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ABSTRACT: There is currently enormous interest in the develop-
ment of small molecule organic solar cells (SMSC), as in principle,
these systems offer advantages over both conventional Si photo-
voltaics and organic polymer solar cells. Here, we report Forster
Resonance Energy Transfer (FRET) enhanced inverted SMSC
fabricated by coevaporating two different squaraine donors, a
symmetrical squaraine (SQ, 2,4-bis-4-[(IN,N-diisobutylamino)-2,6-
dihydroxyphenyl] squaraine), and an asymmetrical squaraine
(ASSQ, 2,4-bis-[(N,N-diisobutylamino)-2,6-dihydroxyphenyl]-4-(4-
diphenyliminio) squaraine). ASSQ absorbs blue light (4., 540 nm)
and emits from 550 nm to the near-infrared region, which overlaps
with SQ absorption (4, 690 nm). Therefore, by utilizing a thin film
containing the two squaraine donors as the active layer in a SMSC, we
can both broaden the photovoltaic absorption spectrum, and reduce
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recombination loss as a result of FRET. This strategy has resulted in SMSC with power conversion efficiencies (PCE) which are
up to 46% greater than those obtained by using a single squaraine donor. Ultrafast time-resolved photoluminescence and
transient absorption spectroscopy provide clear evidence of FRET between the small molecules, with a rapid energy transfer time
of ~1 ps. At optimal blending, which correlates to the highest PCE measured, the efliciency of energy transfer is as high as 85%.
Furthermore, in the devices containing two different squaraine molecules, the open circuit voltage (V) is proportional to the
fraction of the two donors in the blend, allowing us to predict the V¢ as the ratio of the two donors is changed. SMSC with
inverted structures also demonstrate long-term stability in ambient conditions compared to devices employing a conventional

architecture.
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O rganic solar cells are widely regarded as attractive
alternatives to traditional silicon solar cells."™> The
most well studied organic solar cells are those that contain
conjugated polymers in the active layer, but in recent years,
organic photovoltaics that contain small molecules as the
photoactive material have received significant attention.*
Organic photovoltaics with small molecules in the active layer
share some of the benefits of organic polymer solar cells, as in
principle they could also result in lightweight, flexible, low-cost,
and vacuum- and solution-processable devices.” However, small
molecules also offer several advantalges6 over polymers such as
(i) they often have higher light absorption coefficients, (ii) in
some cases they can be purified by sublimation or
recrystallization as trace impurities can severely jeopardize
solar cell performance,” (jii) thin films can be generated
through vacuum deposition which leads to higher quality
devices, and (iv) they have well-defined structures with distinct
molecular weights, which leads to high repeatability and
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reliability in large scale synthesis without the problems
associated with precise reproduction of chain length,
polydispersity, and regioregularity. At this a stage a family of
small molecules based on squaraine type dyes stand out as
simple yet effective light harvesting dyes for photovoltaics® and
also excel in various related applications such as photo-
detection,’ optical data storage,10 light emitting field effect
transistors," ' nonlinear spectroscopy,lz’13 biofluorescence imag-
ing,"* and photodynamic therapy."

The blending of multiple photoactive materials to form a
ternary solar cell is regarded as a simple and elegant strategy'®
to address two of the major limitations of organic solar cells;
the relatively narrow absorption window and the lack of
tunability of the open circuit voltage (Vo). Unlike tandem
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Figure 1. Optical properties of SQ and ASSQ. (a) Chemical structures of SQ and ASSQ. (b) Normalized absorption of thermally evaporated thin
films of ASSQ (red), SQ_(blue), and Cq, (black) on the left axis; with the ASSQ_emission (red dot) spectrum when excited at S00 nm on the right
axis. (c) Absorption spectrum of the codeposited blended films with different ratios of ASSQ and SQ. (d) Steady state photoluminescence (PL)
spectra of ASSQ and SQ blended films when excited at 527 and 405 nm (inset).

