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Solvent-Annealed Crystalline Squaraine: PC;,BM (1:6)

Solar Cells

Guodan Wei, Siyi Wang, Kai Sun, Mark E. Thompson, and Stephen R. Forrest*

Efficient bulk heterojunction (BH]) solar cells are characterized
by a large interface area between donor and acceptor materials
that ensures efficient photogenerated exciton dissociation into
free charge. The optimal scale of the phase separation between
these consistuents is that of the exciton diffusion length (Lp),
and the separated phases must be contiguous to allow for
low-resistance charge transport pathways from the photo-
sensitive region to the electrodes.l'®l To realize such a BH]J
nanostructure, techniques such as thermal’! and solvent-vapor
annealing®® have been demonstrated. The most successful
processing protocols affect the aggregation and morphology
in a predictable and and controlled manner. In past work, we
have shown that solution-processed squaraine (SQ), followed
by vacuum thermally evaporated Cy, donor/acceptor solar cells
can have power conversion efficiencies of 1, = 4.6 + 0.1% when
they are fabricated into a lamellar device that is subsequently
annealed at high temperature (110 °C).’) It was found that the
annealing roughens the SQ surface, thereby creating a highly
folded BH] interface with the Cgy and thus compensating for
the very short (1.6 £ 0.2 nm) Ly, characteristic of the SQ donor.
Although the Ly, of SQ is very small, this deficiency is partially
compensated by its high absorption coefficient compared to that
of Cg. This motivates the use of SQ:fullerene blends, whereby
the ratio of materials strongly favors that of the fullerene to take
advantage of its large Lp and low absorption. In previous work
this approach has been partially successful, with the highest
external quantum efficiencies (EQE) under low intensity illumi-
nation of SQ:PC;,BM (1:6) blends approaching 50% across the
visible spectrum. Unfortunately, devices fabricated using such
blends exhibited exceptionally low fill factors (FF~0.35) due
to a large internal series resistance to charge extraction from
the low density of SQ in the mixture. Hence, under standard
simulated solar illumination conditions (100 mW/cm?, AM1.5G
spectrum), the efficiency was limited to only ~3%.[1°)
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In this work, we explore annealing of these SQ:PC;,BM (1:6)
blends in solvent vapor to create continuous crystalline (and
hence low resistance) pathways for hole conduction through
the rareified SQ environment. We note that, while spin-casting
of these mixtures provides a simple means to prepare homoge-
neous thin films, rapid solvent evaporation does not allow for
sufficient molecular reorganization, which is needed to achieve
an equilibrium, crystalline, and uniformly phase-separated
mixture.''™ We find that post-annealing through additional
extended exposure of the blend to dichloromethane (DCM) can
lead to a more optimized morphology that reduces series resist-
ance, and hence increases the FF to 0.50 = 0.01 and a power
conversion efficiency of 1, = 5.2 + 0.3% of the resulting cells
under AM1.5G, 1 sun simulated solar emission (corrected for
spectral mismatch). Indeed, our best cells measured reached
efficiencies of 5.5% under similar standard conditions.

Post-annealing of SQ:PC;(BM (1:6) blends entails the 6 min
to 30 min exposure of the films to DCM vapors in a closed glass
vial enclosed in an ultra-high-purity nitrogen-filled glove-box
at room temperature (see Experimental Section). As shown
in Figure 1, the lack of an X-ray diffraction (XRD) peak for as-
deposited SQ:PC;,BM films indicates an amorphous structure.
In contrast, after annealing for 10 min, a peak appears at 20 =
7.80 £ 0.08° that increases in intensity when the annealing time
is extended to 30 min. This peak is the (001) reflection of SQ,
corresponding to an intermolecular spacing of 11.26 + 0.16 A.
After a 30 min exposure to DCM, a second peak corresponding
to the (002) reflection appears, indicating a continued increase
in order.’] The mean crystal sizes of SQ in the blends annealed
for 12 min and 30 min are estimated to be 2.0 £ 0.2 nm and 51 +
4 nm, respectively, inferred from the XRD peak broadening
using the Scherrer method.[**!

The root-mean-square roughness obtained from the atomic
force microscopy (AFM) images (Figure 2a) of the as-cast film
is 0.8 £ 0.1 nm. In contrast, the roughness of the blend after
12 min solvent annealing increases to 8.4 = 1.2 nm (Figure 2b),
indicating substantial roughening due to the polycrystalline
growth of SQ in the mixture. With even longer annealing of
30 min, the phase separation of SQ and PC,,BM continues, as
indicated by further roughening to 12.0 £ 1.4 nm (Figure 2c).
The roughening, which is in part due to phase separation, has
also been observed in transmission electron microscopy (TEM)
imaging (Figure 2c) and surface phase images measured by
AFM (the inset in Fig. 2c). The average crystal domain size also
increases concomitant with the roughening, as noted above
from the XRD line broadening.

