Efficient Green Solar Cells via a Chemically
Polymerizable Donor—Acceptor Heterocyclic

Pentamer

Jegadesan Subbiah,’ Pierre M. Beau]uge,* Kaushik Roy Choudhury, Stefan Ellinger, T

John R. Reynolds,* T and Franky So*

Department of Materials Science and Engineering and The George and Josephine Butler Polymer Research
Laboratory, Department of Chemistry, Center for Macromolecular Science and Engineering, University of Florida,

Gainesville, Florida 32611

ABSTRACT In this contribution, we report on bulk-heterojunction solar cells using a solution-processable neutral green conjugated
copolymer based on 3,4-dioxythiophene and 2,1,3-benzothiadiazole as the donor and [6,6]phenyl-C61 butyric acid methyl ester (PCBM)
as the acceptor. We have found that the short-circuit current is very sensitive to the composition of the donor—acceptor blend and it
increases with increasing acceptor concentration. The device with a donor—acceptor ratio of 1:8 gives the best performance with a
short-circuit current of 5.56 mA/cm?, an open-circuit voltage of 0.77 V, and a power conversion efficiency of 1.9% under AM 1.5
solar illumination. The incident photon-to-current efficiency (IPCE) of the green solar cells shows two bands, one with a maximum of
57 % in the UV region corresponding to absorption of PCBM and a second one with a maximum of 42 % at longer wavelengths

corresponding to the absorption of the green polymer.
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ecause of the fast-rising demand for alternative ener-

gies, solar power conversion has become a mainstay

of research and development. Polymer solar cells
(PSCs) (1) are attractive for the next-generation photovoltaics
because of their compatibility with flexible substrates and
their potential for low manufacturing costs and large area
applications (2). To date, bulk-heterojunction (BHJ) PSCs
based on interpenetrating networks of semiconducting poly-
mers and fullerene derivatives (3) have shown the best
performance with state-of-the-art power conversion efficien-
cies exceeding 5% (4—7). Taking advantage of the large
increase of the interface area between electron-rich and
-deficient phases compared to donor—acceptor bilayer het-
erojunctions, BHJs aim at promoting charge generation
across the active layer while maintaining efficient diffusion
and subsequent dissociation of photogenerated excitons,
allowing the charge carriers to migrate toward the collection
electrodes. To enhance the photovoltaic performance, it is
desirable to have a low-band-gap polymer with a low-lying
highest occupied molecular orbital (HOMO) energy to in-
crease the open-circuit voltage, along with a low-lying lowest
unoccupied molecular orbital (LUMO) energy [0.2—0.3 eV
from that of [6,6]phenyl-C61 butyric acid methyl ester
(PCBM)] to maintain a narrow energy gap. To this end, low-
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band-gap polymers have been synthesized (5, 8—12) based
on the donor—acceptor approach (13).

With band-gap engineering, color tuning in r-conjugated
polymers is desirable for photovoltaic applications such as
power-generating ornaments or light-harvesting windows
where colors are required. While most established high-
performance photovoltaic polymers are orange [e.g., poly[2-
methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV)] (14), red [e.g., poly(3-hexylthiophene) (P3HT)]
(15), or blue [e.g., poly[2,6-[4,4-bis(2-ethylhexyl)-4H-cyclo-
penta[2,1-b;3,4-b']dithiophene]-alt-4,7-(2,1,3-benzothiadia-
zole)]] (16) in devices, only a few recent reports have
described the use of green polymers in PSCs (9, 17). In
parallel, dye-sensitized solar cells of practically any color
have been reported based on the use of small molecules
(18—20). Herein, we report on the photovoltaic performance
of a neutral-state saturated green s-conjugated polymer
specifically designed to combine both excellent charge-
transport properties and a two-band absorption across the
visible spectrum for light-harvesting. The proposed synthetic
design is highly versatile, hence opening the doors to further
structural modifications and solar cell performance en-
hancement.

