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ABSTRACT: Two thieno[3,4-c|pyrrole-4,6-dione (TPD)-based copolymers com-
bined with 2,2’-bithiophene (BT) or (E)-2-(2-(thiophen-2-yl)vinyl)thiophene (TV)
have been designed and synthesized to investigate the effect of the introduction of a
vinylene group in the polymer backbone on the optical, electrochemical, and
photovoltaic properties of the polymers. Although both polymers have shown similar
optical band gaps and frontier energy levels, regardless of the introduction of vinylene
bridge, the introduction of a 7-extended vinylene group in the polymer backbone
substantially enhances the charge transport characteristics of the resulting polymer
due to its strong tendency to self-assemble and thus to enhance the crystallinity. An
analysis on charge recombination in the active layer of a solar cell device indicates that
the outstanding charge transport (4 = 1.90 cm>V~"s™") of PTVTPD with a vinylene
group effectively suppresses the bimolecular recombination, leading to a high power
conversion efficiency (PCE) up to 7.16%, which is 20% higher than that (5.98%) of
the counterpart polymer without a vinylene group (PBTTPD). More importantly,
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PTVTPD-based devices do not show a large variation of photovoltaic performance with the active layer thickness; that is, the
PCE remains at 6% as the active layer thickness increases up to 450 nm, demonstrating that the PTVTPD-based solar cell is very

compatible with industrial processing.

KEYWORDS: polymer solar cell, thienylenevinylene, thick active layer

B INTRODUCTION

Polymer solar cells (PSCs) based on a bulk heterojunction
(BHJ) structure that consists of a conjugated polymer and a
fullerene derivative as an electron donor and acceptor,
respectively, have emerged as a next-generation energy resource
due to their unique advantages of low cost and large-area
production by solution processing.'~* Over the past decade,
alternating conjugated copolymers composed of electron-
donating (D) and electron-accepting (A) units have been
considered as the most promising donor material for high-
performance PSCs because their frontier energy levels can
effectively be tuned by proper combination of D and A units.®
Moreover, molecular properties of D—A-type copolymers, such
as the dipole moment, planarity of the backbone, intermo-
lecular interaction, and charge transport characteristics, can also
be fine-tuned by modifying each of the D and A units.™®
Specifically, the molecular design of the D—A structure for a
conjugated polymer is the most effective strategy toward
harvesting more photons by lowering the optical band gap,
while the molecular energy levels satisfy the conditions for
charge separation and transport.”'* In recent years, several D—
A-type polymers have demonstrated promising photovoltaic
performances close to 10% power conversion efficiency (PCE),
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demonstrating their high potential for commercialization of
PSCs.!' 71

Although most high-performance PSCs have achieved their
best performance at a relatively thin active layer (ca. 100 nm), it
is very difficult to fabricate reproducibly such thin films without
a pinhole under current industrial processes. When the
thickness of active layer is thicker, the bimolecular recombina-
tion of photoinduced charge carriers increases, and therefore,
the resulting space charge decreases the fill factor (FF) due to
the intrinsic low charge carrier mobility of organic semi-
conductors.'*'> Therefore, one of the most challenging issues
for mass production of PSCs is to fabricate thick active layers
without large loss of photovoltaic performance.

Herein, we present highly crystalline D—A-type polymers
based on thieno[3,4-c]pyrrole-4,6-dione (TPD). TPD pos-
sesses strong electron-withdrawing properties, leading to low
frontier orbital energy levels of the corresponding conjugated
polymers, which is beneficial to achieving a high open-circuit
voltage (Vo) of PSCs.*"*">° More importantly, highly fused
and coplanar structure of TPD affords high crystallinity and
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Scheme 1. Synthesis of the Polymers Studied in This Work
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Table 1. Characteristics of the Polymers Synthesized in This Work

polymer M, (kDa) ~ PDI Ay (nm)  Agpers (0m) A (0m)  Agpeee (nm)  LUMO? (eV)  HOMO® (eV)  Ef (eV) gy, (em®/V-s)
PBTTPD 44.7 1.73 532 695 579 700 -3.36 —=5.511 2.15 0.56
PTVTPD 41.0 1.41 584 695 585 700 -3.32 —5.48 2.16 1.90

“Determined from cyclic voltammetry.