solar cells which broaden light harvesting by stacking multiple
photoactive layers, a ternary solar cell is designed to achieve this
goal by adding an infrared (IR) sensitizer into the host
matrix.'” ™" This architecture bypasses technical challenges
associated with the reliability and reproducibility of multi-
junction solar cells. It is currently proposed that there are three
main mechanisms that explain the improvement observed in
many ternary solar cells: (i) charge transfer, (ii) energy transfer,
and (jii) parallel 1inkage.20 We suggest that, with careful design,
ternary solar cells can be pushed toward even higher efficiencies
by combining the benefits of these mechanisms. In fact,
optimization of these factors could eventually result in a single-
junction organic photovoltaic which surpasses the proposed
efficiency limit of 17%.>'

Recently, it has been demonstrated that Forster resonance
energy transfer (FRET) can be used to improve the efficiency
of both dye sensitized solar cells and organic polymer cells. For
example, studies using a variety of different dye-sensitized solar
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cells have shown that FRET can lead to amplified charge
injection,”” an increase in the stability of the electrolyte,”
optimized dye loading,”* an 89% boost in photocurrent,* and
most impressively a doubling in the power conversion efficiency
(PCE).*® Furthermore, in the only well characterized report of
FRET in organic polymer solar cells, our group demonstrated
that FRET improved the PCE of ternary blend polymer solar
cells by up to 38%, by both increasing the spectral range of the
photons captured and reducing energy loss through exciton
recombination.?’ Very recently, a remarkable 8.4% PCE was
also achieved by exploiting FRET enhancement on multilayer
cascade devices.”® While many reports on ternary solar cells
have discussed the effects of Voc modification®”*° and
morphology enhancement by annealing® and mixing,**** wi
show that improvement can also be achieved by photophysical
methods in mixed donor devices. Specifically, in this work, we
devise and implement a strategy to employ FRET in ternary
small molecule organic solar cells. By concurrently thermally
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depositing two squaraine-based dyes, with complementary
absorption and emission, we have fabricated highly eflicient and
durable inverted small molecule organic solar cells. FRET
enhancement, which has been confirmed using ultrafast
transient spectroscopy, results in ternary small molecule organic
solar cells with PCEs of over 6% and fill factors (FF) above
70%. This represents an improvement of up to 46% compared
to small molecule organic solar cells, which only contain one
squaraine based dye. Our work is distinct from the pioneering
research of Forrest and other groups**** because it focuses on
photophysical effects in ternary solar cells containing multiple
squaraines rather than on the device morphology.

B RESULTS AND DISCUSSION

Electronic Properties of Donor Materials and the
Optical Origin of FRET. The molecular structures of
assymetrical squaraine (ASSQ) and symmetrical squaraine
(SQ) are illustrated in Figure la. These molecules contain an
electron-withdrawing four-membered-ring derived from squaric
acid, bonded to two electron donating moieties to form
donor—acceptor—donor structures. In both cases, the planar
and extended s-framework of these dyes results in high
absorption coefficients (>10° cm™).*® In addition, the bulky
N,N-diisobutyl side groups provide stability for sublimation,®’
while the N,N-diphenyl substituent in ASSQ_promotes char%e
transport®® and results in longer exciton diffusion lengths.**
Thermogravimetric analysis (TGA) further reveals that both
dyes have relatively high decomposition temperatures of
around 300 °C (Supporting Information, Figure SS).

Figure 1b shows the normalized UV—vis absorption spectra
of thermally evaporated ASSQ, SQ, and Cg, thin films, along
with the emission spectrum of an ASSQ thin film. The peak
absorption band of ASSQ (4,,,, 543 nm) complements SQ’s
absorption (4,,,, 695 nm) in the near-infrared (NIR) region.
Together, the ASSQ-SQ_ blends form films with extended
photoresponse range, spanning over the entire visible spectrum,
as depicted in Figure lc, where the absorption spectra of thin
films containing different ratios of ASSQ and SQ (normalized
to the SQ peak intensity at 695 nm) are shown.