As demonstrated by various groups, the color green is not
readily accessible in -conjugated polymers and the polymer
backbone has to be carefully designed to provide a two-band
optical absorption in the visible region of the electromagnetic
spectrum centered with a window of transmission in the
490—560-nm range (21 —23). While exploring the use of the
donor—acceptor approach in the design of novel soluble
electrochromic polymers reflecting and/or transmitting color
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states commonly difficult to achieve, Beaujuge et al. have
recently shown that various tones of green could be attained
on the sole basis of a linear combination of well-chosen
electron-rich and -poor heterocycles (23). In a separate study
(24), the same group has further described how the short-
and long-wavelength absorption bands could be adjusted in
terms of their relative intensities and overlap by varying the
relative contribution of electron-rich and -poor moieties
incorporated in the polymer repeat unit. Throughout both
studies, a synthetic design relying on the symmetrical func-
tionalization of the acceptor 2,1,3-benzothiadiazole (BTD)
with different alkyl-substituted and unsubstituted thienylene
donors afforded oligomers exhibiting especially low oxida-
tion potentials, which could subsequently be oxidatively
polymerized using mild conditions. While these materials
were designed to be spray-processed as electrochromic thin
films for display applications, they do not commonly show
any particular propensity to order or z-stack in the solid state
because of the large number of solubilizing side chains
incorporated (25, 26). Pendant groups usually affect the
overall planarity (27—29), structural arrangement (30), and
intermolecular interactions (31) of the polymer backbones,
altering charge-transport properties (32—35) and the per-
formance in photovoltaic devices (36, 37).

As illustrated in Figure 1a, we have now designed a repeat
unit retaining the polymer two-band absorption in the visible
required to set the color green by first symmetrically sub-
stituting two electron-rich 3,4-dialkoxythiophenes (DalkOTs)
onto BTD using Stille conditions (38). The DalkOTs were next
functionalized with unsubstituted thiophene rings, affording
a symmetrical donor—acceptor pentamer, the oxidative
polymerization of which resulted in a coplanar bithiophene
bridge regularly spacing the DalkOTs along the backbone of
the polymer, namely, PGREEN. As previously described, it
is expected that lowering the concentration of solubilizing
groups to the necessary extent reduces the chain-to-chain
distances (or lamellar spacing) and promotes m-stacking
interactions (39—41).

As shown in Figure 1b, PGREEN exhibited the anticipated
two-band absorption features both in solution (toluene here)
and in the solid state. Importantly, PGREEN is perceived as
green in color as a film where the 25-nm red shift of the
transmission window was sufficient to yield the desired
color. In contrast, without the presence of the bithienyl
coplanar spacer, the resulting polymer was blue in solution
as well as in the solid state, as first described by Janssen et
al. (42). Determined from the onset of its lowest energy
transition (750 nm), PGREEN exhibits a relatively low band
gap of 1.65 eV. In solution, PGREEN shows only minor
optical changes upon elevation of the temperature between
room temperature and 100 °C, supporting the absence of
any significant aggregation (43, 44) or disruption of the
solvated conjugated backbones (45, 46). Films of PGREEN
were cast onto a platinum button electrode from room
temperature toluene and subsequently redox-cycled ina 0.1
M TBAP/propylene carbonate electrolyte solution (in an
argon-filled glovebox) until they reached a stable and repro-
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FIGURE 1. (a) Schematic design of donor—acceptor heterocyclic
polymers via polymerizable pentamers to yield processable neutral-
state green polymers suitable for photovoltaic applications. (b)
Solution and thin-film optical absorption spectra of PGREEN (spectra
normalized at the longer-wavelength absorption maximum). (c) DPV
characterization of PGREEN cast onto a platinum button electrode.
The experiment was carried out under an argon atmosphere, in a
0.1 M TBAP/propylene carbonate electrolyte solution, using a
platinum flag as the counter electrode and a silver wire as the
reference electrode (which was then referenced vs Fc/Fc™). The inset
emphasizes the first reduction process monitored in the negative
potential range.

ducible switch prior to electrochemical analysis. The oxida-
tion and reduction potentials of the polymer were investi-
gated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Figure 1c describes the redox process
undergone by the polymer upon progressive electrochemical
doping monitored by DPV, which commonly provides
sharper redox onsets than CV when investigating z-conju-
gated polymers (47). The low oxidation potential of the
polymer (+0.43 V by DPV and +0.5 V by CV vs Fc/Fc*) and
its onset of reduction (—1.47 Vby DPV and —1.6 V by CV vs
Fc/Fct) were used to calculate the HOMO (5.53 eV vs
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FIGURE 2. (a) Energy-level diagram for PGREEN as estimated by DPV
(green filled rectangles) relative to those of an “ideal polymer”
(designed for use with PCBM and PEDOT in BHJ solar cells). The
optically determined band gap was placed at the baricenter of the
electrochemical band gap, and a second approximated set of HOMO
and LUMO levels could be defined, assuming the energy levels
equidistant from the baricenter (in a green dotted rectangle). (b) I-V
curves of a PGREEN-based BH] solar cell (PGREEN:PCBM = 1:8) in
the dark (blue) and under illumination of AM 1.5G, 100 mW/cm?
(red). The photograph illustrates the green hue attained at the
corresponding PGREEN/PCBM ratio (1:8).

