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The optoelectronic properties of polymeric semiconductor materials can be utilized for the
fabrication of organic electronic and photonic devices. When key structural requirements are met,
these materials exhibit unique properties such as solution processability, large charge transporting
capabilities, and/or broad optical absorption. In this review recent developments in the area of
mr-conjugated polymeric semiconductors for organic thin-film (or field-effect) transistors (OTFTs or
OFETs) and bulk-heterojunction photovoltaic (or solar) cell (BHJ-OPV or OSC) applications are

summarized and analyzed.

1. Introduction

The interest in ;w-conjugated polymers increased con-
siderably after the discovery that their electrical conduc-
tivity increases substantially upon electrochemical doping.'
This discovery led to the 2000 Nobel Prize in Chemistry
awarded to Alan Heeger, Alan MacDiarmid, and Hideki
Shirakawa. By the mid-1980s, several research teams in
both academia and industry were investigating s7-conjugated
small molecules and polymers to gain benefit of their
unique optical and semiconducting properties, paving the
way to the emergence of the fields of plastic electronics
and photonics.” These new technologies are thought to
compliment current inorganic-based optoelectronic devices,
which greatly impacted our society starting from the
second half of the 20th century. The goal of organic-
based opto-electronic devices is not that of attaining or
exceeding the level of performance of silicon technologies
but of enabling the fabrication of certain optoelectronic
devices (or part of them) at far reduced costs and/or
enabling completely new device functionalities (e.g., mechan-
ical flexibility, impact resistance, and optical transparency)
that are challenging to achieve with silicon.’

Besides the discovery of new materials, the develop-
ment of organic semiconductor-based opto-electronics
requires achieving a much better understanding of the
nature of electronic structure and charge transport prop-
erties, as well as light-molecule/polymer and charge—
charge interactions, in these unusual solids.* Although
these aspects are fundamental for the optimization of
these materials, the goal in this contribution is to review
very recent achievements in the development of polymeric
semiconductors for charge transport in thin-film transistors
(TFTs) and energy production in bulk-heterojunction
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photovoltaic (PV) cells. Particularly we will first intro-
duce basic concepts of organic polymeric semiconductor
structure and OTFT/OPV operation and then focus
exclusively on the works of the last three years since
excellent OTFT> and OPV cell® review articles cover
previous fundamental and evolutionary studies.

2. Polymeric Semiconductors

Polymeric semiconductors for OTFT and OPV appli-
cations must present two essential structural features
(Figure 1).” The first is a z-conjugated backbone com-
posed of linked unsaturated units resulting in extended
st orbitals along the polymer chain, thus enabling proper
charge transport and optical absorption.® The second is
the functionalization of the polymer core with solubiliz-
ing substituents, which is essential for inexpensive man-
ufacture by solution methods as well as to enhance solid
state core interactions.” Among the most common un-
saturated units there are mono(poly)cyclic aromatic hydro-
carbons, heterocycles, benzofused systems, and simple
olephinic and acetylinic groups. The extent of conjugation/
interaction between these units determine the polymer
solution/solid state electronic structure, which in turn
control key polymer properties such as optical absorption/
emission, redox characteristics, and frontier molecular
orbital energy levels, to cite just a few properties.

Other important polymer architecture parameters are the
molecular weight (M,,) and the polydispersity (PD) index
since they influence solubility, solution aggregation, and
formulation rheology, as well as the thin film formation and
morphology for both pristine and blended materials. Since
when going from low (oligomers) to high (polymer) molec-
ular weights the electronic structure, thermal properties, and
microstructure of polymers generally vary considerably, it is
important to achieve a M,,/PD regime where certain a
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Figure 1. Schematic representation of a polymer chain showing very few
examples of unsaturated (;7) and solubilizing (sub) units.

property stabilizes, so that greater reproducibility of the
polymer property from batch to batch can be achieved. This
value is likely to be strongly dependent on the polymer
structure; however, for most soluble thiophene-based poly-
mers, a number average molecular weight value of about
20—30 kDa and a PD of 1.2—1.8 are reasonable for these
threshold values.'”

There are several advantages in using polymeric versus
molecular sz-conjugated semiconductors. Thin films of
polymeric materials are generally very smooth and uni-
form, enabling a great control over large scale of the film
structural and morphological characteristics. Printing re-
quires great control of the solution rheological properties,
which can be tuned efficiently for polymer-based solutions.
Polymer crystalline domains are typically much smaller
than the length scale of several opto-electronic devices
resulting in isotropic transport characteristics. This results
in low device-to-device performance variability, which is
particularly important for TFT integration into circuits.
Furthermore, fabrication of multilayers from solution
deposition processes requires that each stacked layer is
inert to the solvents and processing temperatures that it is
subsequently exposed to during device manufacture. The
reduced solubility parameter window of polymers, and
their large bulk viscosity, typically increases the options
to find orthogonal solvents for solution deposition on top
of polymer layers, thus expanding the choice of materials
that can be used in devices. Finally, since polymers do not
vaporize before decomposition and thus have negligible
vapor pressure, they are not susceptible to interlayer
diffusion during the typical device-fabrication thermal
cycles and typically exhibit robust mechanical properties,
making nanometer-thick semiconductor films potentially
compatible with roll-to-roll fabrication on flexible sub-
strates.

3. Thin-Film Transistor Applications

Organic thin-film transistors are a low-cost technology
alternative to amorphous hydrogenated silicon transis-
tors for applications in large-area OTFT-based arrays,
for example, backplane/driver circuits for active matrix
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Figure 2. Structure and materials of bottom-gate top-contact thin-film
transistors along with the energy levels of the contact-semiconductor
materials where charge accumulation takes place.

displays, where high transistor density and switching
speeds are not necessary. They may also be attractive
for applications in low-end microelectronics (e.g., radio
frequency identification tags, sensors, etc.) where the high
cost of packaging conventional Si circuits is prohibitive
for everyday items.'" OTFT advantage stems from the
potential lower manufacturing costs and reduced capital
investments thanks to device fabrication using common
solution-based deposition and patterning techniques such
as offset, gravure, screen/stencil printing, and inkjet
printing to cite just a few. Furthermore, OTFT-based
circuits based on conjugated polymers are compatible
with plastic substrates so that compact, lightweight, and
structurally robust and flexible electronic devices can be
fabricated.

Figure 2 shows a schematic structure of a bottom-gate
top-contact OTFT. Note that several other device archi-
tectures can be fabricated depending on the relative
position of the contacts and the dielectric/semiconductor
layers (not shown). An OTFT is composed of three elec-
trodes (source, drain, and gate), a gate dielectric layer,
and an organic or polymer semiconductor layer. In this
device, negligible source-drain current (Isp = 0 A) flows
when the gate voltage is zero (Vg = 0 V) independently of
the bias applied between the source and the drain contacts
(Vsp). The device turns (Isp # 0 A) on when a gate field is
applied (Vg # 0 V), which induces charge carrier in the
semiconductor at the interface with the dielectric layer.
The transistor performances are evaluated from the out-
put and transfer current—voltage plots, where critical
parameters such as the field-effect mobility (u«), current
on/off ratio (I,n/los), threshold voltage (V'1), and sub-
threshold swing (S) are measured (Figure 3).

Within the metal oxide—semiconductor field-effect
transistor gradual channel model approximation, the
carrier mobility in the linear and in the saturation regimes
can be extracted from the standard MOSFET equations:

(Isp)in = (W/L)uperCi(Vse = V1 = Vsp/2)Vsp (1)

(Isp)s = (W/2L)uper Ci(Vsg = V1)* (2)

where Vgp is the drain voltage with the source electrode
being grounded. W and L are the transistor channel width
and length, respectively, and C; is the capacitance per unit
area of the dielectric layer. Polymeric semiconductors for
TFTs can be divided into three classes depending if the
majority charge carriers are holes (p-channel), electrons
(n-channel), or both (ambipolar) under different gate bias
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Figure 3. A. Output plot of the source—drain current versus the source—drain voltage at given Vg values. B. Transfer plot of the source—drain current

versus the gate voltage at different Vgp values.
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Figure 4. Chemical structure of the p-channel semiconductors P1—P6.

conditions. Until recently, polymeric semiconductors for
TFTs were particularly challenging since most of them
were difficult to synthesize/reproduce optimal batches,
were poorly soluble, were very sensitive to ambient condi-
tions, and/or exhibited poor charge carrier mobility.
Insoluble polymers preclude their use with solution de-
position techniques while air sensitivity requires manu-
facturing in cost-prohibitive inert atmosphere. However,
during the last three years few polymeric semiconductors
exhibit the combination of all required properties en-
abling the realization of OTFT meeting first-generation
market products.

3.1. p-Channel Polymeric Semiconductors. To date, the
majority of the satisfactorily performing polymers for
OFETs are p-channel. Besides the basic structural re-
quirements discussed previously, the common strategy to
enable good hole-transporting polymers for TFTs is via a
delicate balance of the HOMO energy level which should
lie somewhere around —5 ~ —5.5eV. When Eyomo 1S too
high (low ionization potential), facile oxidation by air and
acceptor sites dramatically compromise TFT ambient
stability and current on—off ratio. For Eyonmo < —5.5eV
(high ionization potential), very large I,,:I,; and good
mobilities can be achieved; however, these devices typically
suffer from unacceptably large threshold voltages.

In this section we will first summarize very briefly key
historical p-channel polymers (Figure 4), considering their
importance, and then discuss very recent developments.