The spectra in the visible range for the as-cast and four DCM
solvent-annealed SQ:PC,;,BM blended films on quartz sub-
strates are shown in Figure 3a. The absorption coefficient of SQ
throughout the entire observed spectral range increases with
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Figure 1. The X-ray diffraction patterns for squaraine (SQ) :PC70BM (1:6)
films annealed in dichloromethane (DCM) solvent for 10min, 12 min, and
30 min. The inset shows the molecular structure of SQ.

annealing time of up to 8 min, but as time is further increased,
the change becomes saturated. Note also, that the crystalline
blend film (DCM 12 min) has a less pronounced absorption
peak at 4 = 680 nm than in the amorphous films.

The photoluminescence (PL) intensity of a film is quenched
in the presence of charge transfer from photogenerated
donor excitons to acceptor molecules. Therefore, efficient PL
quenching in the SQ:PC;,BM blends indicates efficient exciton
dissociation due to photogeneration within a distance, Lp, of an
interface.l'17] As above, the relevant length scales are 1.6 nm
for SQ, and 20 nm to 40 nm for PC;,BM. In our experiments,
a 10 min anneal results in a maximum PL intensity quenching,
followed by a reduction in quenching as the annealing time is
further increased. This is understood in terms of our values of
Lp and mean crystallite size, . The PL quenching is strongest
when Lp~0~2 nm after approximately 10-12 min annealing.
Additional annealing leads to initiation of further phase seg-
regation of the crystals, at which point 6>>Lp, and hence the
excitons are no longer efficiently transported to a dissociating
heterointerface.!'8l

The EQE of the as-cast and solvent-annealed solar cells in
Figure 3c indicate a similarly broad spectral response to the
absorption, extending from a wavelength of A =300 nm to A =
750 nm. The EQE peak of SQ increases from 26 + 2% (as-cast)
to 60 *+ 1% (annealed for 10 min). After a 12 min anneal, the
peak EQE is reduced to < 40% across the entire wavelength
range. These results, directly analogous to those obtained in
absorption, further indicate that the cell efficiency depends
strongly on crystallite size, with the optimum size comparable
to Lp, thereby leading to maximum exciton diffusion to the dis-
sociating donor/acceptor interface between SQ and PC;,BM.

The J-V characteristics in Figure 3d measured under 1 sun,
AM1.5G simulated solar emission, indicate that the short-circuit
current density (/) is substantially enhanced from 6.9 mA/cm?
(as-cast) to 12.0 mA/cm? (10 min solvent anneal), and then
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Figure 2. The effects of dichloromethane (DCM) solvent on film mor-
phology. Transmission electron microscopy and AFM images of squar-
aine (SQ):PC;,BM (1:6) films: a) as-cast, b) annealed in DCM for 12 min,
and c) annealed in DCM for 30 min. The inset shows the surface images
measured by AFM.
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Figure 3. The effect of dichloromethane (DCM) solvent annealing as a
function of time on squaraine:PC;oBM composite films with respect to
a) UV-vis absorption spectra, b) photoluminescence (PL), c) external
quantum efficiencies (EQE), and d) the current density vs. voltage (J-V)
characteristics of the SQ:PC;oBM (1:6) cells at 1 sun illumination.
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decreases to 8.3 mA/cm? after 12 min exposure to DCM.
The FF shows a similar dependence on annealing time, indi-
cating that the extended order decreases the series resistance,
as anticipated for crystalline organic materials with improved
molecular packing. Fitting the forward |-V curves using the
modified diode equation!'” yields the specific series resistance,
Rga. The as-cast cell has Rgy = 35.2 £ 1.0 Q-cm?, then gradually
reduces to 5.0 + 0.5 Q-cm? when the annealing time is 12 min.
However, further increase of DCM annealing time increases
the density of pinholes between active layer and the contacts,
leading to shorted diodes.

