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ABSTRACT: Four donor—acceptor (D—A) conjugated polymers
of dithieno[2,3-b;7,6-b]carbazole (DTC) and diketopyrrolopyr-
role, which have different alkyls on the nitrogen atom in the DTC
unit and are named as P-C8C8, P-C5CS, P-C12, and P-C10,
respectively, have been synthesized for studying the effect of the
alkyl side chains on the optoelectronic properties of the polymers.
All polymers are soluble in various organic solvents and exhibit
identical optical band gaps (Eg™) of ~1.3 eV and highest occupied
molecular orbital energy levels of ~—5.1 eV. Organic thin-film
transistors and bulk heterojunction polymer solar cells (BHJ
PSCs) with phenyl-C,;-butyric acid methyl ester (PC,;BM) as the
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electron-accepting material were fabricated via solution spin-casting. Compared to the polymers substituted by branched alkyl
chains, the polymers with straight alkyl chains show higher hole mobility. Of these polymers, P-C10 exhibits the highest field
effect mobility up to 0.011 cm?/V-s. The alkyl chain on the DTC unit has a strong impact on the film morphology of
polymer:PC,;BM blends. Severe phase separation was found for polymers containing branched alkyl chains, and those with
straight alkyl chains formed uniform films featuring fine phase separation. An open-circuit voltage (V,.) of 0.72 V, a short-circuit
current density (J.) of 13.4 mA/cm? a fill factor (FF) of 62%, and a power conversion efficiency (PCE) of 5.9% were
demonstrated for BHJ PSCs based on the P-C10:PC,,;BM [1:3 (w/w)] blend film.
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1. INTRODUCTION

Bulk heterojunction polymer solar cells (BHJ PSCs) have
attracted much attention because they can be fabricated by low-
cost roll-to-roll printing techniques." ™ Over the last several
years, significant progress has been made in the area of BHJ
PSCs, and the power conversion efficiency (PCE) of BHJ PSCs
has reached 7—9% owing to the development of novel donor
polymers and device architectures.*”'® These achievements also
open up new opportunities to improve the PCE of BHJ PSCs
beyond 10%.

In order to harvest solar light efficiently, it is very necessary
to reduce the optical band gap (Eg™) of the active materials.
Therefore, the design and synthesis of low-band-gap conjugated
polymers as electron-donating materials for BH] PSCs have
attracted remarkable attention during the past decade. Several
strategies have been proposed for lowering the band gap of
conjugated polymers.””~" Of those, copolymerizing electron-
rich and electron-deficient aromatic moieties to form donor—
acceptor (D—A) conjugated polymers is the most common
approach for ease of band-gap and energy level manipulation.
In this regard, a number of donor and acceptor units have been
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developed for the construction of D—A low-band-gap
conjugated polymers.”*™>’ Among the donor units, polyar-
omatics are very promising because the planarization of
polyaromatic frameworks can facilitate 7-electron delocalization
and increase the effective conjugation length, providing an
effective way to reduce the band gap. Meanwhile, polyaromatics
also possess low reorganization energy, which could enhance
the char§e mobility of the resulting D—A conjugated
polymers.”>673

Carbazole is a D building block that has been widely used to
construct D—A conjugated polymers. Its derivatives possess
deep highest occupied molecular orbital (HOMO) energy
levels and good hole-transporting properties, which are
important for realizing high open-circuit voltages (V,.) and
short-circuit currents (J,.), respectively. One particular D—A
conjugated polymer based on carbazole, PCDTBT, has
revealed a PCE beyond 6%.”"°*® Several polyaromatic D

Received: April S, 2013
Accepted: May 29, 2013
Published: May 29, 2013

dx.doi.org/10.1021/am401175v | ACS Appl. Mater. Interfaces 2013, 5, 5741-5747


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Synthetic Route of the Monomers and Polymers®
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“Reagents and conditions: (i) KI, KIO;, AcOH, 80 °C; (i) (trimethylsilyl)acetylene, Pd(PPh;),Cl,, Cul, Et;N, THF, room temperature; (iii)
Na,$-9H,0, NMP,190 °C; (iv) n-BuLi, Me;SnCl, THF, —78 °C to room temperature; (v) Pd,(dba);, P(o-tol),, toluene, 120 °C.

