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ABSTRACT: Three novel semi-random poly(3-hexylthiophene)
(P3HT) based donor—acceptor copolymers containing S—15%
of the acceptor diketopyrrolopyrrole (DPP) were synthesized by
Stille copolymerization and their optical, electrochemical, charge
transport and photovoltaic properties were investigated. Poly(3-
hexylthiophene-thiophene-diketopyrrolopyrrole) polymers with
various percentages of DPP, represented as P3HTT-DPP-5%,
P3HTT-DPP-10%, and P3HTT-DPP-15%, had high molecular
weights (M, 17 500—24 500 g/mol) and broad, intense absorp-
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tion spectra, covering the spectral range from 350 nm up to 850 nm with absorption maxima at 685 and 703 nm for PSHTT-DPP-10%
and PBHTT-DPP-15%. The low content of acceptor units allowed preservation of many important properties of P3HT, among which are
semicrystallinity (as verified by GIXRD) and high hole mobilities (1, = (1—2.3) x 10~ *cm”/(V's)). Photovoltaic devices fabricated from
P3HTT-DPP polymers blended with PCs;BM showed higher short-circuit current densities (J,.) of 9.57 — 13.87 mA/ cm” compared to
P3HT (9.49 mA/cm?), leading to average power conversion efficiencies of 3.6—4.9%, which exceed the average value of 3.4% for P3HT
under AM 1.5G illumination (100 mW/cm?). External quantum efficiency (EQE) measurements revealed a strong photoresponse from
the semirandom polymers up to 850 nm, with EQE values above 40% across the visible and into the near-infrared for PSHTT-DPP-10%
and P3HTT-DPP-15%. These results indicate that semi-random P3HT analogues provide a simple and effective route toward polymers

with a broad photocurrent response in bulk heterojunction solar cells.

he ongoing development of an understanding of the operat-

ing principles of polymer-based bulk heterojunction (BHJ)
photovoltaic devices' * has given rise to increases in reported
efficiencies, which now exceed 7%.>~° This rapid improvement
in efficiency, along with the possibility for the economical
fabrication of flexible, lightweight, and large area solar cells, ™
make organic photovoltaics a potential competitor to the crystal-
line silicon solar cells that currently dominate the market."
However, in order for polymer solar cells to become a viable
technology, it is widely agreed that further increases in the
efficiency (77) are needed (> 10%)."* The primary strategy toward
this end has been the design of novel donor polymers, within the
context of the highly successful and ubiquitous fullerene-based
acceptors.">'* In this design process, there are numerous para-
meters of the polymeric donor that must be optimized. The first
is the ability of the polymer to absorb light broadly across the
solar spectrum with a high absorption coefficient (~10°> cm '),
as the short-circuit current density (J,) of the solar cell is
proportional to the product of the spectral absorption breadth
and absorption intensity of the active layer."” Second, the
polymer must also have energy level offsets (with respect to
the fullerene acceptor) positioned to provide sufficient driving
force for char%e generation and maximization of the open-circuit
voltage (V,.)." The polymer must also have a sufficiently high
hole mobility to ensure effective charge extraction,” which is
closely tied to the solid-state structure of the polymer and
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strongly affects the fill factor (FF)."*”'® Finally, any donor
polymer must be capable of effective mixing with the fullerene
acceptor in order to generate a bicontinuous morphology.'”*°

For the first design parameter, broadening of the spectral
absorption is usually targeted via the so-called donor—acceptor
approach,'>*! where electron-rich and electron-deficient units
are polymerized in an alternating fashion along the polymer
backbone, leading to a narrowing of the polymer bandgap (E,).
The desired consequence is the absorption of a larger fraction of
solar photons and an increase in the J,. and overall efficiency.**
The main weakness of the alternating donor—acceptor strategy is
the frequently observed shifting of the polymer absorption profile
(relative to the pure donor homopolymer) to the long wavelength
region as opposed to a true broadening across both the visible and
near-infrared regions.””**~** Decreasing the polymer absorption in
the visible region of the solar spectrum can hinder the desired
increase in the J;, and ultimately the efficiency.