thus effective charge transport to the corresponding polymer,
which are prerequisites for suppressing bimolecular recombi-
nation of charge carriers in BHJ films.*"** In conjunction with
TPD, we adopted 2,2'-bithiophene (BT) and (E)-1,2-di-
(thiophen-2-yl)ethane (simply called thienylenevinylene
(TV)) as the D unit for constructing D—A-type polymers,
PBTTPD and PTVTPD, respectively. TV has recently been
recognized as a promising electron-donating unit of low band
gap conjugated polymers for PSC application because the
incorporation of a vinylene bridge in the polymer backbone
enhances the planarity of the polymer backbone and thus
affords strong m—rn interaction with a large overlapping area
between chain backbones, leading to increased crystallinity of
the conjugated polymer.”>>” Hence, the PTVTPD with a 7-
extended TV unit shows significantly increased crystallinity and
3-fold larger hole mobility (1.90 cm?/V-s) than PTBTTPD
without a vinylene unit (0.56 cm?/V:s), although the two
copolymers exhibit similar optical band gaps and frontier
energy levels. Furthermore, the high crystallinity of PTVIPD
affords superior photoinduced charge generation with sup-
pressed bimolecular recombination, which is beneficial for
achieving high short-circuit current density (Jsc). Conse-
quently, PTVTPD exhibits a high PCE exceeding 7% at a
140 nm thick active layer. It should be noted here that, during
the preparation of our article, a polymer with the same polymer
backbone as our PTVTPD but with a different alkyl side group
on TPD was reported for photovoltaic applications.”® They
reported low hole mobility (1.72 X 107> cm?/V's) and
unsatisfactory PCE (4.68%) probably because of low molecular
weight (~24 kDa) and low crystallinity, which are probably due
to very long and branched side chains (5-decylheptadecane).
However, PTVTPD with relatively short side chains
(heptadecane) in our study has higher molecular weight
(~41 kDa) and high crystallinity and thus exhibits much
improved hole mobility (1.90 cm®/V-s) and higher PCE over
7%. More importantly, PTVTPD retains high photovoltaic
performance over 6% PCE, while the active layer thickness
increases from 140 to 450 nm, suggesting that the PTVTPD is

a promising candidate as donor material for industrial
production of PSCs.

B RESULTS AND DISCUSSION

The synthetic routes of PBTTPD and PTVTPD are shown in
Scheme 1. The polymers were synthesized by the Stille
coupling reaction using Pd,(dba); and P(o-tol) as catalyst and
ligand, respectively. When the number-average molecular
weights (M,) and the polydispersity indexes (PDI) of the
polymers were measured by gel permeation chromatography
(GPC), all polymers had sufficient molecular weights (M, > 40
kDa) with narrow PDIs for their device applications (Table 1).

When the optical properties of two polymers in solution as
measured by UV—vis absorption spectroscopy are compared, it
reveals that an identical absorption onset is observed at 695 nm
for both polymers, corresponding to an optical band gap of 1.78
eV, while the maximum absorption peak (4, = 584 nm) of
PTVTPD is red-shifted compared to PBTTPD (A, = 532
nm) (Figure 1 and Table 1). PTVTPD exhibits an obvious and
intense vibronic shoulder peak at 640 nm in dilute solution at
room temperature, indicating that the polymer chains are
aggregated in solution. This is further evidenced by the
disappearance of the shoulder peak at high solution temper-
ature (Supporting Information Figure S1). Accordingly, for
measurement of exact molecular weights of the polymers, the
molecular weights of the polymers were measured at high
temperature (120 °C) using a high-temperature GPC. A strong
vibronic shoulder is also observed in solid film of PTVTPD,
indicating that the PTVTPD exhibits strong interaction
between polymer chains that may arise from increased
conjugation length caused by a z-extended vinylene unit. It is
noteworthy that the absorptivity of PTVTPD is higher than
that of PBTTPD in both solution and the film state, which may
arise from not only the extended 7-conjugation by introduction
of a vinylene bridge but also its better molecular stacking, as
will be discussed in the following section.