In order for FRET to occur, it is necessary to have spectral
overlap between the donor emission and acceptor absorption
profile, as depicted for ASSQ and SQ_in the inset of Figure 1b
and Supporting Information, Figure S2. In fact, the efficiency of
energy transfer is closely linked to the degree of overlap
between the absorption and emission.** As illustrated by the
dotted line in Figure 1b, the photoluminescence (PL) emission
of ASSQ peaks at 680 nm and matches the SQ absorption
window almost exactly. The shoulder at 550—640 nm of ASSQ_
PL may be caused by two-photon absorption, which has been
reported in other types of squaraines.”® The Forster radius, Ry,
refers to the distance between the donor and acceptor at which
energy transfer efficiency is 50%. In this case, the Ry between
ASSQ and SQ is estimated to be 4.3 nm using conservative
assumptions (Supporting Information, Figure S2), based on
diluted squaraines dissolved in chloroform. This number is
comparable to that reported for FRET pairs in other systems
utilized for solar cells to date.** %%

When thin films containing both SQ and ASSQ were excited
by a steady laser beam at 527 nm (which should selectively
excite ASSQ_and not SQ), the PL intensity of ASSQ was
quenched. The quenching efficiency (eq 1) can be used to
quantify energy transfer from the relative peak intensity (I) in
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Figure 1d, where a higher numerical value indicates greater
energy transfer.

Tncen — I
@ = o X 100%

(1)

The values of @ for blended films with 33, 50, and 67% SQ are
78, 82, and 92%, respectively. When excited with a light source
at 405 nm, ASSQ_ retains the same PL profile with a much
lower intensity, due to low absorption at this wavelength. These
excitons are quickly quenched, even with small amounts of SQ,
which may indicate that the binary films are homogeneously
blended and that effective energy transfer can occur even if the
quencher is only present in a small amount. Overall, the optical
data strongly suggest that ASSQ and SQ are excellent
candidates for forming an effective FRET pair in a photovoltaic
device.

Analyzing the energy levels of the components in an organic
solar cell can help provide insight on char§e transport, exciton
dissociation, and the probability of FRET.* When an incoming
photon is absorbed by a chromophore, a geminate exciton can
be generated, which will eventually recombine back to the
ground state either by radiationless relaxation or photon
emission. This will lower the efficiency of the device. When
energy conservation, spatial, and optical requirements are met,
FRET can stimulate an oscillating electric field to sensitize the
acceptor. The geminate recombination loss can be partially
“recovered” by transferring energy for exciton generation in the
FRET acceptor molecule (Figure 2a). This process takes place
without light absorption by the FRET acceptor, and leads to a
reduction in the donor’s fluorescence intensity and excited state
lifetime.

Figure 3a illustrates a schematic of the architecture of our
inverted solar cells. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of each component in the inverted solar cells are
plotted in Figure 2b, based on the values reported in the
literature.***"** The cascade band edge alignment of the
squaraine dyes and Cg, establishes a suitable energy offset for
exciton dissociation and offers two pathways for charge
transport. In addition, ASSQ_introduces a third route by
funneling energy to SQ via FRET. Hence, this picture suggests
that photocurrent enhancement is possible, compared to
conventional single donor—acceptor bilayer solar cells.

Photovoltaic Performance. To study ternary blend small
molecule organic solar cells, we fixed the thickness of the blend-
donor layer to 30 nm and fabricated a series of devices with
varying amounts of ASSQ and SQ. The J—V characteristics of
ASSQ-SQ/Cq, organic solar cells at 1 sun illumination are
shown in Figure 3b, with the average photovoltaic parameters
over at least 16 devices are summarized in Table 1. The control
devices containing only ASSQ or SQ attained PCEs of 4.2% +
0.2 and 4.7% =+ 0.1, respectively. Our results clearly indicate
that ternary solar cells perform much better than devices
containing only a single dye. The highest efliciency of a ternary
solar cell is 6.2% =+ 0.3, which was achieved using a ratio of
ASSQ to SQ of 1:2 (or 67% SQ). This blending ratio gives the
highest short circuit current (Jsc = 10.1 + 0.2 mAcm™?) and FF
(70% =+ 0.1). Overall, the optimal mixed donor cell gives an
improvement in efficiency of 33% compared to a neat SQ_solar
cell or 46% if benchmarked to a neat ASSQ_device.