Recently, we reported a new class of donor—acceptor copo-
lymers based on regioregular poly(3-hexylthiophene) (rr-P3HT
or simply P3HT) called semi-random polymers, where only a
small amount of acceptor units (10—17.5%) were introduced in a

randomized fashion into the polymer backbone.*® In this
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Scheme 1. Synthesis and Structures of P3BHTT-DPP-5%, P3HTT-DPP-10%, and P3HTT-DPP-15%.

Pd(PPhj),
DMF

—_—

95°C, 44 h

P3HTT-DPP-5%: m=0.9,n=0.050=0.05
P3HTT-DPP-10%: m=0.8,n=0.10,0=0.10
P3HTT-DPP-15%: m=0.7,n=0.15,0=0.15

approach, monomer incorporation is controlled via a restricted
linkage pattern of the donor and acceptor units, preventing the
formation of acceptor-acceptor linkages as well as sterically
unfavorable linkages, and preserving continuous segments of
head-to-tail (regioregular) coupled 3-hexylthiophene. The ran-
domized sequence distribution and nature of the donor—acceptor
chromophores (based on the numerous possible chromophores
defined by the effective conjugation length) generated broadly
absorbing, multichromophoric polymers with intense absorption
across the visible and up to 1000 nm. Importantly, the small
percentage of the acceptor moieties preserved many of the
important properties of P3HT that are conducive to high solar
cell performance, among which are: semicrystallinity, high hole
mobility and good miscibility with the fullerene acceptor
PCsBM. Polymer miscibility with the fullerene is important
for minimizing the amount of fullerene required to generate a
percolated network and maintaining the ability of the polymer to
absorb a meaningful fraction of long wavelength light within the
constraints of an active layer that cannot typically exceed a
thickness of ~100 — 200 nm."®*” 3 Solar cells, based on the
previously synthesized semi-random polymers, showed moder-
ate performance, but nonetheless indicated that semi-random
polymers are interesting for further research as potentially
attractive donor polymers for BHJ solar cells.

Here we report the first examples of semi-random P3HT
analogues that give high efficiency in bulk heterojunction solar
cells. In this study we have chosen diketopyrrolopyrrole
(DPP)*' "% as the acceptor unit and the effect of acceptor
content on polymer properties and photovoltaic response is
described. Three novel donor—acceptor polymers with different
percentages of the DPP unit (5—15%) were synthesized. These
polymers were fully characterized and used in BH]J solar cells with
PC¢BM as the acceptor, giving efficiencies reaching nearly 5%.

The synthesis of all three PBHTT-DPP polymers (P3HTT-DPP
stands for poly(3-hexylthiophene—thiophene— diketopyrrolopyrrole) )
were carried out in analogy to the previously reported semi-random
P3HT analogues,” as illustrated in Scheme 1. Copolymerization of
2-bromo-S-trimethyltin-3-hexylthiophene (1) with 2,5-bis(trimethyltin)
thiophene (2) and varying amounts of dibromo-bisthiophene-

diketopyrrolopyrrole (3) in DMF at 95 °C with Pd(PPhs), as the
catalyst, gave polymers with M, 17 500—24 500 g/mol (see
Supporting Information for polymer characterization data).
Polymer structures were confirmed by "H NMR and it was
found that polymer composition matched the monomer feed
ratios, as we have 6previously observed with analogous semi-
random polymers.”® The resulting polymers are represented by
the acronyms P3HTT-DPP-X%, where the percentage of DPP
monomer is indicated, giving P3HTT-DPP-5%, P3HTT-DPP-
10%, and P3HTT-DPP-15%. Synthetic procedures for the
monomers, as well as detailed synthesis and purification proce-
dures for the polymers are given in the Supporting Information.