To gain deeper insight into the effect of the vinylene moiety
on the molecular structure and electronic property of the
polymer, a theoretical calculation based on the density
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Figure 1. UV—vis absorption spectra (a) in solution and (b) in the
thin film of the polymers. (c) Side view of repeating units of the
polymers at the optimized geometries and (d) cyclic voltammograms
of the polymers.

functional theory (DFT) at the B3LYP/6-31G* level was
performed on the repeating unit of each polymer. As shown in
Figure 1c, both polymers are expected to exhibit excellent
planarity through the entire polymer backbone with small
torsional angles at the optimized geometry. Although both
polymers possess small dihedral angles close to 0° between
TPD and thiophene, there is steric hindrance between adjacent

thiophenes in PBTTPD (dihedral angle 14.4°), while
PTVTPD exhibits a very small torsional angle (<0.5°) between
vinylene and the adjacent thiophene, indicating that the
introduction of a vinylene bridge effectively reduces the steric
hindrance between two thiophene units, allowing better planar
conformation of the polymer backbone.

The effect of the vinylene unit on the electrochemical
properties of the polymer was investigated by measuring the
frontier energy levels (Figure 1d and Table 1). The highest
occupied molecular orbital (HOMO) energy levels of PBTTPD
and PTVTIPD are —5.51 and —5.48 eV, respectively. These
relatively low-lying HOMO levels may have a benefit to obtain
high V¢ in PSCs because Vo is proportional to the difference
between the HOMO of the polymer donor and the lowest
unoccupied molecular orbital (LUMO) of the PCBM acceptor.
The LUMO levels of PBTTPD and PTVIPD were —3.36 and
—3.32 eV, respectively. Therefore, it is realized that the
introduction of a vinylene bridge does not significantly affect
the frontier orbital energy levels of the resulting polymer, which
is consistent with our previous report,29 although PTVTPD
exhibits energy levels slightly higher than those of PBTTPD
due to the electron-rich nature of vinylene.

The crystallinity and molecular orientation of the polymers
in the solid film state were examined by the grazing incidence
wide-angle X-ray scattering (GIWAXS). As illustrated in Figure
2 and Supporting Information Figure S3, PBTTPD shows two
distinct diffraction peaks at g, = 0.29 and 0.59 A™', while
PTVTPD exhibits stronger peaks at g, = 0.29, 0.59, 0.90, and
120 A" in the out-of-plane (g,) direction, corresponding to
the typical (h00) diffraction of a well-ordered lamellar structure
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Figure 2. Two-dimensional GIWAXS images of (a) PBTTPD and (b) PTVTIPD thin films. AFM images of (c) PBTTPD and (d) PTVTPD (scale

bar is 1 ym).
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Figure 3. (a) J-V curves, (b) IPCE spectra (with integrated current densities), (c) plot of Joh V8 Vg5 and (d) plot of Jgc vs light intensity of PSC

devices.

Table 2. Optimized Photovoltaic Properties of PSCs

active layer Voc (V) Jsc (mA/cm®) Jsorcat (mA/cm?) FF PCE? (%) G (m™357%) a
PBTTPD:PC,,BM* 0.90 10.38 10.31 0.64 5.98 (5.75) 3.76 X 1027 0.92
PTVTPD:PC, BM® 0.88 12.32 1247 0.66 7.16 (697) 8.13 x 1027 0.96

“Thickness = 140 nm. "Thickness = 110 nm. “Calculated Jsc obtained from the IPCE spectra of the best device. dAverage PCE in parentheses (over

12 devices).

in an edge-on orientation with djyy = 21.7 A0 Stronger

diffraction of the PTVTPD film indicates that the incorporation
of vinylene in the polymer backbone effectively enhances
crystallization of PTVTPD. Another feature to be noted from
GIWAXS is that PTVTPD exhibits an obvious (010) diffraction
at ¢, = 1.55 A™" that corresponds to the 7—x stacking distance
of 4.05 A, while PBTTPD does not show a discernible (010)
diffraction, demonstrating not only that PTVIPD has more
closely packed structure in the 7—z direction than PBTTPD
but also that some crystallites of PTVIPD adopt the face-on
orientation. Interestingly, the in-plane (q,,) scan of GIWAXS
for PTVTPD reveals an intense (100) peak at 9.y = 0.30 Al
that corresponds to an interchain distance of 20.9 A
(Supporting Information Figure S3), which is slightly shorter
than the distance in the q, direction (21.7 A), indicating that
polymer crystallites with face-on orientation are more densely
packed than those with edge-on orientation. In short, the
introduction of a vinylene unit enhances not only the
crystallinity but also the face-on orientation of crystallites in
the blend, which is very favorable for effective charge transport
in photovoltaic devices.