vacuum) and LUMO (3.63 eV vs vacuum) levels of PGREEN
[Enomo = Eox(DPV) + 5.1 eV and Ejyno = Erep(DPV) + 5.1
eV]. The corresponding electrochemically determined band
gap of 1.9 eV differs from the optically estimated gap (1.65
eV) by 0.35 eV. Such differences between electrochemically
and optically estimated values in donor—acceptor polymers
have been reported in work from various groups (48—50).
The signal corresponding to the first reduction process
observed was relatively weak (see the inset of Figure 1¢) in
comparison to that of the second reduction process ob-
served, which induced the degradation of the polymer on
repeated cycling. The onset of reduction measured from the
first reduction process is in good agreement with the litera-
ture for donor—acceptor polymers containing BTD (16,51, 52).
The DPV-estimated energy levels of the polymer were used
to construct the energy diagram depicted in Figure 2a, which
demonstrates the band structure of the polymer with respect
to the different variables conventionally involved in organic
solar cell development (4, 16). In particular, the polymer’s
relatively deep HOMO level should induce a favorable
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Table 1. PSC Device Performance as a Function of
the PGREEN/PCBM Blend Ratio

PGREEN/PCBM

ratio (by weight) Jse (MA/cm?) Voe (V) FF PCE (%)
1:4 1.99 0.78 0.41 0.64
1:6 3.93 0.77 0.46 1.39
1:7 4.79 0.76 0.46 1.68
1:8 5.56 0.77 0.44 1.90
1:9 3.97 0.753 0.35 1.00
1:10 2.10 0.71 0.40 0.60

increase of the open-circuit voltage and hence the solar cell
power conversion efficiency (PCE) (1, 2).

BH] photovoltaic cells (Figure S3 in the Supporting Infor-
mation) were fabricated using PGREEN as the donor and
PCBM as the acceptor. Their photovoltaic characteristics are
shown in Figure 2b. First, the PGREEN/PCBM blend compo-
sition was optimized by characterizing the device perfor-
mance as a function of the composition. Table 1 shows the
photovoltaic performance of a series of devices fabricated
with different PCBM loadings, and Figure 2b shows the
current density—voltage (J—V) characteristics of a device
made with an optimized donor—acceptor ratio of 1:8. From
Table 1, it can be seen that the short-circuit current (Jsc)
increases with increasing PCBM content in the devices and
reaches a maximum value of 5.56 mA/cm? when the blend
ratio is 1:8 (see Figure S2 in the Supporting Information).
Both the open-circuit voltage (Vo) and the fill factor (FF) of
this device are 0.77 V and 45%, respectively. At this
optimized blend ratio, the device shows 1.9% power con-
version efficiency (PCE). Further increase of the PCBM
content lowers the short-circuit current (see Figure S2 in the
Supporting Information). These results show that the per-
formance of the solar cells fabricated with PGREEN is
sensitive to the amount of PCBM incorporated. It has been
demonstrated for photovoltaic cells using relatively disor-
dered polymers, such as MDMO-PPV, that the optimum
deviceperformanceiscommonly obtained withadonor—acceptor
ratio of 1:4 (53). Because PCBM contributes only minimally
to the overall visible light absorption of the blend, increasing
its concentration to such a high extent in the cells studied
here was not expected to improve the device performance.
In principle, higher donor concentrations are desired to
improve solar photon flux absorption. However, van Duren
et al. reported that, in addition to efficient light absorption,
the morphology of the active layer and its organization at
the nanoscale is a critical factor determining the device
performance (54). In MDMO-PPV/PCBM photovoltaic cells,
it has been shown that both the electron and hole mobilities
increase with increasing PCBM loading and saturate at 80
wt %. In fact, the hole mobility of the MDMO-PPV/PCBM
blend is more than 2 orders of magnitude higher than that
of the neat MDMO-PPV film (55). The low hole mobility in
neat MDMO-PPV films has been attributed to the formation
of interconnected ringlike bent polymer chains and the
weakly ordered stacking. It has been proposed that, upon
blending with PCBM, the MDMO-PPV chains become fully
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FIGURE 3. (a) EQE for PGREEN/PCBM BH] photovoltaic devices as a
function of the PGREEN/PCBM composition (1:4, 1:6, and 1:8). (b)
Normalized optical absorption spectra of the corresponding blends
in the same devices.

extended, resulting in enhanced hole transport (55) and
photovoltaic device performance.