The choice of the bisthiophene—diketopyrrolopyrrole (DPP)
unit (monomer 3) as the acceptor was influenced by the growing
number of recent reports of high efficiency in BHJ solar cells with
polymers®*~>* and small molecules®' containing this unit, albeit
with variable N-alkyl substitution. Introduction of the DPP unit
into polymer backbones with different donor units** > led to
low optical band gaps (1.2—1.6 eV), photocurrent response up
to 1100 nm,*** Jic of more than 10 mA/ cm?, and solar cell
efficiencies of 4—5.5%.%>3*3%*% The presence of one thio-
phene on each side of the DPP acceptor minimizes steric
hindrance and induces planarity, which enhances chain packing
and intermolecular 77— interaction.’®*** As a result, high
hole mobilities are observed for DPP-containing polymers.”*
The DPP acceptor also influences the energy levels of the
polymer, lowering the position of the HOMO and LUMO
levels.***® As a result, V,. values in the range 0.8—0.9 V have
been obtained.>>****** These physical and electronic properties
of DPP-based polymers, together with their observed thermal
stability,*>** make DPP a very attractive unit for incorporation
into semi-random copolymers.

The optical properties of the semi-random P3HTT-DPP
polymers in o-dichlorobenzene (0-DCB) solutions and thin films
were studied using UV—vis spectroscopy as shown in Figure 1.
As a reference, data is shown for P3HT synthesized using
analogous Stille polymerization conditions.”® The introduction
of DPP into the P3HT backbone is observed to significantly
decrease the optical bandgap and lead to the formation of a
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Figure 1. UV—vis absorption spectra of polymers in (a) solution
(o-dichlorobenzene or o-DCB) and (b) thin film (spin-coated from
0-DCB) where (i) is P3HT (annealed at 150 °C for 30 min for the thin
films), (i) is PSHTT-DPP-5% (thin film as-cast), (iii) is P3HTT-DPP-
10% (thin film as-cast), and (iv) is PSHTT-DPP-15% (thin film as-cast).

distinct dual band absorption in solutions and thin films. This
type of absorption profile is often ascribed to ;7—s* (short
wavelength band) and ICT (intramolecular charge transfer)
transitions (long wavelength band).***” In the case of semi-random
polymers, the dual band absorption could more specifically
be assigned to T—s* transitions of segments in the randomized
polymer that are thiophene-rich (short wavelength band) and
ICT transitions in segments that are rich in donor—acceptor
linkages (long wavelength band). This is especially evident in
solution (Figure 1a) where pristine P3HT has a single absorption
band with a peak at 463 nm and this absorption band is retained
in all three PZHTT-DPP copolymers. With increasing content of
DPP acceptor, the intensity and breadth of the long wavelength
absorption band (donor—acceptor or ICT band) increases at the
expense of the short wavelength band (thiophene 77—s*). More
specifically, an increase of the DPP content leads to a red-shift
and intensity increase of the ICT band, accompanied by a blue-shift
and intensity decrease in the 77—s* band, which is even more
pronounced in thin films (Figure 1b).

Absorption coeflicients in thin films of the ICT band of
P3HTT-DPP-10% and especially P3HTT-DPP-15% are ap-
proaching 10°> cm ™" and are comparable to the peak value of
P3HT. Furthermore, the ICT peak positions of the PSHTT-DPP
polymers are located close to the maximum of the photon flux
from the sun, which is at 700 nm (1.8 eV)." It is notable that