Poly(3-substituted thiophene)s (P3AT) are one of the most
studied polymer families for (semi)conductor/optical
applications.'>!? These systems have the advantage that
the presence of the 3-substituent strongly enhances solu-
bility and processabilty. The performance of poly(3-
alkylthiophene)-based OFETs, particularly P3HT (P1),
have been investigated by various groups considering the
effects of P3AT molecular weight,'*'® film deposition
solvent,'” film morphology,'®' film thickness,”® and
fabrication process,”’ as well as humidity** and core sub-
stituent (alkyl chain) length.>* These studies have deepened
our understanding of the charge transport properties of
polymeric semiconductors as a whole. However, it was
challenging to achieve great control over regioregularity in
several poly(3-alkylthiophene) syntheses, and exposure of
P3AT films to air usually causes an increase in carrier
density, thus degrading the transistor I,,:l.g. Therefore,
high 1,,:1,¢ for P3AT are consistently achieved in preparing
and testing the devices in dry N,.** To address these
problems new polythiophenes have been developed. Ong
et al. report a class of solution-processable regioregular
polyquaterthiophenes (PQTs) that affords excellent FET
performance under ambient conditions. This class of poly-
thiophenes was designed on the basis of the following
structural considerations: (i) Presence long alkyl side-
chains for solution processability; (ii) structural regularity
to induce and facilitate molecular self-assembly; and (iii)
control of the conjugation extension to achieve a delicate
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balance between transistor functionality and oxidative
doping stability. These semiconductors exhibit unique
self-assembly ability and form highly structured thin films
when deposited from solution under appropriate condi-
tions. FETs fabricated in air with PQT-12 (P2, Figure 4)
channel layers have provided high field-effect mobility up
t0 0.14 cm?/(V s) and high I,,: Iy > 107.%° Chabinyc et al.
investigated the effects of humidity on unencapsulated
P2-based OFETs. The field effect mobility of P2 TFTs
decreases and the rate of trapping of charge carriers
increases under increasing humidity,?® pointing out that
not only n-channel semiconductors are H>O-sensitive.
Rather than increase the ionization potential of poly-
thiophene by sterically twisting the repeat units in the
backbone, McCulloch et al. synthesized polymers incorpo-
rating thieno[3,2-b]thiophene (P3)*”* as comonomers. The
delocalization of electrons from the fused aromatic units
into the backbone is less favorable than from a single
thiophene ring, due to the larger resonance stabilization
energy of the fused ring over the single thiophene ring.
The decreased delocalization along the backbone lowered
the polymer highest occupied molecular orbital (HOMO)
level. The charge-carrier mobilities of P3 are high, with
values of 0.2—0.6 cm?/(V s) obtained on annealed devices
in a nitrogen atmosphere and up to 0.7 cm?/(V s) for 5 um
channel length devices. DeLongchamp et al. investigated
in detail the origin of the enhanced crystallinity of this
polymer.? From first-principles energy minimization
using density functional theory, the authors predicted
that the conjugated polymeric planes of P3 are substan-
tially tilted within their crystalline lamellae. This predic-
tion was confirmed experimentally using a combination
of polarized photon spectroscopies including NEXAFS
and IR. Other important first-generation polymeric semi-
conductor families are those based on 9,9-dialkylfluorene-
alt-triarylamine (e.g., TFB, P4),’*3! triarylamine (P5),*
and carbazole (e.g., PCB, P6)**** units (Figure 4).
During the last three years, several new structures,
particularly based on fused units, have been developed,
resulting in even greater p-channel TFT performances
(Figure 5). Rasmussen and co-workers pioneered the use
of N-alkyldithieno[3,2-6:2',3'-d]pyrrole (DTP) as a very
promising fused aromatic building block for electronic
materials.®>> This core exhibits a completely flat crystal
structure, indicating good 7t conjugation across the fused
rings. Upon polymerization, poly(N-alkyl dithieno[3,2-
b:2',3’-d]pyrrole)s exhibit excellent stability in their oxi-
dized state, have low band gaps, and show efficient red
fluorescence in solution.*® However, some PDTPs have
low solubilities and low molecular weights, which greatly
limits their use in devices. To improve the solubility of
PDTPs and to create a number of DTP-based copoly-
mers, McCullough et al. described the synthesis, charac-
terization, electrical conductivity, and field effect mobility of
a series of novel soluble N-alkyl DTP—thiophene copoly-
mers (P7—P12, Figure 5) and compared them to well-
studied regioregular P3HT.>” These polymers were synthe-
sized using a Stille coupling reaction and exhibited molecular
weights of 10—50 KDa. The incorporation of planar DTP
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Figure 5. Chemical structure of dithienopyrrole-based p-channel semi-
conductors P7-P14.

units extends s conjugation, and the introduction of
thiophene subunits imparts good solubility, high conduc-
tivity, and high charge carrier mobility. Optical charac-
terization revealed that the band gaps of P7—P12 were
between 1.74 and 2.00 eV, lower than regioregular poly
(3-alkylthiophenes), and the HOMO energy levels are
between —4.68 and —4.96 ¢V. When doped, these poly-
mers exhibited high conductivities up to 230 S/cm with
excellent stability. The microstructure and surface mor-
phologies of, for instance, poly(2-(4,4'-didodecyl-2,2'-
bithiophen-5-yl)-4-octyl-4 H-bisthieno[3,2-5:2,3'-d|pyrrole)
(P10) thin films were studied by X-ray diffraction and
atomic force microscopy. As-cast P10 thin films exhibited
poorly defined, randomly ordered lamellar structure that
improved significantly after thermal annealing (Figure 6).
Field effect transistor devices showed typical p-channel
transistor behavior. Interestingly, the mobilities of as-cast,
less ordered samples were much higher than those ob-
served after annealing. The highest values of maximum
and average mobilities were observed for P10 as-cast
(0.21 and 0.13 cm?/(V s), respectively). The authors’ goal
was to test the idea that high mobility and excellent
electrical and structural reproducibility could be achieved
in amorphous z-conjugated materials that could possess
long range 7 connectivity on the microscopic scale.

To improve air stability of these materials the authors
have included electron deficient units into the polymer
backbone to increase the ionization potential.*® To this
end, the same group has used the electron-deficient thiazole
(Tz) unit, which is known to increase IP.*° The new polymers
P13 and P14 (Figure 5), defined as “transistor paints”,
achieved excellent FET performance with hole mobilities
as high as 0.14 cm?/(V s) and 0.10 cm?/(V s), and current
on/off ratios up to 10° without post-deposition thermal
annealing. Furthermore, these devices exhibited excellent
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Figure 6. XRD profile of P10 thin films on OTS-treated SiO,/Si substrate as-cast (black trace) and after annealing at 120 °C for 30 min (red trace). (A) Out-
of-plane XRD profile. (B) In-plane XRD profile. Scheme of molecular packing of P10 (C) as-cast and (D) after annealing at 120 °C for 30 min. Adapted

with permission from ref 37. Copyright 2008 American Chemical Society.
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Figure 7. Chemical structure of fused thiophene-based p-channel semi-
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air stability, showing no significant degradation over
60 days.

He, Malliaras, and co-workers recently reported a family
of fused-ring thiophene copolymers (P15—P20, Figure 7), as
materials of interest for thin film transistor applications.*’ In
an initial study, a comparison of the properties of P15—P17
showed that the polymer with the even-numbered fused-
thiophene core exhibits a much smaller lamellar spacing
than the polymers featuring odd-numbered fused-thiophene
cores. As a result, transistors fabricated from polymer with
the even-numbered fused-thiophene core (P16) yielded a
much higher field-effect mobility than the other two (P15
and P17). To obtain further insights into the structure—
property relationships in these polymeric semiconductors,
more recently they included additional polymers which
were used to elucidate the role of symmetry of the polymer
repeat unit on structure and device performance (Figure 8).
Devices made from the polymer with the four fused rings
(P17) showed a hole mobility of 0.087 cm?/(V s), whereas
devices made from the polymers with the three fused rings

a) a;)

< O\
\
" Substrete ]

180°

Figure 8. Possible configurations of the repeat unit with respect to the
substrate, for repeat units (al and a2) without and (b) with C2 symmetry.
Judging from the family of closely related conjugated polymers that we
have investigated, C2 symmetry seems to enable a very small lamellar
period and promote high mobility. Reprinted with permission from ref41.
Copyright 2010 American Chemical Society.

(P15) and five fused rings (P17) showed hole mobilities of
0.0017 and 0.0023 cm?/(V s), respectively. Devices made
from P16 and P20 showed a hole mobility of 0.042 and
0.022 cm?/(V s), respectively, which is ~10x lower than
0.33 cm?/(V s) achieved with P18.*! These results strongly
suggest a correlation between a repeat unit that possesses
a C2-axis perpendicular to the conjugation plane, a minimum
attainable lamellar spacing, and a high field-effect mobility.
Interestingly, Ong and co-workers reported a new dithie-
nothiophene-based copolymer, P21, as structurally similar
polymers as P15, and showed mobilities of ~0.01 cm?/(V s),*?
corroborating these symmetry-driven trends.

Muellen et al. developed benzo[2,1-b;3,4-b0]dithiophene-
containing homo- and copolymers (P23—P26, Figure 9)
having solubilizing alkyl chains attached to the benzo
unit* alternatives to the classic TBT-based copolymer
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P22.** The homopolymer P23 is very soluble in dichloro-
benzene, and top-contact TFTs exhibit low charge-
carrier mobility of ~10~* cm?/(V s), probably because
the polymer backbone is too stiff. The other copolymers
exhibit greater performance ranging from 0.001 to >0.1
cm?/(V s) for bottom-gate top-contact transistors. Top-
gate devices based on P26 on a polyethylene terephthalate
(PET) film were also fabricated and exhibit exceptionally
large carrier mobility >0.5 cm?/(V s).
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Figure 9. Chemical structure of fused thiophene-based p-channel semi-
conductors P22—P26.
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Among the approaches to increasing air stability, the
incorporation of unsubstituted conjugated moieties in
poly(alkylthiophene) backbones resulted in much better
oxidative stability and hole mobility, as demonstrated in
PQT (P2) and pBTTT (P3). These unsubstituted conju-
gated moieties possess rotational freedom, which reduces
the effective conjugation length, lowers the HOMO level,
and consequently increases oxidative stability. Unsubsti-
tuted thiophene moicties, along with lengthened alkyl
side chains, play also another important role by promot-
ing favorable interdigitation of the side chains. This leads
to well-organized intermolecular 3D ordering and large
crystalline domains, and consequently high mobility.
Thienylenevinylene derivatives, a combination of thio-
phene and vinyl groups, are known to have an extended
conjugated system, which is a crucial component for
building organic electronic devices.* In addition, incor-
porating vinylene bonds in an aromatic polymer back-
bone leads to an increase of the degree of coplanarity of
the polymer backbone, as the vinylene bond reduces
steric hindrance of nearby aromatic rings.*® Recently
Kim et al. reported high-performance OTFTs with a
new thienylenevinylene polymer P27 (Figure 10). An
unsubtituted dithienylethylene unit is symmetrically in-
serted in between the dodecylthiophenes, which enhances
core rotational freedom and thus lowers the HOMO level.
P27-based OTFTs showed unoptimized charge-carrier
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mobility of 0.15 cm?/(V s) with a relatively high oxidative
stability.

Some interesting structures incorporating the thiazole
ring have been reported, mainly with the goal to increase
oxidative stability. Another common problem with
OFETs is the electrical instability under external bias
stress, likely due to charge traps created through partial
disorder in the structure of the thin films and the chemical
characteristics of the semiconductor/insulator interface.
Bias-stress instability and environmental instability can
be significant challenges for semiconducting polymers.*’
To be usable in conventional electronics, OTFTs should
exhibit similar characteristics with respect to electrical
bias stress.*® Although there have been a few studies
aimed at enhancing the electrical stability of w-conjugated
polymers under external bias stress, an adequate under-
standing of the relationship between crystalline nano-
structure and bias stress driven electrical instability on the
microscopic scale is still needed. Lee and co-workers have
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Figure 11. Variation in the charge-carrier mobility in P28-based OTFTs
for films annealed at different temperatures. The inset shows the DSC
curve, representing the liquid-crystalline mesophase and POM images of
the samples annealed at (a) 100 °C and (b) 180 °C, respectively. Reprinted
with permission from ref 49. Copyright 2009 American Chemical Society.
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initiated an in-depth and systematic study addressing bias
stress in polymers using highly ordered sz-conjugated
copolymer thin films with minimal concentration of
charge traps.*” They used a new thiazole polymer, P28
(Figure 10), having alkyl chain-substituted thiophene/
thiazole blocks along the polymer backbone to increase
the IP because of the enhanced rotational freedom along
the backbone® and the electron-accepting nature of the
5,5'-bithiazole units.”' In particular, P28 presents a liquid-
crystalline nature with a clear mesophase region, resulting
in highly crystalline thin films forming spontaneously
through the self-assembly of individual chains after thermal
annealing (Figure 11). Most important, this novel poly-
mer exhibits high field-effect mobilities of 0.33 cm?/(V s),
good environmental stability, and unprecedented bias-
stress stability comparable to that of amorphous silicon.