The optical and electrical changes on annealing lead directly
to an increase in 1, as shown in Figure 4a. Here, the as-cast
cell n, increases slightly with power intensity, then levels offto
24 £ 0.1% at 1 sun, along with a concomitant decrease in
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Figure 4. a) The power conversion efficiency (n,) and b) fill factor (FF)
versus power intensity as a function of dichloromethane (DCM) solvent
annealing time, for the device structure of ITO/MoO5(80 A)/SQ:PC;,BM
(1:6 780 A) /Cg0(40 A)/BCP(10 A)/LiF(8 A)/AI(1000 A).
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FF from 0.40 £ 0.02 (at 0.002 sun) to 0.36 £0.01 (1 sun) (see
Figure 4D). In contrast, for the 10 min annealed cell, the FF
increases from 0.42 + 0.01 (0.002 sun) to 0.50 £ 0.01 (1 sun),
while 1, correspondingly increases from 1.5 + 0.1% to 5.2 £
0.3% (1 sun), with a peak measured value for a cell in this pop-
ulation of 5.5% (Jsc = 12.0 mA/cm?, FF = 0.5 and open-circuit
voltage (V,c) = 0.92 V). Finally, the 12 min annealed cell shows a
roll off in 1, of 3.2 £ 0.1%, due to the reduced EQFE and FF. We
note that squaraine molecules with dicyanovinyl groups have
been reported??! that extend the photon absorption to 900 nm,
and exhibit J,. = 12.6 mA/cm? although the V,. is considerably
lower, leading to 1,<2%.

In conclusion, DCM solvent annealing leads to control of the
nanoscale phase separation of SQ:PC;,BM (1:6) organic films.
Through optimizing morphology and molecular ordering of the
SQ:PC;,BM (1:6) solar cells, a peak power conversion efficiency
of 5.5 £ 0.3% has been achieved in these blended structures,
with a maximum cell performance achieved when the exciton
diffusion length is approximately equal to the mean SQ crystal-
lite size. This precise structural control takes advantage of the
high absorption coefficient yet small diffusion length character-
istic of this squaraine compound, allowing for only very dilute
SQ;PC;yBM mixtures to result in high solar cell efficiency.

Experimental Section

X-ray-diffraction (XRD) patterns of the SQ:PC;BM (in relative weight
concentrations of 1:6) thin films spin-coated 1000 rpm for 30 s on indium
tin oxide (ITO)-coated glass substrates precoated with 80 A MoO; at a
low rate of 1000 rpm (revolutions per minute) were obtained using a
Rigaku diffractometer in the 6-26 geometry using a 40 kV Cu K|, radiation
source. The thicknesses of the SQ:PC;,BM (1:6) blend cast from 42 mg/
mL solutions in 1,2 dichlorobenzene (DCB) heated on a hotplate for 12 h,
as determined by using Woolam VASE ellipsometer, were 780 A.

Atomic force microscopy (AFM) images were collected in a Nanoscope
Il AFM in the tapping mode. Solvent annealing of SQ:PC;0BM
(1:6) deposited films was done in a closed glass vial filled with 1T mL
dichloromethane (DCM) for a time varying from 6 min to 30 min. For
transmission electron microscopy (TEM) studies, the SQ:PC;0BM
(1:6) films on ITO substrate coated with 80 A MoO; were immersed in
deionized (DI) water for 1 h. Next, the MoO; was dissolved in water,
and the organic layers were floated on the surface of the DI water. Then
the as-cast and solvent annealed SQ:PC;,BM (1:6) films were transferred
onto amorphous carbon film coated Cu grids. The TEM images were
taken using a 200 kV JEOL 2010F analytical electron microscope.

The absorption spectra of the as-cast and four DCM annealed films
on quartz substrates were measured using a Perkin-EImer Lambda 1500
UV-NIR spectrometer. Photoluminescence (PL) was measured at an
excitation wavelength of A = 600nm.I°l Solar cell structures employed
the following structure: ITO/MoO; (80 A)/SQ:PC;0BM (1:6 780 A)/Cgo
(40 A)/BCP (10 A)/Al (1000 A) (BCP: bathocuproine). Here, MoOj is
thermally evaporated onto the ITO surface in a vacuum system with
a base pressure of 1077 torr. Following spin-casting deposition and
solvent annealing, devices were completed by thermally evaporating
a 8 A thick LiF and 1000 A thick Al cathode through a shadow mask,
resulting in a device area of 8 x 1073 cm?. The current density-voltage
(J-V) characteristics and power conversion efficiency (n,) of the devices
were measured using an Oriel 150 W solar simulator irradiation from
a Xe arc lamp with AM1.5G filters and an National Renewable Energy
Laboratory (NREL)-calibrated standard Si detector. Measurements and
solar spectral correction were made using standard methods.?2 The
EQE was measured using monochromatic light from a Xe-lamp was
chopped at 200 Hz and focused to the device active area.
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