small red-shifts of the ICT peak positions for P3HTT-DPP
polymers (10—1S5 nm), when going from solution to film, imply
that already in solution the polymers adopt a planar conforma-
tion and upon film formation only a small reorganization and
increase in packing between the polymer chains occurs
(especially in the case of PBHTT-DPP-15%). This is in contrast
to P3HT, which displays a 96 nm red-shift induced by significant
ordering in the solid state. As a further point, thermal annealing is
observed to enhance the thin film absorption of P3HT and affect
the absorption profile.*® The P3HTT-DPP thin film absorption
spectra were collected with thin films spin-coated from o-DCB
solution. It was observed that the films exhibited a rapid color change
from dark green to gray-purple immediately after spin-coating was
completed. Unlike P3HT, neither thermal annealing nor slow solvent
evaporation had any effect on the absorption profiles. Overall,
increasing the content of DPP in the polymer backbone gives rise
to a relatively uniform absorption profile at low DPP content (5%),
analogous to the multichromophoric description that we proposed for
previously reported semi-random donor—acceptor copolymers.”®
However, as the DPP content increases (10 — 15%), the polymer
absorption profile begins to converge toward that observed for
perfectly alternating thiophene-DPP polymers, which contain signifi-
cantly higher contents (50%) of DPP acceptor.”>>***

Another interesting feature in the thin film absorption spectra
is the presence of the vibronic features in the ICT band. The
same vibrational shoulders were observed in the case of other
DPP-based polymers and small molecules,®*” and were ascribed
to the high degree of ordering and strong intermolecular (77—)
interactions.*>* To verify the formation of semicrystalline
polymer thin films, grazing-incidence X-ray diffraction (GIXRD)
was used (see Supporting Information for data). PAHTT-DPP
polymers were spin-coated from 0-DCB solutions under identical
conditions used for the preparation of films for absorption
spectra. PZHTT-DPP-10% was found to exhibit evidence of
crystallinity in the as-cast films with an interchain distance (100)
of 14.7 A (for comparison, the P3HT interchain distance is 16.6
A). In contrast, PBHTT-DPP-5% and P3HTT-DPP-15% show
features indicative of crystalline order only upon annealing at
150 °C showing 16.0 and 16.2 A interchain distances, respec-
tively. Under the same thermal annealing condition, P3HTT-
DPP-10% shows a more intense peak than that observed in the
as-cast film and a larger interchain distance of 15.3 A. The origin
of the difference in initial ordering behavior of the as-cast films is
not clear, although it could be partially attributed to the lower
molecular weight and larger PDI of P3HTT-DPP-5% and
P3HTT-DPP-15% (M, = 19000 g/mol, PDI = 2.8 and M,, =
17 570 g/mol, PDI = 2.9, respectively) compared to P3HTT-
DPP-10% (M, = 24570 g/mol, PDI = 2.3). Slow solvent
evaporation was observed to have no effect for any of the
P3HTT-DPP polymers. However, all of the PSHTT-DPP poly-
mers showed evidence of a semicrystalline structure.

The space-charge limited current (SCLC) method was em-
ployed to determine the hole mobilities of the P3HTT-DPP
polymers. High hole mobilities in the range of (1—2.3) X
10 * cm®/(V's) (Table 1) were obtained, which are close to that
of P3HT and are attributed to the semicrystalline nature of the
polymers revealed with the GIXRD. In contrast to GIXRD mea-
surements, the maximum mobilities were obtained when a slow
solvent evaporation technique was employed, where thin films were
placed in a N, cabinet for 20 min before aluminum deposition.

The HOMO and LUMO energy levels for P3HT and the
P3HTT-DPP polymers were measured by cyclic voltammetry
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Table 1. Photovoltaic Properties of P3HT, P3HTT-DPP-5%, P3HTT-DPP-10%, and P3HTT-DPP-15% with PC4;BM as an

acceptor

polymer:PCg;BM (ratio) thickness (nm)°

P3HT (1:1)° 95
P3HTT-DPP-5% (1:1)° 74
P3HTT-DPP-10% (1:1.3)" 71
P3HTT-DPP-15% (1:2.6)" 75

SCLC hole mobility (cm?/(V s))*

23x107*
1L1x107*
23x107*
13x10°*

Joo (mA/cm®)* Ve (V) FF 7 (%)
9.49 0.61 0.61 3.42
9.57 0.66 0.58 3.60
13.87 0.57 0.63 4.94
13.44 0.50 0.60 4.10

? Spin-coated from chlorobenzene (CB) and annealed at 150 °C for 30 min under N, after aluminum dc;position. ¥ Spin-coated from 0-DCB and tested
after spending 20 min in a N, cabinet before aluminum deposition. “ Measured by X-ray reflectivity. “ Measured for neat polymer films. “ Mismatch

corrected®* (see Supporting Information).