McCullough et al. reported copolymers (P29—
P31) incorporating a fused thiazolothiazole ring in the
backbone.’ Despite the low molecular weights of this
family (M, = 4—9 KDa) they exhibit field-effect mobil-
ities from 0.02 to 0.3 cm?/(V s) with high current on/off
ratios of ~10°. The use of the thiazolothiazole-fused ring
ensures a very rigid and coplanar backbone and thereby
highly extended s-electron conjugation and strong s
stacking. The electron-deficient nature of the thiazolothia-
zole affords high oxidative stability. However, the uneven
placement of the alkyl side chains along the backbone
reduced interdigitation and promoted amorphous-like
sr-stacking and sr-connectivity along the chain while en-
hancing solubility. In regard to side chain arrangement,
the key difference between the P29—P31 family and
PBTTT/PQT polymers is that while the side chains in
these polymers are still arranged regiosymmetrically, they
are not equally spaced along the backbone. Thus, as a con-
sequence, the side chains are apparently disordered and
do notinterdigitate as seen in PBTTT or PQT (Figure 12).
Most interestingly, despite all these factors, X-ray diffraction

(b)

\

~12A 7 ~10A °

Figure 12. Schematic illustrations for (a) the packing structure of PQT (P2) and PBTTT (P3) with dodecyl side chain with uniform side chain
interdigitation and (b) proposed packing structure for P30 with disordered side chains. Reprinted with permission from ref 52. Copyright 2009 American

Chemical Society.
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Figure 13. Chemical structure of p-channel semiconductors P37—P42.

patterns of P29 indicate very strong lamellar ordering,
and field-effect transistors fabricated from these materi-
als show high-field-effect mobilities. All these results
appear quite surprising in view of earlier mentioned find-
ings on the role of side chain interdigitation/ordering and
indicate that the strong interdigitation and formation of
extended regular terracelike structures is not necessary
for high carrier mobility in polythiophene-like materials.

Jenekhe and co-workers reported an interesting polymer,
P32 (Figure 10), designed with the knowledge that benzo-
bisthiazole and benzobisoxazole polymers and small mole-
cules exhibit efficient szz-stacking and strong intermolecular
interactions in the solid state> leading to high-temperature
resistance with glass transition temperatures that can exceed
300—400 °C and relatively high electron affinity.>* Earlier
studies of a benzobisthiazole polymer as an n-channel
semiconductor in field-effect transistors observed a low
mobility of electrons, requiring a high electron affinity poly-
mer in a blend to achieve electron injection.>® Recently, thin
film transistors based on benzobisthiazole small molecules
exhibit high field-effect mobilities for both holes and elec-
trons (vide infra).® The authors reported new soluble
benzobisthiazole—thiophene copolymer based on alter-
nating benzobisthiazole and oligo-3-octylthiophene units
in the backbone (P32) having improved oxidative stability,
thermal stability, and interchain interactions, thus enhanc-
ing the charge transport properties of the polymers. The
highly crystalline P32 thin films exhibit a field-effect
carrier mobility of up to 0.01 cm?/(V s).

In two recent communications, Zhang and co-workers
reported two classes of polymers based on fluorene and
indenofluorene copolymerized with triarylamine (P33 and
P34)°’ and indacenodithiophene copolymerized with
benzothiadiazole and thienothiophene (P35 and P36).>
Bottom-contact, top-gate (and bottom-gate) architecture
field effect transistor devices based on P33 and P34
were fabricated with the polymer semiconductors depos-
ited from solution. Compared to the best triarylamine

4
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homopolymers® (mobility of ~4 x 107 cm?/(V s)), the
new polymers exhibit improved mobility by a factor of
5t00.02 cm?/(V s) by the introduction of the fluorene unit
and further increased to 0.04 cm?/(V s) for the indeno-
fluorene copolymer and current on/off ratios > 10°. It is
speculated that the increase in polymer backbone planarity
and persistence length in the copolymers improved the
intramolecular sr-orbital overlap as well as enhanced the
local structural organization, resulting in the large mea-
sured mobilities. No evidence of thin film crystallinity
could be observed for P33 and P34 polymer semiconduc-
tors. For polymers P35 and P36 the strategy for further
improvement in charge carrier mobility in comparison to
P33 and P34 was to enhance the planarity of the back-
bone and further reduce the energetic disorder of the
polymer. The aryl amine unit was replaced with more
planar BT and TT units. Grazing incidence X-ray scatter-
ing (GIXS) experiments were carried out on annealed thin
films of both polymers on Si substrates to explore the
microstructure, and P35 polymer was observed to be
semicrystalline while P36 thin film was amorphous. Bottom-
contact, top-gate (BC-TG) architecture field-effect tran-
sistor (FET) devices were fabricated with the polymer
semiconductors spin-cast from a 10 mg/mL chloroben-
zene solution at 2000 rpm followed by an annealing step
at 100 °C for 5 min in nitrogen. P35 transistors yield
maximum hole mobilities in the range 0.8—1.2 cm?/(V s),
with a current on/off ratio of ~10* and a threshold
voltage of ~—30 V. Despite the very high mobility values,
FET operation is heavily injection limited. The P36
copolymer exhibits a lower mobility (~0.2 cm?/(V s)),
which is attributed to the more amorphous nature of the
thin-film microstructure.

Inspired by work from Marks et al. on silole-based
copolymers for TFTs,* Reynolds reported copolymers
of dithienosilole with BTD, following the donor—acceptor
concept to broaden the optical absorption (Figure 13).%!
DTS-BTD copolymers P37—P40 differing by the
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concentration of electron-donating and -withdrawing
substituents along the backbone were synthesized and
characterized by 2D-WAXS and in bottom-contact
TFTs. While all copolymers self-assembled into lamellar
morphologies, only P38 and P40 showed a propensity to
st-stack. The highest hole mobility of 0.02 cm?/(V s) was
observed for P40 in agreement with the close m-stacking
and lamellar distances found by structural analysis (0.36
and 1.84 nm, respectively). Following a similar strategy
but by using different building blocks, Bao and co-workers
synthesized dithiophene and fluorene copolymers (P41
and P42) containing fused aromatic thieno[3.,4-b]pyrazine
moieties.®® Suzuki and Stille polycondensation reactions
were used for the polymerization. The band gap (£,) of
the polymers was tuned in the range of 1.15—1.6 eV.
These polymers showed field effect mobility as high as
0.2 cm?/(V s) with current on/off ratios as high as 10° in
OTEFT devices.

Takimiya and co-workers reported several advanced
molecular and polymeric semiconductors for TFTs with
heteroarenes (Figure 14). The design rationale is that
fusion of thiophene rings is necessary to avoid twisting
between the adjacent thiophene rings, which would re-
duce the & stacking. A preliminarily synthesized ben-
zothienobenzothiophene (BTBT)—thiophene copolymer
(PBTBT, P43) resulted in a highly twisted backbone (A«
< 400 nm), and TFTs based on this polymer did not
function despite the fact that BTBT has been successful
in small-molecule systems.®® Thus this group recently
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Figure 14. Chemical structure of p-channel semiconductors P43—P48.
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presented a new design strategy based on P44—P46 that
incorporated naphthodithiophene (NDT) into a regio-
symmetric polythiophene system.®*®> These polymers
showed high M, of 24—33 KDa and sufficient solubility
in warm chlorinated solvents. Thin-film transistors based
on P44—P46 exhibited among the highest field-effect
mobility values observed to date for semiconducting
polymers (>0.3—0.5 cm?/(V s)).

Finally, two additional interesting structures to report on
are P47 and P48. The first, developed by Wudl et al., consists
of an electron donor (thiophene) and acceptor (cyclopenta-
dienone) alternating copolymer (P47).°° The results illus-
trate that despite the low molecular weight of this polymer
(~6 KDa) a substantial field-effect mobility (~0.02 cm?/
(Vs)) is obtained. The second, developed by Watson et al., is
a copolymer of phthalimide and 3,3'-dialkoxy-2,2’-bithio-
phene (P48).°” In this polymer backbone planarity is en-
forced by attractive intramolecular interactions between the
pendant oxygens and thienyl sulfur atoms,® as shown by the
crystal structures of some building blocks, intermolecular
donor—acceptor interactions, and possibly increased qui-
noidal backbone character due to alternating donor and
acceptor units.*” The maximum field-effect mobilities were
~0.28 cm?/(V s) saturation region and current on/off
current ratios of ~10*—10° (Figure 15).

3.2. N-Channel Polymeric Semiconductors. N-channel
polymers for TFTs and, likewise, n-channel molecular
systems have been traditionally underdeveloped com-
pared to p-channel semiconductors. The reason for this
deficiency in materials development was surprising con-
sidering that several experimental and theoretical studies
suggested that organic semiconductors should transport
electrons as or even more efficiently than holes. More
recently, our understanding on how to enable efficient
electron transport in TFTs increased after discovering the
key role of other factors, besides the semiconductor elec-
tronic structure, affecting electron transport. These in-
clude: (1) Gate dielectric surface chemistry. Most of the
first-generation dielectric materials for TFTs were oxides,
such as SiOx, whose surfaces efficiently trap electrons. (2)
Metal contacts.”” Au has been traditionally used as
source/drain TFT metal electrode. However, this results
in a large energy barrier for electron injection. Thus, from
an energetic perspective, low work function metals such

-3
107 WIL = 800/20
V, =80V
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Figure 15. (A) Output and (B) transfer characteristics of P48 thin-film transistor under ambient conditions. Reprinted with permission from ref 67.

Copyright 2009 American Chemical Society.
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P51 P(DTI-T2) x = 2 (P53)

Figure 16. Chemical structure of n-channel semiconductors P49—P53.

as Al or Ca should be preferable. However, air-induced
oxidation of these conductor surfaces result in an insulat-
ing layer, with the effect to vanish the benefit of having a
formal lower energy barrier. (3) Ambient atmosphere
composition. At the begin of the TFT field very few
research groups carrying out materials development had
the capabilities to perform measurements in inert atmo-
sphere or vacuum. It is known that O, and H,O can
efficiently inhibit electron transport preventing several semi-
conductor classes to be screened for n-channel transport.

Today several of these issues can be controlled, and
particularly the use of dielectric surface passivation stra-
tegies and polymeric dielectric materials have resulted
in impressive progress in performance. From an ener-
getic perspective, it is now believed that a quite narrow
energetic window for the LUMO level, located at about
—4.0 ~ —4.3 eV, must be achieved to enable polymeric
semiconductors with good charge transport in ambient.
For higher LUMO energy (low electron affinity), the
polymer performance rapidly degrades after exposure to
ambient atmosphere also when using electron-trap free
dielectrics. On the other hand, for very low-lying LUMO
systems (this has been well-established for molecular
semiconductors), the corresponding devices are very dif-
ficult to turn-off.

In this section, we will describe a few first-generation
n-channel polymers followed by more recent develop-
ments. The first report of an n-channel TFT-active poly-
mer was poly(benzobisimidazobenzophenanthroline) (BBL,
P49) and the corresponding BBB (P50) (Figure 16). This
ladder-type polymer exhibits high electron mobility of
0.1 cm?/(V s) as spin-coated polycrystalline film’" and
~0.01 cm?/(V s) for nanobelts.”* In a series of papers the
Northwestern group reported polymers based on the
indenofluorene and bisindenofluorene core having C=0
and C=C(CN), substituents (P51 family).”* A novel design
approach was employed using computational modeling
to identify favorable monomer properties such as core
planarity, solubilizing substituent tailorability, and appro-
priate electron affinity with gratifying results. Monomeric
model compounds were also synthesized to confirm these
properties, and crystal structures of several cores revealed
short (<3.5 A) m—m stacking distance with favor-
able solubilizing substituent orientations. A family of 10
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Figure 17. AFM images of P52 films spin-cast from TCB and annealed at
120 °C for 30 min (a) and 240 °C for 2 h (b) and a height histogram (c) for
both images (120 °C in blue and 240 °C in red) revealing formation of a
terraced surface having a 2.50 nm step height. Reprinted with permission
from ref 74. Copyright 2009 American Chemical Society.

homopolymers and bithiophene P51 copolymers was
synthesized via Yamamoto and Stille polymerizations
which exhibit n-channel mobilities approaching 10~ cm?/
(V s) in inert conditions.