The morphology of the polymer film is strongly dependent
on the crystallinity of the polymer. As seen in Figure 2c,d, the
PBTTPD film shows a smooth surface with a root mean square
(rms) roughness of 3.37 nm, while the PTVTPD film exhibits a
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larger rms roughness of 9.81 nm, with a clearly fibrillar
nanostructure. When the charge transport properties of the
polymers are examined by measuring hole mobilities of
PBTTPD and PTVTPD using field-effect transistors (FETs),
both polymers exhibit the typical behavior of p-channel
transport, as shown in Supporting Information Figure S2.
PTVTPD showed a hole mobility (1.90 cm®>V~":s™") higher
than that of PBTTPD (0.56 cm*V~'s™') when the hole
mobility was determined at the saturation regime using the
relationship i, = (2Ipg-L)/(W-C(Vg — Vy,)?), where Iy is the
saturation drain current, C is capacitance (~11.5 nF-cm™) of
the SiO, dielectric, V{; is gate bias, Vy, is threshold voltage, W is
channel width (1500 ym), and L is channel length (300 gm).
This is because PTVIPD has a highly coplanar polymer
backbone, which may afford a high degree of self-assembly of
polymer chains and thus a crystallinity higher than that of
PBTTPD, facilitating more efficient charge transport. Notably,
1.90 cm?/V-s of PTVTPD is one of the highest hole mobilites
for conjugated polymers.

For measurement of the photovoltaic performance of the
polymers, BHJ solar cells with an inverted device architecture
(ITO/ZnO/active layer/MoO3/Ag) were fabricated using
PC,;BM as the electron acceptor. The optimal weight ratio
of polymer to PC,;BM was 1:4 for both polymers. Since the
conventional device architecture exhibited inferior photovoltaic
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Figure 4. TEM images of (a) PBTTPD:PC,;;BM and (b) PTVIPD:PC,;BM blends, and 2-D GIWAXS of (c) PBTTPD:PC,BM and (d)

PTVTPD:PC,,BM blends.

performance to the inverted one, all of the PSCs studied in this
work were fabricated in the inverted device. Detailed data for
the device optimization (the blend ratio, etc.) are listed in
Supporting Information. When the active layer was spin-coated
from o-dichlorobenzene (DCB) solution with 3 vol % of
diiodooctane (DIO) as the processing additive, the best
photovoltaic performance was obtained with a 140 nm thick
film. The J—V curves and the corresponding incident photon-
to-current efficiency (IPCE) spectra of the PSC device under
the optimized conditions are shown in Figure 3, and relevant
photovoltaic parameters are listed in Table 2. The PBTTPD-
based device shows a moderate PCE of 5.98% with a V¢ of
0.90 V, a Jic of 10.38 mA/cm? and a FF of 0.64, while the
PTVTPD-based one exhibits much improved performance of
7.16% PCE (Vo of 0.88 V, Jsc of 12.32 mA/cm?, and FF of
0.66). The IPCE spectra have shown that the PTVTPD-based
device exhibits higher conversion efficiency in the range of
500—680 nm, which is consistent with the better light
absorption of PTVTPD, as shown in Figure 1. The integrated
current density calculated from IPCE spectra of both devices
matches the Jo values obtained from J—V curves well (Table
2), indicating that the device performances of PSCs fabricated
in this work are highly reliable. As expected from the low-lying
HOMO energy levels of the polymers, both PSC devices
exhibit relatively high Vi values. The slightly higher V5 of the
PBTTPD-based device compared to that of the PTVIPD-
based device is also consistent with the HOMO energy levels of
the polymers. The PCE enhancement of the PTVTPD-based
device arises mainly from increased Jg- and FF.