(CV) with ferrocene as a reference, and converted to the vacuum
scale using the approximation that the ferrocene redox couple is
5.1 eV relative to vacuum (see Supporting Information for the
CV traces)."****" All PBAHTT-DPP polymers, independent of
the DPP content, showed a HOMO level of 5.2 eV, which is
equivalent to that of P3HT. The measured position of the
HOMO levels also indicates that the polymers should be resistive
to air oxidation and thus facilitate device operational lifetime.>>>

The observed characteristics (high molecular weight, low
bandgap, high absorption coefficient, high hole mobility) of the
P3HTT-DPP polymers make them excellent candidates for
photovoltaic devices. BHJ solar cells in a conventional device
configuration of ITO/PEDOT:PSS/polymer:PCs;BM/Al were
fabricated in air (see Supporting Information for the detailed
device fabrication procedures). The optimized polymer:PCs BM
weight ratios for PSBHTT-DPP-5%, P3HTT-DPP-10%, P3HTT-
DPP-15% were found to be 1:1, 1:1.3, and 1:2.6, respectively.
Optimal processing conditions include slow solvent evaporation
(solvent annealing) from the polymer:PCsBM composites for
20 min in a N, cabinet after spin-coating and prior to aluminum
deposition, analogous to the conditions observed to give the highest
mobilities for the polymers in the SCLC measurements. Interest-
ingly the same solvent annealing process was not observed to give
any changes in the GIXRD data or in the absorption spectra of the
polymers. Shorter or longer solvent annealing times for the solar
cells led to a decrease in ], and thermal annealing across a range of
temperatures was also observed to decrease the performance of
the solar cells. Table 1 lists the average values of 77, V,,, FF, and
mismatch corrected™® J,. obtained under simulated AM 1.5G
illumination (100 mW/cm®) (J—V curves are provided in the
Supporting Information). For reference, the average efficiency
measured here for P3HT:PCg4,BM solar cells is 3.42%. While this
value is lower than reported champion level values of 4.5—5.0%, the
difference is thought to primarily reflect the consequences of device
fabrication and testing in air as opposed to an inert environment.
High values of FF for all devices can be attributed to the high hole
mobilities of the polymers, presumably leading to balanced charge
transport in the devices and a reduction of recombination.'”"®* It is
observed that the V. of the solar cells varies from 0.66 V with
P3HTT-DPP-5% to 0.57 V with P3BHTT-DPP-10%, to 0.50 V with
the P3BHTT-DPP-15%. The 160 mV range in the V,, cannot be
explained by differences between the HOMO of the donor and
LUMO of the acceptor," because the positions of the HOMO levels
of the three PSHTT-DPP polymers are the same. We speculate that
one possible explanation for the changes in the V. could be related
to the increase of the degree of aggregation, when going from
P3HTT-DPP-5% to P3HTT-DPP-10% to P3HTT-DPP-
15%, supported by the observed decrease in the solubility of the
polymers in 0-DCB with increasing DPP content.”> As such, the
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Figure 2. External quantum efliciency of the BHJ solar cells based on
P3HT (black squares), PBHTT-DPP-5% (red circles), PSHTT-DPP-10%
(green triangles) and P3HTT-DPP-15% (blue stars) with PC4;BM as the
acceptor, under optimized conditions for device fabrication.

recombination rate could increase with increasing DPP ¢:ontent,55757

thus slowing down the kinetics of molecular electron transfer®®
and leading to the observed V, reduction. However, it should be
noted that V,. values observed for perfectly alternating DPP
copolymers, which utilize thiophenes as the donor units were
0.63—0.68 V in PC4;BM blends.**** As such, the origins of this
trend in the V,, are under further investigation.