The Northwestern group has also designed new homo-
polymers and copolymers based on the dithenodiimide
core (P52 and P53).”* Two of these polymers are process-
able in common organic solvents: the homopolymer poly-
(N-(2-octyldodecyl)-2,2'-bithiophene-3,3'-dicarboximide)
[P(DTI), P52] exhibits n-channel FET activity, and the
copolymer poly(N-(2-octyldodecyl)-2,2:5',2"":5" 2" -quater-
thiophene-3,3’-dicarboximide) [P(DTI-T2), P53]) exhib-
its air-stable p-channel FET operation. After annealing,
P52 films exhibit a very high degree of crystallinity and an
electron mobility > 0.01 cm?/(V s) with a current on—off
ratio of 107, which is remarkably independent of film-
deposition conditions. Extraordinarily, P(DTI) films also
exhibit terracing in AFM images with a step height
matching the X-ray diffraction d spacing, a rare phenom-
enon for polymeric organic semiconductors (Figure 17) .

Relevant n-channel polymers are those based on rylene
dicarboxiimide cores, particularly perylene and naph-
thalene (Figure 18). The first perylene-based polymer
[P(PDI2DD-DTT), P54] was synthesized by Stille cou-
pling of N,N'-dialkyl-1,7-dibromo-3.4,9,10-perylene diimide
with a distannyl derivative of dithienothiophene.”> The
M., of P(PDI2DD-DTT) was not very high (~15 kD
using GPC), and it was soluble in several solvents and
could readily be processed from solution. DSC showed a
glass-transition temperature of 215 °C, while TGA sug-
gested excellent thermal stability with an onset decom-
position temperature under nitrogen of 410 °C. Polymer
P54-based OFETs (Al source/drain electrodes, top-contact/
bottom-gate geometry) were measured under nitrogen
and exhibit electron mobilities as high as ~0.01 cm?/
(V s) and I: I > 10*. Very recently, a dithienopyrrole
analgue, P55, was reported to show an electron mobility
of 7.4 x 10~* cm?/(V s), which increases to 1.2 x 1072
cm?/(V s) on annealing at 100 °C for 60 min under inert
atmosphere.”® The lower mobility observed for P55 may
be related to dilution of the electron-transporting unit by
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Figure 18. Chemical structure of n-channel semiconductors P54—P58.

the presence of the additional N-substituents of the
dithienopyrrole donors. Thelakkat et al. have reported
OFETs based on polymers containing the perylene unit as
pendant groups such as P56.”” For this polymer after
thermal annealing at 210 °C for 60 min, the threshold
voltage drops significantly to 7 V, while the current and
charge carrier mobility both increase by 100x approaching
to 1.2 x 1072 ecm?/(V s). Unfortunately, OFETs based on
these polymers are unstable in ambient conditions.

In recent works, the Polyera Corporation team reported
the synthesis, characterization, and comparative prop-
erties of N, N’-dialkylperylenedicarboximide-dithiophene
(PDIR-T2, P57) and N,N'-dialkylnaphthalenedicarboximide-
dithiophene (NDIR-T2, P58) copolymers and the
fabrication of the corresponding bottom-gate TFTs on
Si-Si0O, substrates.”® The results of that paper demon-
strate that the choice of the NDIR vs PDIR comonomer is
strategic to achieve both high-performance bottom-gate
n-channel TFTs and device functioning in ambient con-
ditions. The rylene building block and the polymer struc-
tural design rationale were the following. (i) The electron-
poor NDIR comonomer was selected because of the large
electron affinity of this core, comparable to that of the far
more m-extended PDIR systems. (ii) Equally important,
NDIR-Br, can be easily isolated as pure 2,6-diastereo-
isomers, enabling the synthesis of a regioregular polymeric
backbone. Note that isolation of PDIR-Br, regioisomers,
although demonstrated, is tedious. Therefore, compared
to PDIR-based polymers, it should lead to a more
m-conjugated structure and, consequently, better charge
transport efficiencies. (iii) Proper alkyl (R) functionalization
at the rylene nitrogen atoms, in that study 2-octyldodecyl
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Figure 19. (A) Optical absorption spectra of spin-coated P(NDI20OD-
T2) (red line) and P(PDI20D-T2) (blue line) films (~30 nm thick) on
glass. (B) Thin-film cyclic voltammetries [Fc (+0.54 V vs SCE) internal
standard)] of P(NDI20D-T2) (red line) and P(PDI20D-T2) (blue line)
thin films on a Pt electrode. The ER1 values of NDI20D and PDI20D
(not shown) are —0.49 and 0.46 V vs SCE, respectively. (C) Energy diagram
for the specified rylene monomers and polymers. (D) I—V transfer plots
for PAINDI2OD-T2) TFT in air for 1 h and (E) P(PDI20D-T2) TFT in
vacuum. (F) Polymer TFT electron mobility plots in vacuum and ambient
(RH)20—40%, T~25°C) vs time. Adapted with permission from ref 78.
Copyright 2009 American Chemical Society.

(20D), should result in highly soluble and processable yet
charge transport-efficient polymers. (iv) Finally, the dithio-
phene (T2) unit is utilized because of the commercial
availability, stability, and known electronic structure and
geometric characteristics of this core, likely providing
highly conjugated, planar, and rod-like polymers. The
new NDIR- and PDIR-based polymers were synthesized
in high-yields via a Pd-catalyzed Stille polymerization.
Using the reported synthetic procedure, polymer M,
values are larger for P(INDI20D-T2) (P58) (~250K, PD
~ 5) than for P(PDI20OD-T2) (P57) (~32K, PD ~ 3). The
optical and electrochemical properties of these new systems
reveal important aspects of the polymer electronic struc-
tures and NDIR vs PDIR comonomer effects. Bottom-
gate top-contact OTFTs were fabricated on n">-Si/SiO,/
OTS subsrates on which the semiconducting polymer
solutions (~3—10 mg/mL in DCB-CHCI;) were spin-
coated to afford ~100 nm-thick films. The films were
annealed at 110 °C for 4 h before the TFT structure
was completed by Au source/drain vapor deposition.
Electrical measurements were performed both under high
vacuum and in ambient. Electron mobilities of ~0.08—
0.06 cm®> V' s™! for P(NDI20OD-T2) and ~0.003—0.001
cm? V™ 's™! for P(PDI20D-T?2) are measured in vacuum.
However, when the same TFT array is measured in
ambient, the P(NDI20D-T2)-based devices continue to
function also after 16 weeks from fabrication (¢ ~ 0.01
cm’® V™! s71), while P(PDI20OD-T2) mobility drops to
~2 x 107* em? V™' s7! within one week, in agreement
with previous studies on PDI-based polymers (Figure 19).
In a very recent study we addressed the effect of the
regioregularity of these systems by synthesizing the regio-
regular (only 1,7-linked) P(PDI2OD-T2) as well as the
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Figure 20. Top. Optical image of the first gravure-printed n-channel
polymeric TFTs on a PET web fabricated at Polyera. Center. Mobility
vs dielectric constant (k) of the polymeric gate dielectric (left) and
molecular weight (M) (right). Bottom. Temporal (left) and humidity
(right) stability of Activink N2200 TFTs with different gate dielectrics.

regioirregular (2,6- + 2,7-linked) P(NDI20OD-T2) polymers.
The TFT results show that the regioirregular P(NDI20OD-
T2)-based devices exhibit 10x lower electron mobilities,
corroborating the key role of the polymer architecture
regiochemistry.”

The same team also developed high-performance poly-
meric top-gate bottom-contact (TGBC, Figure 20) TFTs
and the first all-polymeric CMOS circuit functioning in
ambient based on P(NDI20D-T2) (P58).* These TGBC
TFTs were fabricated on glass or PET and have the
structure substrate/Au(source—drain contacts)/P(NDI20OD-
T2)/polymeric dielectric/Au(gate contact). This structure
was selected because of the superior injection character-
istics of typical staggered (top-gate) architectures and
considering the facile channel miniaturization for bottom-
contact TFTs which could lead to high-frequency circuits.
These devices were fabricated with the P(NDI20D-T2)
film deposited by spin-coating as well as gravure, flexo-
graphic, and inkjet printing and with the dielectric layer
deposited by spin-coating. Furthermore, TFTs where
both the semiconductor and the dielectric layers were
gravure-printed are demonstrated. All device fabrication
processes were performed in ambient conditions with the
exception of the Au contact vapor deposition and the film
drying steps (<110 °C). The TGCB TFTs based on this
polymer exhibit excellent n-channel OTFT characteristics
in ambient, with electron mobilities up to ~0.45—0.85
em?/(Vs), Ion:log > 10°, Vo, ~ 0—5 V. Importantly, the
carrier mobility of P(NDI2OD-T2)-based TFTs is insen-
sitive to the dielectric constant (k) of the gate dielectric
material (Figure 20). This is of great importance to
broaden the compatibility of this n-channel semiconduc-
tor family with several p-channel materials using the same
gate dielectric. Furthermore, this polymer’s TFT proper-
ties are independent of the polymer molecular weight
(M,,) over a large range of values (M, ~ 200 KDa to >1
MDa, Figure 20). The insensitivity of the device perfor-
mance on the polymer chain-length extension is of extreme
importance for large-scale synthesis and batch-to-batch
reproducibility of the TFT characteristics. P(NDI2OD-
T2)-based TFTs are also exceptionally stable in ambient
up to ~70% relative humidity. Due to the stability of this
n-channel polymer family, excellent TFT performance
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with high work-function metal contacts, and compatibility
Polyera UV-curable dielectrics with both p- and n-channel
semiconductors, they also enabled the first polymeric
complementary logic. We have also fabricated printed
inverters with P(NDI20D-T2) (P58, n-channel), P3HT
(p-channel), and Activink D2200 (gate dielectric). These
inverters show remarkably small hysteresis reflecting the
transistor threshold voltage stability. The voltage gains
for the gravure-printed devices are very large (dVout/
dVin(max) > 25—60). More recently, Noh et al. fabri-
cated monolithically integrated polymeric complementary
circuits using P(NDI20OD-T2 and two p-type polymers
P3HT and a new dithiophene-based polymer (Polyera
Activink P2100). Inkjet-printed top-gate/bottom-contact
(TG/BC) FETs exhibit very high hole and electron mo-
bilities (uper) of 0.2—0.5 cm?/(V s). The FET active
regions were patterned and via-holes were defined by
direct inkjet printing of the conjugated polymer solutions
and the polymer gate dielectric solvent, respectively,
enabling high-performance CMOS inverters (gain > 30) and
ring oscillators ( fus up to ~50 kHz).%!