Although the significant improvement in Jsc in our ternary
small molecule organic solar cells can be partially explained by
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Figure 2. Construction and energy level diagram of the blend donor
device. (a) Schematic illustrating a simple FRET mechanism (note
that the proper energy level alignment between donor and acceptor is
essential for FRET to occur). (b) Theoretical HOMO and LUMO of
the components of the ternary blend solar cell where three pathways of
charge and energy transfer are highlighted. For simplicity, the mixed
SQ-ASSQ_film is depicted as an individual layer in the schematic
representation.

the broader absorption range for blended films, we have
demonstrated in ternary organic polymer solar cells that this is
not the only factor that can be responsible for an increase in
Jsc.”! To further understand the effects of the ternary small
molecule blend on the increase in photocurrent, external
quantum efficiency (EQE) measurements were performed
(Figure 3b). In agreement with the absorption data in Figure 1,
the range of spectral absorption is significantly larger in mixed
donor devices. The EQE measurements show that there are
four distinct peaks. The highest energy peak at 347 nm
corresponds to Cg, absorption. The next highest energy peaks
at approximately 455 and 555 nm are attributed to ASSQ and
Cgp absorption (refer to the neat ASSQ curve in red), while SQ
is responsible for the near-infrared (NIR) peak at 700 nm.
There is no change in the quantum efficiency of the near UV
peak (347 nm) as the ASSQ to SQ ratio is changed, which is
consistent with the Cg, film thickness remaining constant in all
of the devices. However, the peaks at 455 and 555 nm, in
particular, the peak at 455 nm, display interesting photocurrent
enhancement effects, which are only present in the blended
films. The specific EQE at 455 nm of neat SQ and ASSQ
devices are only 40 and 48%, respectively. However, as SQ_is
coblended with ASSQ, the resultant device EQE at 455 nm
increases from 51% to 53% to 56% at SQ_concentrations of
33%, 50%, and 67% in the coblend. While it may seem
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counterintuitive that more SQ leads to higher photocurrent in
this region of the spectrum, we believe that FRET is
responsible for the surge in EQE (vide infra). In a neat
ASSQ _film, a significant portion of the photoexcited ASSQ
loses energy through recombination and does not result in
photocurrent. When nearby SQ molecules are present, less
recombination occurs, because some of the photoexcited ASSQ
nonradiatively transfers energy to SQ, which eventually
translates to higher photocurrent, despite lower light
absorption. Finally, the EQE of the NIR peak strongly
correlates to the proportion of SQ in the devices, which is a
direct consequence of only SQ_ absorbing photons in this
region.

In the design of ternary blend solar cells the impact of the
two active materials on the V¢ is an important consideration.
The V¢ of most organic solar cells is known to be related to
the offset between the energy levels of the acceptor’s LUMO
and the donor’s HOMO. Equation 2 predicts a V¢ of ~1 V for
a neat ASSQ device and 0.8 V for a neat SQ device, when Cg is
used as the acceptor, showing good agreement with our
experimental data and results reported by Forrest and co-
workers.***

Voc & (1/e)(IE*™ Lomol = E“Lumol) — 0.3 V ®)

Figure 3d highlights the changes in Vi, FF, and Js as the
ASSQ to SQ ratio is varied. Equation 2, despite demonstrating
good agreement with the empirical V¢ for neat films, is not
applicable in predicting the V¢ of blended films. However, our
results indicate that in blended devices there is a linear
relationship between Vyc and the donor fraction, using the
relationship shown in eq 3.

Voc = P(Vsq-c,) + (1 = p)(Epa—assq) (3)

where p is the fraction of SQ deposited and Vyq.cq and
Vassq.ceo denote the open circuit voltage of neat SQ/Cg, and
ASSQ/Cy devices, respectively.

The experimental Vyc values are compared to those
calculated using eq 3 in Table 2. There is excellent agreement,
which suggests that the Vi, can be controlled by tuning the
relative donor concentrations. Previously, some other groups
have also observed a linear relationship between V¢ and the
relative concentration of the donor materials in ternary solar
cells, suggesting that this may be a general phenomenon.>**>**

At this stage, the nature of the recombination processes in
small molecule organic solar cells have not been fully
identified.*> We attempted to relate recombination to device
performance by estimating the ideality factor, n, from the
modified diode formula, eq 4, described by Giebink et al *o¥7

_ q(V=JR) | | kppa
J=J exp( nk, T ] (k ]

ppdeq

V- ]Rs
Rsh

4)

where Jg is the reverse saturation current density; g is the
electron charge; R, is the series resistance; Ry, is the shunt
resistance; k;, refers to Boltzmann constant; T is temperature in
Kelvin; and k;,q/kypq.eq is the ratio of polaron pair dissociation
rate to its equilibrium value, which is assumed to be 1 for
simplicity.