To further understand the enhancement of Js, the maximum
exciton generation rates (Gy,,) of the devices are estimated by
plotting the photocurrent density Uph) as a function of effective
voltage (Vog) (Jon = Jo — Jpy where Ji and Jp, are the current
densities under illumination and dark conditions, respectively,
and V4=V, — V, where V; is the voltage when J;, = 0 and V'is
the applied bias). As can be seen in Figure 3c, ], was saturated
as Vg exceeds 1V, and thus the value of G,,,, can be obtained
from the equation of ], = q-L-G,,,, where ], is the saturation
photocurrent density, q is the electronic charge, and L is the
thickness of the BH]J layer in the device.>* The device based on
the PTVTPD:PC,;BM blend shows a G, higher than that of
PBTTPD:PC,;BM (Table 2). Therefore, higher Jsc of
PTVTPD may be ascribed to higher charge generation along
with greater light absorptivity. When the ratio of ], to ], under
short-circuit conditions was calculated to evaluate the overall
exciton dissociation and charge collection efficiency, the ratios
of PBTTPD- and PTVTPD-based devices were 0.88 and 0.94,
respectively, indicating that the PTVTPD-based device exhibits
a photoinduced charge generation higher than that of the
PBTTPD-based one. Furthermore, the PTVTPD-based device
shows higher ], in the entire V.4 range, indicating better
photoinduced charge carrier generation and less recombination
in the PTVIPD:PC,BM blend. The charge recombination
kinetics of the solar cell device can be analyzed quantitatively by
measuring Jsc as a function of light intensity (Pyg,) (Figure
3d). The relationship between Jgc and Pyigpe can be represented
by a power law equation: ], o (Pyg,)" where a is a
recombination parameter.”””" Since a = 1 corresponds to the
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Figure 5. (a) J—V curves, (b) IPCE spectra, and dependence of (c) Jsc/FF and (d) Vc/PCE on the active layer thickness of PTVTPD-based solar

cell devices.

absence of photocurrent loss due to bimolecular recombination,
an « value for the PTVTPD-based device (0.96) higher than
the value for the PBTTPD-based device (0.92) clearly indicates
that bimolecular recombination is considerably suppressed in
the PTVIPD:PC,,BM blend. It is concluded from the above
discussion that the improved light absorption, better photo-
induced charge generation, eflicient charge transport, and
suppressed recombination in the PTVITPD-based device lead to
superior photovoltaic performance.

The BHJ morphology of the PTVIPD:PC,BM blend as
observed by transmission electron microscopy (TEM) shows a
well-developed network structure of fibrils with a diameter of
ca. 20 nm, which is comparable to the exciton diffusion length
and thus favorable for exciton diffusion and dissociation, while
the PBTTPD:PC,;BM blend exhibits indistinct phase separa-
tion, as shown in Figure 4. Hence, it is expected that the
PTVTPD-based device exhibits more effective charge gen-
eration than the PBTTPD-based one.

With better charge generation and transport of PTVIPD, we
have also investigated the effect of active layer thickness on the
device performance (Figure S). As the thickness of the active
layer increases, Jsc is expected to increase due to enhanced light
absorption, while FF is generally decreased because of an
increase of charge drift length in the thick active layer and
thereby the increase of probability of charge recombination. As
the active layer thickness of the PTVTPD:PC,BM-based
device was increased, Jsc increased continuously up to 410 nm
and then saturated to the value of ca. 14 mA/cm? (Table 3).
Contrary to general expectation, however, the decrease of FF
with increasing active layer thickness was not so significant that
it outweighs the gain of J5 and thus decreases substantially the
PCE (see Table 3 and Figure Sc), indicating that the charge
recombination in thick films of PTVIPD: PC,BM is not so

13671

Table 3. Device Parameters of the PSCs Based on
PTVTPD:PC,;BM with Different Active Layer Thickness

thickness Voc Jsc Jseca”
(nm) (V)  (mA/cm®)  (mA/cm?) FF  PCE” (%)
140 0.88 12.32 12.47 0.66  7.16 (6.97)
250 0.88 12.83 12.78 0.63  7.11 (6.83)
380 0.87 13.46 1325 059 691 (6.41)
410 0.87 13.94 1391 055  6.67 (6.35)
450 0.87 13.78 13.55 052 623 (6.03)

“Integrated Js from the IPCE spectra. bAverage PCE in parentheses
(over 12 devices).

large, probably due to the high hole mobility of PTVIPD. As a
consequence, the device with a 450 nm thick active layer retains
a promising PCE of 6.3%. This insensitivity of photovoltaic
performance to the active layer thickness provides PTVIPD
with strong potential as a promising photovoltaic material
compatible with industrial coating processes such as spray
coating and roll-to-roll printing.