The external quantum efficiencies (EQEs) of the PGREEN/
PCBM devices with the donor—acceptor ratios of 1:4, 1:6,
and 1:8 are shown in Figure 3a. Two broad responses are
evident with the long-wavelength band attributed to absorp-
tion of the polymer and the shorter-wavelength band to
absorption by PCBM. In addition, the onset of the photocur-
rent at 750 nm is in good agreement with the optical
absorption results (see Figure 1b). It is interesting to note
that the EQE of the photovoltaic cells with 80 % PCBM (blend
ratio of 1:4) shows a maximum value of 28 % at 460 nm,
while the EQE of the device with 88.9% PCBM (blend ratio
of 1:8) shows a maximum value of 54% at the same
wavelength. To elucidate the origin of the increased EQE
with decreasing concentration of PGREEN, we then studied
the optical absorption of the PSC with blend ratios of 1:4,
1:6 & 1:8, and the corresponding absorption spectra shown
in Figure 3b. Given that there is no substantial difference
between the absorption spectra of all of the blends, we
attribute the remarkable enhancement in EQE to an increase
in the charge-carrier mobility, similar to the MDMO-PPV/
PCBM system.

In order to verify the above hypothesis, we studied the
effect of the PGREEN/PCBM blend composition on charge
transport. To this end, hole-only devices, consisting of a layer
of either just the PGREEN polymer or the PGREEN/PCBM
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Table 2. PSC Device Performance as a Function of
the Active-Layer Film Thickness

thickness (nm) Jse (mA/cm?) Voe (V) FF PCE (%)
50 1.71 0.61 0.43 0.45
90 4.80 0.75 0.42 1.50
120 5.56 0.77 0.44 1.90
145 4.52 0.77 0.42 1.46

blend sandwiched between a PEDOT/PSS-coated indium—tin
oxide (ITO) electrode and a palladium counter electrode (56)
as the electron-blocking contact, were fabricated. From the
current density (/) as a function of the electric field data
(Figure S4 in the Supporting Information), the hole mobility
in the trap-free space-charge-limited-current (SCLC) region
can be estimated using the Mott—Gurney equation for trap-
free SCLC: | = (9/8)ue(V?Id°), where € is the dielectric
constant, u is the charge-carrier mobility, d is the sample
thickness, and V is the voltage across the sample. The voltage
across the sample is obtained by subtracting the built-in
voltage from the applied voltage. Using this expression, the
hole mobility of the pristine polymer was calculated as 5 x
107% cm?/(V s), which is an order of magnitude higher than
that of MDMO-PPV [5 x 1077 cm?(V s)] (55). At the optimum
blend composition of PGREEN/PCBM (1:8), the hole mobility
undergoes an increase by an order of magnitude, reaching
4 x 107° cm?/(V s). These results indicate that higher PCBM
content enhances the hole mobility of the active layer in the
device in a manner similar to that observed in MDMO-PPV/
PCBM-based photovoltaic cells (55), hence facilitating the
transport and collection of the positively charged carriers at
the anode. In parallel, it is likely that the higher PCBM
content in the blend provides an effective percolating path-
way of relatively high mobility, as required for rapid electron
transport across the active layer and collection at the cathode.

Though the polymer content in the best device is rela-
tively low (~11%), the absorption of PGREEN remains
significant (see Figure 3b) because of the high absorption
coefficient of PGREEN (2.2 x 10° cm™' at 642 nm) in
comparison to that of P3HT (1.6 x 10°cm™" at 523 nm). In
addition to the higher absorption of the polymer, the active-
layer thickness plays a determining role in the extent of
sunlight absorbed, which is, in turn, reflected by the short-
circuit current. Table 2 shows the device performance at
various active-layer thicknesses, revealing that the short-
circuit current decreases as the film thickness decreases. The
optimum device performance was obtained with a film
thickness of 120 nm.

In summary, we have described the use of a new s-con-
jugated donor—acceptor polymer with two-band absorption
in the visible that reflects the color green in photovoltaic
devices. Our approach offers new perspectives for applica-
tions where color tunability is desirable such as aesthetically
pleasing solid-state flexible organic solar cells and light-
harvesting windows.
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Supporting Information Available: Experimental details,
synthesis of 7 and 8, plots of the variation of the short-circuit
current and the efficiency of the green cell, schematic
diagram of a photovoltaic device structure, and I—V curve
of the single carrier device. This material is available free of
charge via the Internet at http://pubs.acs.org.
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