We show that the FF and Jsc increase as the percentage of
SQ in the devices increases (Figure 3d), until the optimal
blending ratio is reached. At this point, both the FF and J
decrease as the percentage of SQ increases. The decline in FF
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Figure 3. Solar cell performance: impact of blending ratio. (a) Cross section of the architecture and thickness of each layer of the inverted small
molecule solar cells. (b) The J—V curves of photovoltaic devices with different ASSQ to SQ ratios under 100 mW cm™ AM 1.5G irradiation. (c)
External quantum efficiency (EQE) vs wavelength of the co-donor devices. (d) Plots of Vo, FF, PCE vs the blending fraction of SQ. The

experimental Vi (blue) agrees with the calculated Vi (cyan).

Table 1. Summary of the Average Photovoltaic Parameters and Efficiencies of Solar Cells with Different Ratios of SQ and ASSQ,

Measured under AM1.5G Solar Illumination (100 mW cm™2)

ASSQ/SQ ratio SQ % (%) Voc (V) Jsc (mA/cm?)
1:0 0 0.97 7.46
S:1 16.7 0.95 8.10
2:1 33.3 0.92 8.81
1:1 50.0 0.89 9.62
1:2 66.7 0.87 10.05
1:5 83.3 0.84 9.73
0:1 100 0.81 9.05

FF (%) n Ry, (Q/cm?) R (Q/cm?) PCE (%)
58.3 1.76 76.9 2.03 422
60.4 1.86 86.3 1.69 4.65
62.1 1.89 99.0 1.59 5.03
66.3 1.65 681.0 1.43 5.67
70.3 1.72 3317 1.12 6.15
68.4 1.93 259.2 1.17 5.58
63.5 1.84 326.1 1.68 4.65

Table 2. Comparison of the Calculated Open Circuit Voltage
Based on a Linear Combination of the Fraction of Each
Donor vs the Experimental Values

fraction p(SQ) caled Vo (V) mean experimental Vi (V)
1 0.811 + 0.04
5/6 0.84 0.840 + 0.01
2/3 0.86 0.872 + 0.02
1/2 0.89 0.885 + 0.04
1/3 0.92 0.921 + 0.03
1/6 0.94 0.945 + 0.02
0 0.972 + 0.03

and Jsc is accompanied by an increase in the ideality factor, and
values close to 2 are calculated at higher SQ concentration.

20

This implies that bimolecular recombination becomes more
prevalent at higher SQ concentration, a result of a more
prominent trapping mechanism, which is consistent with work
by Kang et al. on other ternary blends.** Furthermore, the
trends in series resistance R, (estimated from the inverse slope
of V¢ in the individual J—V curves) and shunt resistance Ry,
signify a better FF for the blended films. The R, and Ry, terms
originate from the concept of an equivalent diode circuit with
R, being related to the resistive loss of the maximal
photocurrent, while Ry, quantifies the current leakage from
pinholes and traps.*” The control ASSQ device reports the
highest R, at 2.0 Q-cm® and the lowest Ry, at 76.9 Q-cm’.
Incorporation of SQ_generally lowers R, while Ry, increases at
first and then decreases. The optimal cells with 67% SQ strike a
balance between the two parameters, suggesting that active
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Figure 4. Photophysics study. (a) Time-resolved photoluminescence decay traces of a neat ASSQ film and ASSQ/SQ blended films. (b—f) Transient
absorption spectroscopy of neat ASSQ_(b), SQ (c), and blended films mixed in ASSQ/SQ ratios of 2:1 (d), 1:1 (e), and 1:2 (f). The pumping
wavelength was set at 500 nm, with a fluence of 16 yJ cm™. The spectra in (d), (e), and (f) are fixed at the same color contour scale for ease of

comparison.

layers with more SQ lead to interfaces with less series
resistance, while maintaining a satisfactory rectification effect.
The reason for reduced R, caused by SQ is yet unclear, but it
could be associated to higher packing density in SQ.** Studies
have shown that denser packing could improve carrier mobility
and thus translate to higher FE.>!