The ambient stability is another critical issue for practical
applications of PSCs. To quantitatively assess the ambient
device stability, the devices were kept under ambient conditions
(~30% relative humidity) in the dark for up to 80 h and
subjected to J—V measurement. As seen in Figure 6, the devices
based PBTTPD and PTVTPD showed similar device stability.
Specifically, the Jsc and FF decreased gradually upon exposure
to ambient conditions, while V¢ retained 98% of the initial
value after 80 h. As a result, both devices based on PBTTPD
and PTVTPD retain 80% of the initial PCE after 80 h exposure
in ambient atmosphere, demonstrating that the TPD-based
devices exhibit promising device stability under ambient
conditions.

DOI: 10.1021/acsami.5b03446
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Bl CONCLUSION

We designed and synthesized TPD-based low band gap
polymers for photovoltaic application. Incorporation of a
vinylene group into the polymer backbone (PTVTPD)
significantly improved the intermolecular interaction, resulting
in increased light absorptivity, improved charge generation, and
enhanced charge transport with reduced bimolecular recombi-
nation as compared to the polymer without the introduction of
a vinylene bridge (PBTTPD). As a consequence, the PTVIPD-
based PSC device exhibits 7.16% PCE, which is 20% higher
than that of the PBTTPD-based device. Furthermore, the
PTVTPD-based device retains a PCE greater than 6.3% without
substantial loss of PCE as the active layer thickness increases up
to 450 nm, demonstrating that PTVIPD is very compatible
with industrial manufacturing processes for mass production of
solar cells.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich unless
specified and used as received. S§,5’-Bis(trimethylstannyl)-2,2’-
bithiophene (BT),** (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)-
ethene (TV),*® and 1,3-dibromo-5-(heptadecan-9-yl)-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione (TPD)*” were synthesized by following the
methods reported in the literature. For the synthesis of PBTTPD, a
solution of BT (98.4 mg, 0.2 mmol), TPD (109.9 mg, 0.2 mmol), and
tri(o-tolyl)phosphine (9 mg, 0.03 mmol) was dissolved in S mL of an
anhydrous toluene/DMF mixture (9/1 in volume), and the solution
was degassed for 30 min. After the Pd,(dba); (5 mg, 0.00S mmol) was
added to the solution, the mixture was refluxed for 48 h under
nitrogen, followed by end-capping using 2-bromothiophene and 2-
tributyltinthiophene successively. After being cooled to room temper-
ature, the solution was precipitated in methanol, filtered, and then

13672

purified by Soxhlet extraction successively with methanol, acetone,
hexane, methylene chloride, and chloroform. Finally, the chloroform
fraction was concentrated and then precipitated in methanol. The dark
purple solid was obtained in 64% yield after being filtered with a PTFE
filter and dried overnight; M,, = 44.7 kDa, PDI = 1.73. "H NMR (300
MHz, CDCl,, 8): 8.15—7.50 (br, 2H), 7.40—6.40 (br, 2H), 4.10-3.90
(br, 1H), 2.10—1.80 (br, 4H), 1.30 (m, 24H), 0.87 (m, 6H). Anal.
Caled for CyH,sNO,Sy: C, 68.53; H, 7.61; S, 16.14. Found: C, 68.64;
H, 7.67; S, 16.02. For PTVTPD, 0.2 mmol of TV was used instead of
BT, and the yield was 74%; M, = 41.0 kDa, PDI = 1.41. "H NMR (300
MHz, CDCl,, §): 8.00—7.30 (br, 2H), 7.30—6.10 (br, 4H), 4.10—3.85
(br, 1H), 2.15—1.80 (br, 4H), 1.33 (m, 24H), 0.84 (m, 6H). Anal.
Caled for Cy,H,NO,Sy: C, 67.44; H, 7.61; S, 16.88. Found: C, 67.55;
H, 7.60; S, 16.92.