A more easily explained trend is that of the ], where the
decrease of the polymer bandgap, relative to P3HT (J,, = 9.49
mA/cm?, mismatch correction M = 1.05), results in significant
increases in the J,,, giving 9.57 mA/cm” for P3HTT-DPP-5% (M
= 0.87), 13.87 mA/cm” for PBHTT-DPP-10% (M = 0.76) and
13.44 mA/cm” for PZBHTT-DPP-15% (M = 0.71). The highest
observed J,. value for PBHTT-DPP-10% can explained by the
more balanced, intense absorption across the visible and near-
infrared regions with respect to the other two DPP containing
polymers and the smaller quantity of PC4;BM needed to optimize
device performance in comparison to PBHTT-DPP-15%.

The photocurrent response for all the optimized BH]J solar cells is
shown in Figure 2. All devices showed strong photocurrent response
in the range 350—850 nm, with EQE values of 41% and 46% at
750 nm for P3BHTT-DPP-10% and P3HTT-DPP-15%, respec-
tively. Photocurrent peaks around 400 nm are assigned to
PCg;BM light absorption, while photocurrent responses in the
longer wavelength regions are attributed primarily to the poly-
mers. The integrated photocurrents from the EQE measurement
match within 5% to that of the mismatch corrected photocur-
rents measured under simulated AM 1.5G illumination (see

5082 dx.doi.org/10.1021/ma2009386 [Macromolecules 2011, 44, 5079-5084
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Supporting Information for mismatch corrected (Ji. o) and
integrated (J,,zqr) photocurrents). A uniformly strong photo-
current response from the P3HTT-DPP-10% in the 350 —
850 nm range is explained by the favorable ratio of polymer
to PCq;BM of 1:1.3. In the case of perfectly alternating
DPP-polymers, the best results were achieved at much higher
polymer:fullerene ratios (1:2 and higher),**>****** Jeading to
a decrease in the uniformity of the photocurrent generation,
especiallz in the near-infrared region, and hence smaller obtained
7,384

As further characterization of the BH]J solar cells, transmission
electron microscopy (TEM) images (see Supporting Information)
show the presence of uniform, bicontinuous thin films, with small
length-scales of phase separation in PC4;BM blends for all the
P3HTT-DPP polymers. The observed morphologies are indis-
tinguishable from optimized blends of P3HT and PC4;BM and
result in an apparent large interfacial area for efficient charge
separation, which helps to explain the high attainable FFs and ],
values for P3HT and P3HTT-DPP polymers. In general, the
semi-random approach allows favorable morphology formation
without azpplication of any solvent additives®>*> or thermal
annealing™ at a close to 1:1 polymer:fullerene ratio, when the
acceptor content in the polymer backbone is low.

In summary, we have synthesized a family of novel semi-
random P3HTT-DPP copolymers containing different contents
(5—15%) of the DPP acceptor unit. These polymers combine
broad absorption profiles, high absorption coefficients, high hole
mobilities and semicrystalline structures similar to P3HT. In BHJ
solar cells with PC4;BM, the polymers show effective film
formation with optimized polymer:fullerene ratios that vary
based on the content of DPP in the polymer backbone and
efficiencies of nearly 5.0% are observed for PSHTT-DPP-10% at
a 1:1.3 polymer:fullerene ratio. A broad photocurrent response,
representative of the polymer absorption profile confirms that
semi-random donor—acceptor copolymers are an effective plat-
form for improving light harvesting in BHJ solar cells that further
benefits from a simple and highly modular synthetic protocol.
Ongoing studies are focused on elucidating the effect of acceptor—
monomer content and identity on photovoltaic device parameters.
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