The increase in the FF and PCE at the 1:2 ASSQ/SQ ratio
can also be correlated with an increase in crystallinity as shown
by the grazing-incident wide-angle X-ray scattering (GIWAXS)
results (Supporting Information, Figure S7a). We notice that
film crystallinity was enhanced at this blending ratio, especially
at the out-of-plane direction, which associates to better charge
transport, and thus increased fill factor. Out-of-plane linecut
(Supporting Information, Figure S7b) also shows that most of
the squaraine films demonstrate 7—7 stacking distance of ~2.8
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and 3.2 A, while a 1:2 (ASSQ/SQ) blend exhibits strong
scattering peaks at 4.4 and 6.8 A, indicating cocrystallinity of
ASSQ and SQ at this ratio. The reason why the optimal
blending ratio case promotes crystallinity is still under
investigation. Molecular simulation and in-depth morphological
studies will be conducted in the future.

A simple durability study was performed by comparing the
performance of our inverted solar cells to a conventional solar
cell with a 2:1 SQ_to ASSQ ratio by exposing them to ambient
air. The initial PCE of conventional ITO/PEDOT:PSS (3000
rpm, Clevios)/SQ-ASSQ/Cg/PTCBI/Al solar cells straight
after device fabrication was 5.7%, with a Vo of 0.91 V, Jsc of
9.8 mA/cm?, and FF of 64.2%. The efficiencies of conventional
and inverted solar cells were measured for the next 16 days and
normalized to results obtained on day zero (Supporting
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Information, Figure S1). During the study, the cells were stored
in air. Inverted solar cells demonstrated significantly better
stability after 2 weeks, maintaining ~74% of initial efficiency, as
opposed to conventional devices, which only gave ~7% of
initial efficiency. This demonstrates that utilizing both a sol—gel
derived ZnO buffer layer and a high work-function anode (A%)
extends device lifetime, as has been observed elsewhere.*>>>3

Photophysics and Photodynamics. Ultrafast time-
resolved photoluminescence (TRPL) and transient absorption
(TA) measurements were conducted to assist in understanding
energy transfer between ASSQ and SQ. These studies were
performed by fixing the pumping pulse at 500 nm to selectively
excite ASSQ, but not SQ, and emission at 680 nm is detected
for TRPL experiment, while laser fluence was limited below 20
uW to reduce the perturbation due to exciton—exciton
annihilation.>* The fluorescence decay of neat ASSQ and
blended films, shown in Figure 4a, was fitted with a three-
component-exponential function, and the mean lifetime was
calculated by weighing the amplitude of each component, a;
The energy transfer efficiency, ETE, was further quantified
using eq 6.

(r) = Z:l a7
Zln a7

©)

T
ETE=1 — < blend>
TASSQ)

(6)

The mean time constant for neat ASSQ_is 58.9 ps based on 3
exponential 7 fitting from the decay profile measured by TRPL.
When the SQ _concentration is increased to 33%, 50%, and 67%
(blending ratios of 2:1, 1:1, and 1:2), the time constant
diminishes average exciton lifetime to 23.6, 19.9, and 9.0 ps,
which translates to ETEs of 60%, 66%, and 85%, respectively.
The ETE values are comparable to those observed in
DSSCs,**>° and this trend suggests that there is efficient
energy transfer at the optimal blending ratio, following the
trend of photovoltaics performance at different blending ratios.