Characterization. Molecular weight and its distribution of
polymers were measured by GPC (Polymer Laboratories GPC 220)
with a refractive index detector at 120 °C using DCB as an eluent. The
molecular weight of the polymer was calibrated by polystyrene
standards. The optical absorption spectra were obtained by a UV—vis
spectrophotometer (PerkinElmer Lamda 25). Cyclic voltammetry was
conducted on a potentiostat/galvanostat (VMP3, Biologic) in an
electrolyte solution of 0.1 M tetrabutylammonium hexafluorophos-
phate acetonitrile. Pt wires (Bioanalytical System Inc.) were used as
both counter and working electrodes, and silver/silver ion (Ag in 0.1
M AgNO; solution, Bioanalytical System Inc.) was used as a reference
electrode. The HOMO energy levels of polymers were calculated by
using the equation HOMO (eV) = [E,; — Ej s (ferrocene) + 48], where
E, is the onset oxidation potential of the polymer and E; 5 (frrocene) 1S
the onset oxidation potential of ferrocene vs Ag/Ag*. DFT calculations
at the B3LYP/6-31G(d,p) level were carried with Gaussian 09. Dipole
moments in ground and excited states were calculated with time-
dependent DFT. The charge transport characteristics of polymers
were measured by thin film transistors (bottom-gate top-contact
device geometry). On the heavily n-doped SiO,/Si substrate, the spin-
coated films (thickness of S0 nm) of polymers were coated from DCB
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solution. The surface of the substrate was treated with octadecyltri-
chlorosilane to afford a hydrophobic dielectric surface. Source and
drain electrodes were then thermally evaporated (60 nm) with channel
width (W) and length (L) of 1500 and 300 ym, respectively. All the
devices were clearly isolated to achieve a negligible gate leakage
current. The field-effect mobility was extracted from the saturation
regime using the relationship g, = (2:Ipg'L)/[W-C(Vg — Vu)?l,
where Ig denotes the saturation drain current, C is the capacitance of
the SiO, dielectric (~11.5 nF-cm™), Vj; is the gate bias, and Vy, is the
threshold voltage. The device performance was evaluated in air using
the 4200-SCS semiconductor characterization system.

Fabrication and Characterization of Polymer Solar Cells.
Solar cell devices were fabricated with an inverted structure of ITO/
ZnO (30 nm)/polymer:PC, BM/MoO; (8 nm)/Ag (120 nm). The
patterned indium tin oxide (ITO) glass was cleaned in an ultrasonic
bath of acetone and isopropyl alcohol and treated in an ultraviolet—
ozone chamber for 30 min. Then, the ZnO layer was fabricated via a
sol—gel procedure from spin-coating of the ZnO precursor solution
(C4Hg0,Zn-2(H,0) in 2-methoxyethanol and ethanolamine) onto
the ITO-coated glass substrates.>® *° After being thermally annealed at
200 °C for 1 h, the active layers were spin-coated from a polymer
blend solution in DCB with 3 vol % of DIO. After being spin-coated,
the films were placed in a closed jar to slowly dry the solvent. Finally,
MoO; and Ag were thermally evaporated as an anode electrode at a
pressure of less than 1077 Torr. The active area of the device was 4.00
mm? as defined by a shadow mask that was fabricated by a laser beam
technique. All masked tests gave consistent results within 1% error.
The photovoltaic performance was measured under a nitrogen
atmosphere inside a glovebox. The current density—voltage (J—V)
curves were obtained with a Keithley 4200 source-meter under AM
1.5G (100 mW-cm™2) illumination, which was accurately calibrated
using a standard Si photodiode detector equipped with a KG-$ filter,
which can be traced back to the standard cell of the National
Renewable Energy Laboratory (NREL). The IPCE spectra of the
devices were obtained from an IPCE setup consisting of a xenon lamp
(Oriel, 450 W) as the light source, a monochromator, a chopper with a
frequency of 100 Hz, a lock-in amplifier (SR830, Stanford Research
Corp), and a Si-based diode (J115711-1-Si detector) for calibration.
The calculated Jsc value was obtained by integrating the EQE
spectrum under AM 1.5G illumination. For device stability analysis,
the devices were stored in ambient conditions (dark, ~30% relative
humidity) and J—V curves were measured under AM 1.5G (100 mW-
cm™?) illumination by a Keithley 2400 source-meter in ambient
conditions without any encapsulation.
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