In a recent paper, Salleo et al. investigated the molec-
ular packing and structure of P(NDI2OD-T2) (P58). The
importance of molecular packing and microstructure on
performance of p-type, thiophene based semiconductors
is widely appreciated and has been extensively studied.®?
It is generally believed that the best transport properties
are attained when there is a high degree of in-plane
m-stacking of the thiophene rings, since this allows for
two-dimensional (2D) transport along the chain back-
bone and along the r-stacking direction in the plane of the
substrate.®® To date, similar structure—property studies
are not as well established in n-type polymers due to the
dearth of high performing materials. X-ray scattering
experiments on P(NDI20OD-T2) films reveal that this
polymer exhibits a substantial degree of in-plane order-
ing and adopts a largely face-on packing (sz-stacking
direction normal to the substrate), which is an uncommon
crystallographic texture for high field-effect mobility
semiconducting polymers (Figure 21). Furthermore, we
employed X-ray scattering from aligned films as well
AFM characterization of the top and bottom interface
and, to support these findings, discuss the implications of
this unexpected crystalline texture for charge transport.®*

Finally, recent bulk electron transport by results from
both time-of-flight and electron-only current measure-
ments suggest a bulk mobility of ~5 x 107> cm?/(V s) for
P58, which is the highest value reported for TOF electron
transport in conjugated polymers (Figure 22).%° Impor-
tantly, the electron-only device currents were found to be
injection limited for a wide range of electrode work
functions and semiconductor layer thicknesses, despite
the rather high electron affinity of this polymer. Contact-
limited currents were observed even when low work
function metals such as Sm, Ca, Ba, or Cs are employed,
which are known to enable ohmic contacts with other
n-type polymers.*® However, the previously investigated
polymers typically exhibit rather low bulk-transport
limited currents owing, for example, to severe electron
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Figure 21. X-ray characterization of P(NDI20OD-T2) structure. (a—c) 2D grazing incidence diffraction pattern from spun cast, isotropic film (a), dip
coated, aligned film with scattering vector Q nominally perpendicular to the fiber direction (b), and Q nominally parallel to the fiber direction (c).
(d) Schematic of face-on molecular packing of P(NDI20D-T2) inferred from X-ray data (top) indicating the repeat directions referenced. Proposed
microstructural arrangement of the crystallites (bottom) indicating slight disorder in the s-stacking and lamella stacking directions of the flat, platelet-like
crystallites. Adapted with permission from ref 84. Copyright 2010 Wiley.
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Figure 22. (a) Schematic illustration of an electron-only device used to investigate the charge transport of the conjugated n-type polymer P58 used in this
work. PEDOT:PSS is used as a smoothing layer for the hole-blocking bottom aluminum anode to avoid negative differential resistance effects. (b) J—V
characteristics of P58 electron-only devices with a barium cathode for several N2200 layer thicknesses. (¢) J—E characteristics of P58 electron-only devices
with barium cathode for several layer thicknesses. d) J—V characteristics of P58 electron-only devices (d = 85 nm) with different electron-injecting top
electrodes. The straight line shows the expected current according to the Mott-Gurney law using the average TOF mobility (« TOF = 5 x 10> cm?/(V s)).
Reprinted with permission from ref 85. Copyright 2010 Wiley.
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trapping in an exponential density of states distribution.
Thus, we believe that evaporation of reactive metals onto
layers of conjugated polymers may commonly cause injec-
tion barriers (through the formation of oxides and chemical
defects) but that these barriers are masked by the low bulk
currents in the majority of n-type polymers that have been
investigated to date.

3.4. Ambipolar Polymeric Semiconductors. The vast
majority of known organic semiconductors are either hole
(p-channel) or electron (n-channel) transporting materials.
However, very recently ambipolar organic semiconductors
are attracting attention for their potential use in numerous
technologically relevant applications.®” The discovery of
ambipolarity as a general characteristic of several semicon-
ducting polymers was made possible by the understanding of
the crucial role played by traps of electrons on the surface of
several dielectrics, such as hydroxyl, silanol, and carbonyl
groups. Representative technological examples are the area
of organic microelectronics where patterning of p- and
n-channel semiconductors is one of the major hurdles for
the implementation of organic complementary logic. In this
context, use of ambipolar materials could enable the fabrica-
tion of complementary-like circuits through the use of a
single semiconductor that functions both as p- and/or as
n-channel, hence significantly reducing fabrication
complexity.®® The latest application of ambipolar organic
semiconductors is in bifunctional TFTs such as light-
sensing (LS-OTFTs) and light-emitting transistors
(OLETs).® These types of OTFTs can combine electrical
switching with additional functionalities such as light
sensing or light emission in a single device, making them
attractive for various optoelectronic applications including
nanoscale light sources and image-sensor arrays.

Ambipolar OFETSs based on a number of different materi-
als have been reported. These include thermally evaporated
small molecules, spin-coated poly(9,9-dioctylfluorene-alt-
benzothiadiazole) (F8BT), single crystals of copper and iron
phthalocyanines, solution-processed nickel-dithiolenes, and
spin-cast squaraines. One of the common features of several
ambipolar polymers is the lower bandgap (<2 eV) compared
to the corresponding unipolar semiconductors. This is the
result of the typical (but not essential) donor—acceptor-like
structure characterized by copolymerization of electron-rich
and electron-poor heteroaromatic units. However, despite
intensive research in ambipolar organic semiconductors and
OFETs, the key material and device properties that enable
ambipolar charge transport have been investigated to much
less extent than for unipolar charge transport.

Sirringhaus et al. reported the general observation of
ambipolar charge transport in a series of regioregular
polyselenophene-based polymers.”® The highest occupied
molecular orbital (HOMO) of polythiophenes has little
contribution from the sulfur heteroatom, whereas the
lowest unoccupied molecular orbital (LUMO) has sig-
nificant electron density on the heteroatom.”' Polyseleno-
phenes were initially developed as promising alter-
natives to polythiophenes for OPV cell applications, mainly
because of their reduced optical band gaps. The regio-
regular polyselenophenes investigated in that work were
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Figure 23. Chemical structure of dithienopyrrole-based p-channel semi-
conductors P59—P64.

poly(3,3”-di-n-alkylterselenophene) (P39) and poly(3-
octyl)selenophene (P60, Figure 23). Two-dimensional grazing
incidence wide-angle X-ray scattering (GIWAXS) indi-
cated that the films were polycrystalline with the side-chain
stacking mainly along the out-of-plane direction (perpen-
dicular to the substrate) and w—u stacking in the in-plane
direction. Top-gate, bottom contact (TGBC) TFT con-
figurations with gold source—drain electrodes were em-
ployed for all polymers. Polymer P60 showed clean
ambipolar transport characteristics with similar hole and
electron saturation and linear mobilities of >0.01 cm?/(V s)
(PMMA as gate dielectric). While the saturation mobility
values for holes and electrons were similar, some revers-
ible hysteresis was systematically observed in the transfer
characteristics (Figure 24) in the electron transport regime
but not in the hole transport regime, thus indicating the
presence of a larger number of shallow traps for electrons
than for holes. Using the same device configuration,
TFTs based on P59 exhibited ambipolar properties in
as-spun films with hole mobilities of ~0.02—0.09 cm?/(V s)
and electron mobilities of ~0.004—0.009 cm?/(V s). P60
complementary-like inverter based on two identical
TGBC ambipolar transistors with a common gate as
input and a common drain as output were fabricated,
eliminating the need for semiconductor patterning. The
inverting functionality was clearly observed in both the
first and the third quadrants, with the input voltage (V1)
and the supply voltage (Vpp) being both positively or
negatively biased. When VN and Vpp were positively
biased, the upper transistor (inset of Figure 24c) was
operated in p-channel mode and the lower one operated
in n-channel mode, while a reversed situation occurred
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Figure 24. (a, b) The output and transfer characteristics of an as-spun
P60 ambipolar FET with channel length (L) of 40 mm and channel width
(W) of 2 cm. The hole and electron mobilities for this device are both
~0.026 cm?/(V s). (c) Comparison of the transfer characteristics from
FETs (L = 20 mm, W = 1 cm) fabricated with P60 in different phases.
(d) The transfer characteristics of an as-spun P59 ambipolar FET (L =
20 mm, W = 1 mm). All FETs in this figure were fabricated with ~550
nm thick PMMA as the gate dielectric (capacitance C; = 6.2 nF/cm?).
(e) The transfer characteristic and the corresponding gain (in absolute
value) of a complementary-like inverter comprised of two identical as-
spun P60 TGBC ambipolar FETs (L = 20 mm, W = 1 cm). The inset
shows the inverter circuit configuration. Adapted with permission from
ref 90. Copyright 2010 Wiley.

when the V1 and Vpp were negatively biased. The static
voltage transfer characteristic (VTC) shown in Figure 24
is typical of inverters made with ambipolar transistors.
The observed asymmetry in the threshold voltage, which
is higher than Vpp/2, is related to the asymmetry of the
threshold voltages for the p- and n-channel modes, while
the hysteresis of VTCis instead due to the hysteresis of the
transistor in n-channel mode. Despite the general fact
that none of these TFTs can be fully switched off in such
an inverter, the authors obtained very high gain in switch-
ing (absolute value as high as 86 as shown in Figure 24),
which is much higher than the previously reported gain
values in inverters composed of ambipolar organic FETs.”?

Watson and Jenekhe et al. reported a new naphthalene-
biscarboximide-bithiophene copolymer semiconductor,
P61, having an alternating donor—acceptor architecture
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Figure 25. Ambipolar characteristics of P61. (A) Square-root of source-
drain current versus gate voltage curves at various annealing temperatures
(T,). (B) Saturation mobility and (C) threshold voltage as a function of
annealing temperature. Reprinted with permission from ref 93. Copyright
2010 Wiley.

that consists of electron-donating dialkoxybithiophene
and electron-accepting naphthalene bisimide.”® High-mobility
ambipolar transistors and high-gain complementary-like
inverters were fabricated and exhibit electron and hole
mobilities as high as 0.04 and 0.003 cm?/(V s), respectively,
and output voltage gains as high as 30. P61-based devices
showed typical ambipolar features, such as a diode-like
current increase with current saturation at high gate
voltage in output curves and V-shape transfer curves with
a narrow off-state. However, the film annealing tempera-
ture (7, = 100—250 °C) has notable effects on the
ambipolar P61 transistors. Figure 25A shows the transfer
curves of the ambipolar TFTs, Isp'/* versus Vg, as a
function of the annealing temperature, 7,. The saturation
electron and hole mobilities extracted from these transfer
curves are shown in Figure 25B as a function of T,. As T,
increased from 100 to 200 °C, the mobility increased
monotonically from ~5 x 10~* to ~0.03—0.04 cm?/(V s)
for electrons and from ~2 x 10~% to ~0.002—0.003
cm?/(V s) for holes (Figure 25B). About 2 orders of
magnitude improvement in electron mobility is observed,
while the hole mobility improved by 10x. No significant
change in the charge-carrier mobilities was observed for
T, > 200 °C. Unlike the carrier mobility and threshold
voltage, the current on/off ratios for the p- and n-
channel operation were not affected by the annealing
temperature.