While TRPL probes the dynamics of ASSQ_(donor) exciton
only, the time- and spectra-resolved TA contour plots (Figure
4b—f) reveal a greater extent of information for excited and
decayed species for neat ASSQ, SQ, and the intermediate
blends. All of these 2D spectra share a common color contour
to assist in the analysis. The data from neat ASSQ and SQ films
are used as the baselines for comparison. In Figure 4b, the
strong negative signal from 500 to 610 nm clearly corresponds
to the ground state bleaching (GSB) of ASSQ, and the
spontaneous emission (SE) at 660—690 nm is rather weak
compared to the bleaching intensity. The SQ_film produces
only a very weak and narrow emission signal between 710 and
730 nm (Figure 4c). In contrast to the neat films, all of the
blended films exhibit two strong features: (i) GSB of ASSQ;
and (ii) GSB of SQ in the NIR region, which we have verified
previously.”” As the percentage of SQ is increased, the intensity
of the GSB of ASSQ is reduced, while the GSB of SQ_grows
stronger. Given that SQ_absorbs minimally at 500 nm, the
presence of a GSB for SQ_confirms FRET, where the excitation
energy is channeled from the photoexcited ASSQ and results in
SQ emission. Consistent with our previous observations, this
trend implies that FRET is most prominent at the optimal ratio
(ASSQ/SQ = 1:2).

In order to estimate the energy transfer time, the raw
transient absorption data in Figure 4 was deconvoluted using
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global analysis methods.>>*® Reconstruction of the decay

associated spectra (DAS, which assumes parallel decay back
to the ground state) and the evolution associated spectra (EAS,
sequential decay of species) is accomplished using a sum of
three first order decay processes. While the extracted rate
constants agree in both models, the sequential treatment allows
for a more direct physical visualization of the associated
transient spectra associated with each distinct electronic
species, that is, that species 3 (black, ultrafast energy transfer
event) decays to form species 2 (red, concurrent ASSQ
photobleaching and SQ stimulated emission), ensued by a long-
lived species 1 (blue), before relaxation to ground states
(Supporting Information, Figure S3). Moreover, this model
allows us to visualize the population trajectory over time
(Supporting Information, Figure S4). The recovered energy
transfer rate constants for ASSQ/SQ blended films are 1.6 ps
for the 2:1 ASSQ/SQ blend, 1.4 ps for 1:1, and 1 ps for 1:2.
The rapid rate of energy transfer (~1 ps) indicates that FRET
occurs sufficiently quickly to compete with other photophysics
processes such as recombination. In addition, the small
sensitivity of measured rate constant as a function of SQ
incorporation reaffirms high energy transfer efficiency between
ASSQ_and SQ and also implies the presence of large and
comparable amount of ASSQ/SQ interfaces at any blend ratio.

Bl CONCLUSIONS

In summary, we have developed a simple yet effective method
to greatly improve the performance of small-molecule-based
photovoltaics. Our results indicate that ternary blend solar cells
containing two thermally deposited squaraine based dyes
generally perform better than devices consisting of only one
squaraine dye, with improvements of up to 46% observed, due
to the increase in photocurrent (or Jsc). The increase in Jg is
caused both by the broader absorption spectrum of the blended
devices and an enhancement through FRET, which limits
recombination. Interestingly, in the coblended devices there is a
linear dependency between V¢ and the amount of a donor
material in the active layer, which suggests that the photoactive
donors could structure themselves in a parallel- fashion.”” It is
also noteworthy that fabricating small molecule solar cells using
an inverted architecture results in photovoltaics with increased
stability compared to conventional devices. Furthermore, we
believe that there are still several factors that can be optimized
to improve the already high efficiency of our devices, such as (i)
improving control of morphology by annealing,** (ii)
increasing energy harvesting by replacing Cg, with C-,>® or a
bis-indene functionalized fullerene (ICBA),"® and (iii) enhanc-
ing the current collection by using a better charge injection
layer.>® Overall, this study shows that careful material selection
and molecule design are required to strike a balance between
photocurrent and photovoltage generation in organic solar
cells.

B METHODS

Synthesis, Purification, and Codeposition of SQ and
ASSQ. Squaraine (SQ) was synthesized and purified using a
literature procedure.’” The synthesis of the asymmetrical
squaraine, ASSQ, was based on a literature procedure but was
modified and optimized as part of this work.>® Details of the
new synthesis are included in the Supporting Information.
Squaraine dyes were stored inside a nitrogen-filled glovebox
and further purified using a gradient sublimation unit integrated
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in the glovebox at 1077 mbar. Sublimed squaraines were
transferred into a AMOD chamber from Angstrom Engineering
and deposited from multiple Luxel Radak thermal evaporators,
with the heating temperatures controlled to be less than 180 °C
for SQ_and 155 °C for ASSQ.

