.

That PCE values increase with decreasing thickness is consistent
with the higher observed short circuit currents for thinner films.
The same effect is observed on changing the 1:PCBM ratio. The
EQE (external quantum efficiency) for the most efficient devices
peaks at ~20% @ 750 nm, averaging ~10% in the 400—800 nm
region. The dark data in Figure 2B indicate smaller rectification in

diodes with 1:1 blend ratios spin-coated from ODCB than from
CHCl;, and with lower leakage currents, presumably reflecting the
superior film quality. We also fabricated and evaluated OPV cells
using 2 and PCBM,; efficiencies are somewhat lower (~0.9%) than
devices prepared with 1 (Table 1), however trends are similar.

In summary, we report the fabrication and initial characterization
of BHJ solar cells based, for the first time, on squaraine derivatives
as molecular donors and PCBM as the acceptor. These devices,
solution-processed in air, exhibit some of the highest PCEs reported
for small molecule OPVs (cf., anthradithiophene/fullerene =
1.0%,'** phenyl-core thiophene dendrimers = 1.3%,"*" star-shaped
derivatives = 1.3%"'*"). Studies are currently underway to better
define and optimize processing/microstructure/photovoltaic response
relationships.
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