Winnewisser et al. report on a new low-bandgap dike-
topyrrolopyrrole (DPP)-based polymer semiconductor (P62)
with marked ambipolar charge transport properties.”*
Solution-processed devices using polymeric insulators (PVP
or PMMA) and an inorganic gate dielectric (octyltri-
chlorosilane-treated SiO,) showed ambipolar behavior.
The latter insulator resulted in the highest field-effect
mobilities, reaching ~0.1 cm?/(V s) and up to ~0.09 cm?/
(V s) for holes and electrons, respectively. These values
are larger by an order of magnitude than the highest ones
previously reported for solution-processed ambipolar
transistors. Ambipolarity in this material is not limited
to one particular transistor architecture but has been
observed in five different configurations including tran-
sistors with solution-processed gate dielectrics in bottom-
gate as well as top-gate structures. When driven under
appropriate bias conditions the ambipolar P62 transistors
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Figure 26. Microscopy images of an operating light-emitting bottom-
gate FET. (a) Transistor with interdigitated source—drain electrodes
under external illumination. The electrode fingers are 20 mm wide, and
the distance between them, i.e., the channel length L, is 10 mm. (b—f) NIR
light emitted by the transistor when driven with Vg = 140 V (the drain
electrode is the one contacted from the right side) and V', = 30, 80, 84, 88,
and 100 V, respectively. The camera settings were not changed during this
series. The white arrow marks the position of the second source finger
from the top. Reprinted with permission from ref 94. Copyright 2009
Wiley.

emit near-infrared light, which was the first time that NIR
light emission was reported for organic transistors with
polymer gate dielectrics as well as for top-gate transistors
(Figure 26). A similar structure, P63, was reported by
Janssen et al. and exhibits ambipolar transport with
balanced electron and hole mobilities of ~0.01 cm?/(V s)
range, making it an interesting candidate for CMOS-like
circuits.”

To enable ambipolarity and simultaneously produce so-
luble low band gap polymers, Reynolds et al. have utilized
the strong donor dithieno[3,2-5:2/,3'-d]pyrrole (DTP) func-
tionalized with a trialkoxyphenyl group, combined with a
strong acceptor based on benzo[l,2-¢;4,5-c']bis[1,2,5]thia-
diazole (BBT) to produce the interesting polymer P64.%°
This strategy provides a high-lying HOMO, planarity for
st stacking, and solubility in the polymers due to the long-
chain alkoxy substituents. This polymer is spray-processable
and shows an optical bandgap of only 0.5—0.6 eV, which is
the lowest value reported for a soluble polymer. In electro-
chemical cells, four differently colored redox states of the
polymer can be accessed at moderate potentials and have
good stability. This polymer also shows potential for use in
ambipolar OFETs with respectable mobilities of 1.2 x 102
and 5.8 x 10~*cm?/(V s) being measured for p-channel and
n-channel operation, respectively.

Finally, Loi et al.”” have demonstrated high performance
organic ambipolar TFTs based on blends of P(NDI20OD-T2)
(P52)/P3HT (P1) as the semiconductor layer. The two
polymers form a type-II heterojunction, also resulting in
the photogeneration of charges as shown by time-resolved
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Figure 27. Structure and materials of a conventional bulk-heterojunction
photovoltaic cell along with the energy levels of the materials where light
absorption/excition dissociation/charge collection takes place. The chem-
ical structure of PC¢BM is also shown.

photoluminescence measurements. The devices fabricated
in bottom contact bottom gate configuration exhibit
balanced electron and hole charge carrier mobilities.
The extracted values were 4 x 10~ cm?/(V s) for electrons
and 2 x 1073 cmz/(V s) for holes with I,,/I,¢ ratios
of ~10%, which are the highest reported so far for polymer
bulk heterojunction-based TFTs. The large ambipolarity
and optical characteristics of this bulk heterojunction
may hold promise for future opto-electronic applications.

4. Bulk-Heterjunction Photovoltaic Cell Applications

Conversion of solar energy into electrical power is a
renewable clean energy.”® Bulk-heterojunction organic
photovoltaic (BHJ OPV) cells are a potential competitor
to amorphous silicon-based technologies and have ex-
perienced tremendous progress in performance during
the last three years, with power conversion efficiency
(PCE) now routinely surpassing 8%.°” Bulk-heterojunc-
tion cell photoactive layer is composed of a blend of
bicontinuous and interpenetrating donor (hole-trans-
porting) and acceptor (electron-transporting) semicon-
ductors (Figure 27).1% In a typical BHJ OPV cell, the
photoactive blend layer is sandwiched between an indium
tin oxide (ITO) positive electrode (anode) and a metal
negative electrode (cathode). Organic and/or inorganic
interlayers are also used to improve hole collection to the
anode (e.g., PEDOT:PSS) and electron collecting to the
cathode (e.g., LiF). In a typical polymeric cell a low band
gap conjugated polymer donor and a soluble molecular
acceptor are used.'®’ Typical acceptors are soluble ful-
lerene derivatives such as [6,6]-phenyl-C61-butyric acid
methyl ester (PCs;BM). As a component in the active
layer, a conjugated polymer donor serves as the main
absorber to solar photon flux, as well as the hole trans-
porting phase.'®* Therefore, wide optical absorption to
match the solar spectrum and large hole (bulk) mobility
are basic requirements to design an ideal polymer donor.
Furthermore, microstructural features such as charge
transport maximized in the out-of-plane direction is a
desirable characteristic.

Compared to bilayer OPV structures, in BHJ-OPV
architectures the donor phase is intimately intermixed
with the acceptor phase and thus the excitons can more
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Figure 28. Schematic of the /—V curvein the dark and under illumination
of an OPV cell.

easily access the donor—acceptor interface and subse-
quently dissociate to free holes and electrons. The charge
carriers will then easily move to the corresponding elec-
trodes by following the continuous route of either donor
or acceptor phases. Thus a mixed layer of donor and
acceptor molecules sandwiched between homogeneous
donor and acceptor layers can have significantly im-
proved device performance compared to donor—acceptor
bilayer cells. Polymer-based cells have the advantage of
avoiding the high cost of small-molecule coevaporation,
as well as compared to soluble molecular semiconductors,
they result in uniform films over large area greatly facil-
itating roll-to-roll (R2R) production.

From the photocurrent spectrum it is possible to derive
the ability of the solar cells to convert photons to elec-
trons under irradiation at certain wavelengths and inten-
sities, providing the reference of the photon to electron
transfer capability of the solar cell. However, among the
most important performance parameters there are the
power conversion efficiency (PCE or #) and the open
circuit voltage (V,.), which can be extracted from the
solar cell /—V curves measured under the simulated AM
1.5 solar light (Figure 28). Thus, the overall PCE is
calculated according to the following equations:

n = Pout/Pin = FF(VOCISC)/Pin (3)

FF = (Vapplmpp)/ (Voelse) 4)

where P, is the maximum output electrical power (in W/m?)
of the device under illumination, P;, (in W/m_z) is the
light intensity incident on the device, V. is the open
circuit voltage, and I is the short circuit current in A/m >,
Other important parameters which can be extracted from
the photocurrrent—photovoltage plots are the short cir-
cuit current (Jy) and the fill factor (FF). J is the current
extracted from the device under illumination when no
bias is applied. The parameter FF is defined as where
Vipp and Iy, are the voltage and current at the max-
imum power point in the /—V curve, respectively.

An ideal device would have a rectangular shaped I—V
curve and therefore a fill factor FF approaching unity.
The overall efficiency is an important parameter for
evaluating the performance of the device and is the
default efficiency value mentioned in the literature. Note
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Figure 29. Chemical structure of the traditional donor polymers P1, P65,
and P66.

that besides experimentally characterizing the performance
of the organic solar cells, a key parameter, the V., can be
estimated from electrochemical measurements and given by
the difference between the donor HOMO level and the
acceptor LUMO Ilevel. It is now well-accepted that for a
given acceptor V. correlates linearly with the donor HOMO
level and vice versa. For example, in the case of polymer:
PCg4;BM-based solar cells, the V. value can be estimated by
Voe ~ ELuMO(Acceptor) — EHOMODonor) — 0.3 'V, where the
constant 0.3 V is due to the difference between the HOMO/
LUMO energy levels and the electrochemical potential at
which the charges are extracted from the device. Clearly, to
achieve an organic BHJ-PV cell with large power conversion
efficiency and stability, the materials have to be designed
carefully to fulfill key parameters such as HOMO/LUMO
energy levels, solar light absorption, and blend morphology/
microstructure to maximize light absorption, charge separa-
tion, and charge transport/collection.

4.1. Donor Polymeric Semiconductors. Traditional
m-conjugated polymers used as donor semiconductors in
OPYV cells are shown in Figure 29. Dialkoxy-substituted
poly(para-phenylene vinylene)s P65 and P66 exhibit
strong absorption in the visible light band'® and PCE
values of > 3% have been reported. Regioregular poly(3-
hexylthiophene) (P1) has also been widely investigated
with record PCEs > 6% when proper acceptors are
used.'® To enhance of OPV cells based on P3HT (P1),
MEH-PPV (P65), and MDMOPPYV (P66), several opti-
mization strategies have been employed such as using
solvent mixtures/additives, photoactive layer thermal
annealing/film forming conditions, optical spacer, anode/
cathode interfacial layers, and using different device
architectures.'®

For instance, Marks and co-workers have utilized
organic and inorganic interlayers to improve OPV effi-
ciency using P66 and P1 as testbeds. Among the factors
limiting V., there is the risk where both phase-separated
donor and acceptor components can be in electrical
contact with both electrodes. Thus, electrons transported
by the PC4;BM network may drift/hop to the (“wrong”™)
hole-extracting ITO anode. Such efficiency-depleting
phenomena are well-established for OLEDs/PLEDs.'%
While for OPVs this leakage current flow opposes the
built-in electric field, it is favorable for an electron in the
PC¢BM LUMO (~4.0 eV) to transfer to ITO (work
function ~ 4.7 eV). Electrons transferred to the ITO
would then recombine with holes to erode device effi-
ciency and reduce the maximum possible V.. Thus, an
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Figure 30. (A) J—V plots for P66 + PCs;BM BHIJ cells fabricated with
and without (control) a 15 nm electron-blocking layer (EBL). V.
increases from ~0.70 to 1.08 V and #,, increases from 1.7% to 2.5% upon
insertion of the EBL. Inset: OPV component energy levels. The energy
barrier to electron flow in the wrong direction is shown. (B) Energy levels
of a P3HT (P1)-PC¢BM cell with a PEDOT-PSS hole injection/electron-
blocking layer. (C) Energy levels of a P3HT-PCq;BM cell with a NiO hole
injection/electron-blocking layer. Adapted with permission from ref 109.
Copyright 2008 National Academy of Sciences.

OPV cell model consisting of P66 + PCqBM cell
(Figure 30) was fabricated with and without an organic
interlayer. Marks et al. found that a TPDSi, + TFB cross-
linked electron-blocking layer (EBL) chemisorbed between
the active layer and the anode produces a record V. =
1.08 V for a materials system having a theoretical max-
imum V,. ~ 1.2 V (Figure 30).°*> This interfacial layer
substantially increases PCE and thermal stability.'"” In a
different approach, the same group used NiO as an
inorganic interlayer to fabricate P3HT-based cells. NiO
is a transparent conducting p-type oxide, and considering
the relevant energy levels for P3BHT + PCg BM cells
indicates that a thin layer of NiO on the ITO anode could
enhance hole extraction while blocking electron leak-
age to the anode. Both NiO and ITO are wide-band
gap transparent conducting oxides to the P3HT-PCBM
materials. The highest PCE reported at the time for
optimized P3HT-PC¢ BM cells, using standard fabrica-
tion procedures, were ~4.0% efficiency.'® Using the
same fabrication procedure, NU used a thin (5 —70 nm)
NiO films grown on ITO anodes by PLD (pulsed laser
deposition) and P3HT + PCgBM cells fabricated on top
of this anode. For optimum NiO thicknesses of 5—10 nm,
the NU team achieved record cell power efficiencies of
5.2% (NREL measured 5.6%)'% Importantly, control
experiments with n-type TCOs both at NU and elsewhere
do not show this effect which is attributable, among other
factors, to the good hole transport characteristics of NiO.
Note that the greatest effect of the NiO layer was to
increase the fill factor and V..
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Studies on the above-mentioned polymers paved the
way to understanding how bulk-heterojunction OPV cell
function and what the critical parameters affecting effi-
ciency and stability are and identified routes to design
even better donors. However, significant PCE improve-
ment is necessary to meet large scale commercialization
requirements. Thus, during the last three years several
s-conjugated polymers were identified as promising donor
candidates, and due to the limited space, we will concen-
trate only on a few of them. Key routes toward better
donor polymers are to enlarge their optical absorption to
better match the solar terrestrial radiation, enhance
(bulk) hole mobility, and improve energy alignment with
the acceptor to enhance the open circuit voltage.