Device Fabrication. ITO-coated thin glasses with a sheet
resistance of ~15 Q/sq were purchased from Bayview Optics
and patterned in-house with HCI, followed by wet-cleaning
with deionized water, trichloroethylene, acetone, and iso-
propanol. The sol—gel method****> was modified to deposit
approximately 8 nm of ZnO by spin-coating at 3000 rpm, and
the ensemble was baked at 250 °C for 10 min in the furnace
with continuous air-flow (filtered). Sublimated-grade Cq, 60
nm was then evaporated on the ZnO-coated ITO substrates at
~1 A/s, and the SQ and ASSQ blends were subsequently
codeposited in the same chamber. The substrates were then
transferred to another chamber for deposition of 10 nm MoOj;
and 120 nm Ag at a pressure of ~10~" Torr with shadow masks.
Thicknesses of the evaporated films were estimated with built-
in quartz crystal balance in the deposition chambers.

PCE and EQE Characterization. After fabrication, devices
were illuminated at 100 mW cm™ from a 150 W solar
simulator with AM 1.5G filters (PV Measurements) inside our
integrated N,-filled glovebox without passivation. The active
area of a standard single device irradiated by the light was
defined as 5 mm? by using a shadow mask, to minimize cross-
talking and overestimation of photocurrent. Current density—
voltage (J—V) curves were measured with a Keithley 2400
source measurement unit. The device parameters are averages
from the measurement of at least five individual devices. The
absorption spectra of dried films and solutions were obtained
using a Varian Cary 3E UV—vis spectrophotometer. The EQE
measurements were performed in air using a PV Measurements
QEX?7 system.

Time-Resolved PL and Transient Absorption (TA)
Measurements. Broadband TA spectra were obtained using
an amplified Ti:sapphire laser system and optical parametric
amplifier (OPA). Briefly, ~20 nm of thermal evaporated neat
SQ, ASSQ, and blended films (Spectra-Physics) were
resonantly excited with ~100 fs laser pulses generated by the
OPA at a repetition rate of 80 MHz. Time-resolved absorption
spectra were obtained using a femtosecond broadband
supercontinuum probe pulse that was overlapped in time and
space with the femtosecond pump pulse. The supercontinuum
was produced by focusing a small portion of the amplified laser
fundamental into a sapphire plate. Multiwavelength transient
spectra were recorded using dual spectrometers (signal and
reference) equipped with fast Si array detectors. In all
experiments, the fluence value was fixed at 16 uJ cm™ after
determining the beam spot size. Chirping due to dispersion in
the white probe beam was corrected before the data analysis.

Thermal Stability Measurement. TGA measurements
were conducted with QS0 unit from TA Instruments. ~ 5 mg
of each squaraine was loaded and purged with N, for 30 min in
the furnace before the actual test. The heating process was
carried out in N, gas where the ramp rate was set at 5 °C/min.
Decomposition temperature is determined by the peak of first
derivative of the weight loss curve.

Grazing-Incident X-ray Scattering (GIXS). X-ray scatter-
ing experiments were performed at the X9 undulator-based
beamline at the National Synchrotron Light Source. An
incident X-ray beam of energy 13.5 keV (wavelength =
0.0918 nm) was collimated using a two-slit system and focused
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to a beam 100 ym wide by 60 pm tall at the sample position
using a Kirkpatrick-Biaz mirror system. Samples were spin-
coated on precleaned silicon wafers and mounted on a
translation stack under vacuum ~40 Pa. Grazing-incidence
experiments were performed over a range of incidence angles
(7—15 theta), both below and above the film-vacuum critical
angle. Two-dimensional scattering images were measured in
both the small-angle (GISAXS) and wide-angle (GIWAXS)
using two charged-coupled device (CCD) detectors. The
WAXS detector was positioned at 270 mm from the sample.
Data conversion to g-space was accomplished using Silver
Behenate powder as a standard.

B ASSOCIATED CONTENT
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For device durability performance, thermal stability, photo-
dynamics, GIWAXS data, and global fitting spectrum and
details on improved ASSQ_synthesis. This material is available
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