The synthetic strategy to reduce the bandgap and broaden
the optical absorption is to realize alternating copolymers
comprising electron-rich (donor) and electron-deficient
(acceptor) heteroaromatic units.''® Among the donating
groups there are dithiophene, cyclopentadithiophene, car-
bazole, dibenzo(thieno)silole, fluorene, and dialkoxybenzo-
dithiophene, whereas the acceptors are benzothiadiazole,
quinoxaline, thienoimide (thieno[3,4-c]pyrrole-4,6-dione),
and diketo-pyrrolo-pyrrole (DPP), to cite just a few.

Cyclopentadithiophene-benzothiadiazole copolymer P67
has been reported by Brabec et al. in a series of papers.'!!
P67 exhibits a high hole mobility of 2 x 1072 cm?/(V s), a
wide absorption band at ~750 nm, and a low E, of 1.4 eV.
The HOMO and LUMO Ilevels of P67 are —5.3 and —3.57
eV, respectively. With PC;BM and PC;BM (1:1 by weight)
P67 exhibits PCEs of 2.67% and 3.16%, respectively. When
additives (e.g., 1,8-octanedithiol) were used during photo-
active layer deposition to the active layer, PCEs of 5.1—5.5%
were achieved. The enhanced PCE was attributed to in-
creased mobile-carrier-generation efficiency and mobile-
carrier lifetime. The corresponding dithienosilole-BT alter-
nating copolymer, P68, reported by Yang et al., exhibits a
broad absorption extending to 800 nm, an £, of 1.45eV, and
a FET hole mobility of 3 x 107 em?/(V s) With an active
layer of P68a:PC,;BM (1:1 by weight), OPV devices showed
an outstanding PCE of 5.1%. Boudreault et al.''® and Wang
et al.""* independently reported the dibenzosilole-BT copol-
ymer P68b. The first group synthesized the polymer having
My /My, = 15/20 KDa, whereas the second group achieved
M,/M,, = 79/330 KDa. The shorter M, version exhibits
lower OPV performance characterized by a J. of 2.80 mA/
cm?, Voo of 0.97 V, and FF of 55% under illumination at
90 mW/cm?, giving a PCE of 1.6% (1:1 weight ratio with
PCs BM). The FET hole mobility for P68b, measured under
ambient conditions without any encapsulation, reached
~107% cm?/(V s). The much higher molecular weight P68b
batch afforded greater photovoltaic performance with PCE
of ~5.4%, from the same device configuration but with a
different component ratio (P68b:PC4BM = 1:2 by weight).
More recently, Jen et al. reported two novel low-bandgap
copolymers (P69) based on the benzobis(silolothiophene)
unit.!"® The polymers exhibit high hole mobilities (up to 0.01
cm?/(V s)) and power conversion efficiency of ~3.5%.

Fused coplanar thiophene-based heterocycles have
been actively utilized as both donor and acceptor units.
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Figure 31. Chemical structure of donor polymers P67—P75.

Leclerc et al. explored the used of the thieno[3.,4-c]pyrrole-
4,6-dione (TPD) unit''® in combination with alkoxy-
benzodithiophene (TBT) to realize a very interesting copoly-
mer (P70, Figure 31).!'7 TPD is a very simple, easy to
synthesize, planar structure, and considering its relatively
strong electron-withdrawing effect lead to low HOMO
and LUMO energy levels, which are desirable to increase
Ve P70 is readily soluble in chlorinated solvents upon
heating and exhibits a M, of 13 kDa and M, of 34 kDa
(TCB at 140 °C). The optical band gap obtained from this
polymer film absorption edge is 1.8 eV. Interestingly, the
UV—vis absorption of P70 in solution is very similar to
that obtained in the solid state, indicating a similar rigid-
rod conformation in both states. The HOMO and LUMO
energy levels are —5.56 and —3.75 eV, respectively, on the
basis of the onset of the oxidation and reduction currents.
The photovoltaic properties of P70-PC;;BM (weight
ratio of 1:2) were investigated in an OPV structure con-
sisting of ITO/PEDOT:PSS/P70:PC,,BM/LiF/Al, hav-
ing an active area of 1.0 cm®. These devices demonstrated
a short-circuit current density of 9.81 mA/cm?, a V. of
0.85 V, a fill factor (FF) of 0.66, and a PCE of ~5.5%.
Note that efficiencies obtained on areas smaller than
0.2—0.3 cm”® may become strongly size-dependent.''®
Structures based on the same TPD-TBT-building blocks,
but having different alkyll chains, were reported indepen-
dently by Xie et al.""” Thus, P71 was synthesized and the
morphologies of P71:PC;;BM blend films were opti-
mized by the addition of diiodooctane resulting in PCE
0f 4.79% and V. of 0.91 V. More recently, P70 and two
other TPD-TBT polymers (P72 and P73) were reported
by Frechet et al. and identified device configurations
yielding PCEs between 4% and 6.8%."*° The photovol-
taic properties of these polymers were investigated with
PCgBM. The active layers were spin-coated from chloro-
benzene (CB) and, in some cases, a small amount of the
high boiling-point additive 1,8-diiodooctane (DIO). In
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Figure 32. (a) 2D grazing incidence X-ray scattering (GIXS) patterns of
films of P72, P73, and P70. (b) Out-of-plane linecuts of GIXS. Inset:
Schematic illustration of the face-on orientation of the polymers with
the backbone parallel to the substrate. The lamellar spacing and the
m-stacking distance are labeled d; and d,, respectively. Adapted with
permission from ref 120. Copyright 2010 American Chemical Society.

optimized devices, the PCE increases from 3.9% for P72,
which possesses an ethylhexyl side chain, to 5.4% for P73,
which possesses a dimethyloctyl side chain. The elimina-
tion of branching on the TPD side chain in P70 further
enhances PCE performance to 6.8%. In the cases of P72
and P73, the addition of DIO to the blend solution
dramatically improved the device performances. It is
known that the use of high-boiling-point additives pro-
mote polymer packing by avoiding excessive crystalliza-
tion of the fullerene.'?' The authors showed that this
mechanism is responsible for the large enhancement in the
device performances of P72 and P73. In contrast, for
devices realized using P70, the addition of DIO led to only
slight improvements, suggesting that P70 blend morphol-
ogy optimizes without DIO addition. The authors studies
microstructural organization by grazing incidence X-ray
scattering (GIXS). As shown by the GIXS patterns of
P72, P73, and P70 (Figure 32a), the (010) peak corre-
sponding to m-stacking is more prominent in the out-of-
plane direction, which suggests that most of the polymer
backbones are oriented parallel to the substrates (inset,
Figure 32b). This face-on orientation is beneficial for
charge transport in the device. Interestingly, the same
diffraction peaks of the pristine polymers are still visible
in the 2D patterns of the blends with PC4;BM together
with the characteristic reflection of fullerene.

Following the first study of Yang et al.'*> where several
alkoxy-benzodithiophene-based polymers were synthe-
sized, Yu et al. reported'® an alkoxy-benzodithiophene-
co-thienothiophene polymer P74 with alow £, of ~1.6eV
exhibiting PCE of 5.6% for devices fabricated with
PC7;BM as the acceptor. The hole mobility of P74 was
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Figure 33. Chemical structure of donor polymers P76—P85.

10~* cm?/(V s). More recently the same group reported a
variation to the same structure where a F atom was
included in the thiophene ring (P75).'** The M,, of P75
is 97.5 kDa with a polydispersity index of 2.1 whereas the
HOMO and LUMO energy levels are —5.15eV and —3.31
eV, respectively. Despite the branched chains, the space
—charge limited current hole mobility approaches 103
cm?/(V s). This polymer shows strong absorption from
550 to 750 nm. An impressive PCE of ~7.4% has been
achieved when PC-,BM is used as the acceptor.

Small band gap conjugated copolymers'?® and oligo-
mers'?® were also realized by incorporating diketo-
pyrrolopyrrole (DPP) with the appropriate electron-rich
aromatic groups, resulting in materials with interesting
OPV performance (Figure 33). Thus, Janssen et al. intro-
duced the diketo-pyrrolo-pyrrole into the backbone of
polythiophene resulting in the polymer P76, which exhibits
a band gap of only 1.4 eV."”” The polymer was very
soluble in chloroform but partially soluble in o-dichloro-
benzene. Using a mixture of the two solvents to dissolve
P76 and PC;;BM resulted in OPV efficiencies of ~4%.
More recently the same group reported new polymers incor-
porating diketo-pyrrolopyrrole with different electron-rich
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aromatic segments such as 9,9-dioctylfluorene (P77) and
4.4-dioctylcyclopenta[2,1-b:3,4-b0]dithiophene (P78). These
polymers exhibit solid-state band gaps ranging from 1.24
to 1.77 eV. In field-effect transistors ambipolar charge
transport with hole and electron mobilities of ~10~° and
10~*cm?/(V s), respectively, were measured. Bulk hetero-
junction OPYV cells were fabricated with PC¢;BM as the
electron acceptor to give a maximum power conversion
efficiency of 1.7% under simulated standard solar light
(AM1.5G, 100 mW/cm?). The authors claimed that the
bulk heterojunction blend morphology limits OPV per-
formance.

An interesting electron-poor heterocycle used in OPV
polymer is quinoxaline. Inganas et al. reported the alter-
nating copolymer P79 formally derived from fluorene
and 5,8-dithienylquinoxaline.'*® This polymer has an E,
of ~1.9 eV and a very low-lying HOMO of —6.3 eV, and
OPV cells fabricated with PC60BM exhibit PCEs of
3.7%. Similar quinixaline-based derivatives exhibit PCEs
between 1.1 and 2.7%,'?° and a recent derivative P80 has
shown even greater potential.'** Copolymer P81a obtained
by Leclerc et al. by combining 5,8-dithienylquinoxaline
with 2,7-carbazole exhibits an E, of 2.02 eV and a TFT
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Figure 34. Internal quantum efficiency (IQE) of P81b:PC,;BM solar
cells. (a) IQE values of the 1:4 device with film cast from DCB. The red
line shows the total absorption of the device, and the black line the IPCE.
Adapted with permission from ref 132. Copyright 2009 Nature Publishing
Group.

hole mobility of 3 x 10~* cm2/(V s)."*' Within the same
study, structural variations were also explored where
pyrido-pyrazine (P81a) and benzothiadiazole (P81b) re-
placed quinoxaline, resulting in PCEs of ~1—2%. Lee and
Heeger used the Leclerc polymer P81b polymer with
PC7,BM to fabricate solar cells exhibiting excellent perfor-
mance with PCE surpassing 6%.'*? To increase the photo-
current while maintaining the thickness constant, they used
an optical TiO, spacer'* between the photoactive layer and
the top electrode; because of the optical spacer, the
maximum light intensity is redistributed to be within the
active charge separating the BHJ layer. In parallel, by
choosing optimal conditions for processing, they demon-
strated a nanoscale BHJ morphology resulting in nearly
100% internal quantum efficiency (IQE), meaning that
every photon adsorbed in the photoactive layer is col-
lected as electron/hole at the corresponding contacts
(Figure 34). Bazan et al. introduced a novel donor polymer,
namely, poly[(4,4-didodecyldithieno[3,2-b:20,30-d ]silole)-
2,6-diyl-alt-(2,1,3-benzoxadiazole)-4,7-diyl] (P82)."** The
idea was that due to the benzoxadiazole for benzothia-
diazole substitution, larger open-circuit voltages should
be achieved. The M, of P82 is 41 KDa, and the HOMO
and LUMO are —5.5 and —3.7 eV, respectively. Solar
cells were fabricated using P82 and PC;BM as the
acceptorin a 1:2 weight ratio and exhibit maximum PCEs
approaching 2%.

Very recently, Ding and co-workers reported a new
s-tetrazine-based low-bandgap semiconducting polymer
(P83), which is the first solution-processable conjugated
polymer with tetrazine in the main chain. This polymer
shows good thermal stability, broad absorption covering
450—700 nm, and HOMO and LUMO energy levels
of —5.34and —3.48 eV, respectively. Solar cells fabricated
with PC7;BM exhibit power conversion efficiency of
~5.4%.'% Finally, You et al. synthesized a series of weak
donor—strong acceptor polymers, P84—P8S, copolymer-
izing various donor moieties with thiadiazolo[3,4-c]pyridine.
These new polymers showed noticeably reduced LUMO
levels, slightly decreased HOMO levels, and thus smaller
bandgaps than the corresponding 2,1,3-benzothiadiazole.
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Figure 35. Chemical structure of donor polymers P86—P88.
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The smaller bandgap significantly improves the observed
Js. values of the related BHJ devices, while the low
HOMO energy level maintains the high V. values. BHJ
photovoltaic devices were fabricated with a typical config-
uration of ITO/PEDOT:PSS(40 nm)/polymer:PCyBM/
Ca(40 nm)/Al(70 nm) and tested under simulated air
mass coefficient AM1.5G illumination, resulting in effi-
ciencies > 6%.'%°

Most of the above-reported donor—acceptor conju-
gated copolymers focused on the main chain system.
Recently, two-dimensional (2D) like conjugated poly-
mers with conjugated side chains have been developed
by several groups (Figure 35)."*” Pioneering works done
by Li and his co-workers concluded that the incorpora-
tion of conjugated side chains into polythiophene signifi-
cantly broadened the absorption spectrum and enhanced
the power conversion efficiencies of photovoltaic cells,
such as bi(phenylenevinylene), bi(thienylenevinylene), and
phenothiazinevinylene. In addition, the cross-linked
polythiophene derivatives with conjugated bridges were
shown to have high charge carrier mobility. Unlike the bi-
(thienylenevinylene) system, Ting et al. employed the
alkylthiophenes directly attached onto the polythiophene
backbone without the vinylene linkers.'*® Such polymers
have a far lower band gap of 1.77 eV and relatively low-
lying HOMO levels (—5.46 to —5.62 eV) versus P3HT,
indicating improved absorption ability and air stability.
Very recently, similar structures with less densely con-
jugated side chains compared to their previous study
exhibited hole mobility of ~0.05 cm?/(V s). These copoly-
mers showed interesting OPV efficiencies. The above
reports suggest that 2D-like conjugated polymer systems
have emerged as a promising candidate for the donor
building block. More recently, Ting reported the synthe-
sis, properties, and optoelectronic device applications of the
four poly(4T-acceptor) derivatives (P86a—d, Figure 35)."*’
Polymer solar cell devices were fabricated by spin-coating
the polymer blend of 4T-acceptor copolymer/PC,;BM
sandwiched between a transparent anode (ITO) and
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cathodes (Ca/Al). The high hole mobilities of these polymers
(107"'=10"* cm?/(V s)) are mainly due to the enhanced
ordered intermolecular packing characteristics in the
solid state. The power conversion efficiencies of P86a—
d are as high as 2.43%. Very recently, Jen et al. used the
same concept and synthesized side chains polymer series
where P87 and P88 are two representative examples.
Different from the common linear donor—acceptor con-
jugated polymers, in P87 and P88 the acceptors are
located at the ends of the side chains and connected with
the triphenylamine donors on the main chain through a
styrylthiophene s-bridge. Hence, the designed polymers
have an electron-rich conjugated main chain with a D-7-
bridge-A conjugated side chain. This new design takes
advantage of the group of well-established knowledge of
nonlinear optical chromophores to optimize the absorp-
tion spectra and energy levels of the resultant poly-
mers.'*° P87 and P88 exhibit a high hole mobility of
~0.01 cm?/(V s), and OPV cells with PC61BM and PC71BM
exhibit promising performance with maximum PCEs
approaching 5%.

4.2. Acceptor Polymeric Semiconductors. Fullerenes
are by far the most used and technologically relevant
OPV acceptors.'*' However, fullerenes suffer several
drawbacks such as batch to batch performance varia-
tions, limited availability, and unstable active layer mor-
phology of the corresponding blends. Despite the lack of
well-understood rules on how to design efficient acceptor
semiconductors for OPV, several groups have initiated
the search for alternative donors based on small-molecule
and polymeric materials.'** Unfortunately from these
studies one of the results is that high-performance electron-
transporting TFT semiconductors'** do not exceed as
OPYV acceptors.

The polymeric acceptor poly[2-methoxy-5-(2'-ethyl-
hexyloxy)-1,4-(1-cyanovinylene)phenylene] (CNPPV, P89)
was first investigated in OPV devices by Friend and co-
workers in 1998 (Figure 36).'** By combining this poly-
meric acceptor with poly[3-(4-n-octyl)-phenylthiophene]
(POPT),'* that study proofed the concept of bulk-
heterojunction as a means to improve efficiency on organic
solar cells using all polymeric materials and yielded the
highest photocurrent of its time with peak EQE of 28%.

Very recently, Frechet et al.'* synthesized a high-
quality POPT via GRIM resulting in a high M, and
regioregular polymer which afforded a peak efficiency
of 3.1% with PC4;BM. More importantly, thanks to the
high solvent resistance of GRIM POPT, P89 can be spin-
coated directly on top of a POPT film using solvents such
as tetrahydrofuran or ethyl acetate, leading to bilayer
devices as opposed to the previously laminate design
explored by Friend. A peak efficiency of 2.0% was
achieved with this system after 2 h of thermal annealing
at 110 °C. This constitutes among the highest reported
efficiency to date for a solution processed all-polymer
OPV.'"*" Li et al. report all-polymer OPV cells based on
a polymer blend of poly-3,10-n-octyl-3-phenothiazine-
vinylenethiophene-co-2,5-thiophene as donor and poly-
1,4-dioctyloxyl-p-2,5-dicyanophenylenevinylene (P90) as
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Figure 36. Chemical structure of donor polymers P67—P75.

the acceptor (Figure 37)."*® Strong photoluminescence
quenching is observed in the polymer blend indicating
that photoinduced charge transfer occurs between the
two polymers. The power conversion efficiency of these
OPV cells approaches 1% after 120 °C postannealing.
The authors attributed the improved efficiency to better
morphological features of the photoactive layer after
thermal annealing.

OPYV cells incorporating diimide-based acceptor poly-
mers are among the most efficient among all-polymer
solar cells to be reported. The PDI-based polymer acceptor
(P54, Figure 18) discussed in the n-channel semiconduc-
tor section was also used as an acceptor in conjunction
with a bis(thienylenevinylene)-substituted polythiophene
donor resulting in efficiencies surpassing 1% (Figure 15).”*
More recently, OPVs based on a related donor (a tris-
(thienylenevinylene)-substituted polythiophene) and a
related acceptor (P91) were found, by optimizing the donor:
acceptor ratio to exhibit PCEs as high as 1.5% (AMIL.5,
100 mW cm ™ ?).'* Using an alternating PDI-phenylene-
vinylene copolymer (P92) acceptor and poly(3-phenyl
hydrazone thiophene) donor in OPVs, Mikroyannidis
et al. obtained a PCE of 2.3% under white-light illumina-
tion calibrated to an AML.5 intensity of 30 mW cm 2,
after annealing at 80 °C for 10 min."*° Very recently, Loo
investigated P58 in combination with P3HT, achieving
PCEs approaching 0.6%; they also found that PCEs of
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Figure 37. (a) Normalized film absorption spectra of donor PTZV-TV
(inset see structure), acceptor P89, and the blend. (b) PL spectra of pure
PTZV-PT film and polymer blend film. Reprinted with permission from
ref 146. Copyright 2010 American Chemical Society.

these blends are more sensitive to the active layer film
morphology than are P3HT-PCsBM blends.'”' The
ladder polymer P49 (Figure 17) has also been used to
fabricate efficient bilayer cells (PCE = 1.1% at 80 mW cm >
AM1.5) in conjunction with a poly(phenylene vinylene)
donor."?

Finally, donor—acceptor diblock copolymers in which
a polyacrylate chain having pendant perylene diimide
(PDI) units (P93) serves as the acceptor block have been
studied; these materials undergo microscale phase segre-
gation, as single-component active layers in OPV cells.
Devices based on such block copolymers with a 4-(diphe-
nylamino)styrene donor block were recently reported to
exhibit efficiencies of up to 0.11%,'>® while annealed
devices based on P93 in which the donor block is regio-
regular poly(3-hexylthiophene) afford a PCE of 0.49%.'%*

Although conjugated polymers exhibit large mobilities
and broader optical absorption than fullerenes, power
conversion efficiencies of polymer-based OPV cells do not
yet rival those of the molecular acceptors. The reason is
unclear at present, but an ideal morphology and appro-
priate electronic coupling with the donor component are
issues that warrant further study. In general, the feature
size of phase separation in polymer/polymer blend is
hundreds of nanometers due to the low entropy of mixing,
while in the case of polymer/PCg;71)BM systems, the
phase separation length scale is only 10—20 nm. Thus,
the donor/acceptor interfacial area in the polymer/fullerenes
systems is far larger than that in polymer/polymer
systems. Given the fact that typical exciton diffusion
lengths in disordered blend layers is approximately 10 nm,
the greater phase separation length scale and smaller
donor/acceptor interfacial area in the polymer/polymer

Chem. Mater., Vol. 23, No. 3, 2011 755

system is likely responsible for inefficient exciton disso-
ciation and lower PCEs in these systems. '

5. Conclusions

In this review several polymeric semiconductors for
thin-film transistors and photovoltaic cells were reviewed.
It is now clear that during the last 2—3 years impressive
results in developing new n-channel polymeric semicon-
ductors were achieved, and the performance difference
with the p-channel counterpart has been dramatically
reduced. We have shown several examples where modi-
fication of the m-conjugated core results in dramatic
variation and majority charge carrier from p- to n-channel
to ambipolar transport. Importantly from the tech-
nology perspective, some of these materials exhibit, as
solution processed films, carrier mobilities and 7,,: /o
surpassing those of amorphous Si (>0.1 cm?/(V s)). As
far as organic photovoltaic cells are concerned, during the
past few years OPV cell efficiencies have doubled, now
surpassing 8%. These performance were unthinkable
only very recently. Thus, polymeric semiconductors are
exciting materials and are essential to move these new
fields forward toward market applications.
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