building blocks based on carbazole have also been developed to
construct D—A conjugated polymers for BHJ PSCs. For
instance, Hsu et al. reported a carbazole-based polyaromatic
with seven fused rings, and its copolymers with different A units
exhibited PCE up to 4.6%.” Afterward, they found that the
PCE could be further enhanced to 5.2% upon optimization of
the structure of the D unit.>" Recently, we reported a new
heteroarene based on carbazole, ie., N-dodecyldithieno[2,3-
b:7,6-b]carbazole (DTC), in which two outer thiophene rings
are fused on the carbazole core, forming a planar 7-conjugated
system.” Its D—A conjugated polymer with diketopyrrolopyr-
role (DPP), i.e., P-C12, exhibited an optical band gap of 1.35
eV and a field-effect hole mobility of 6.7 X 107> cm?/V-s.*® This
implies that the polymers based on DTC and DPP are
promising low-band-gap donor materials for BHJ PSCs.
Moreover, it has been reported that the alkyl side chains
significantly influence the performance of BHJ PSCs because
they have a noticeable impact on the packing structures of the
polymer backbone or the miscibility between polymer and
fullerene derivatives."' ~*° Thus, in the current paper, we
synthesized a series of D—A conjugated polymers of DTC and
DPP units, in which different alkyl chains on the nitrogen atom
in the DTC unit were employed. The photophysical, charge-
carrier-transporting, and photovoltaic properties of the resulting
polymers were studied in detail.

5742

2. EXPERIMENTAL SECTION

Materials and Synthesis. Tetrahydrofuran (THF) and toluene
were distilled after drying with sodium in the presence of
benzophenone. Et;N, acetonitrile, and CH,Cl, were dried with
CaH, and distilled before use. 3,6-Bis(S-bromothiophen-2-yl)-N,N'-
(2-octyldodecyl)-1,4-diketopyrrol[3,4-c]pyrrole was synthesized ac-
cording to a literature report.” Other reagents were used as received
from commercial resources without further purification. The synthesis
and characterization of the monomers and polymers are outlined in
the Supporting Information (SI).

Fabrication and Measurements of Organic Thin-Film
Transistors (OTFTs). OTFTs were fabricated by solution spin-
casting on heavily doped n-type silicon wafers with 300 nm thermally
grown SiO, (C; = 10 nF/cm?) following the procedure reported
previously.* The substrate was modified with octylsilyltrichloride
(OTS-C8) before deposition of the polymer layer. Polymer solutions
in o-dichlorobenzene (0-DCB) with a concentration of 6 mg/mL were
used for spin-casting. Thermal annealing of the polymer films was
conducted in a glovebox. The channel width (W) and length (L) of
the OTFTs were 3000 and 100 um, respectively. The device
performance was measured with two Keithley 236 source/measure
units in an ambient atmosphere.

Fabrication and Measurements of BHJ PSCs. BHJ PSCs with a
device structure of ITO/PEDOT:PSS (40 nm)/polymer:PC,;BM (90
nm)/LiF (1 nm)/Al (100 nm) were fabricated and characterized
following the procedure reported previously.*® The blend films of
polymer:PC,,BM were prepared by spin-casting from 0-DCB solutions
in a glovebox. The devices were encapsulated in the glovebox before
measurement in air, and the device area was 0.124 cm’.
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3. RESULTS AND DISCUSSION

Synthesis of the Polymers and Their Thermal
Stability. Scheme 1 shows the synthetic route of the
monomers and polymers. The polymers were synthesized via
a Stille coupling reaction with Pd,(dba);/P(o-tol); as the
catalyst in yields of 80—87%. All polymers were purified by
multiprecipitation and Soxhlet extraction with acetone, hexane,
and chloroform in succession. They are soluble in common
organic solvents such as THF, chloroform, chlorobenzene
(CB), and 0-DCB. The number-average molecular weights
(M,s) and polydispersity indices (PDIs) are in the range of
18—46 kDa and 2.31-2.92, respectively, as measured by gel
permeation chromatography (GPC) with polystyrene as the
standard (Table 1).

Table 1. M,s, Weight-Average Molecular Weights (M,;s),
PDIs, and Thermal Decomposition Temperatures (Tgs) of
the Polymers

polymer M, (kDa)® M,, (kDa)* PDI* T, (°C)®
P-C8C8 46.6 107.6 2.31 367
P-C5CS 27.9 734 2.63 378
P-C12 18.8 46.3 2.46 402
P-C10 16.8 49.1 292 400

“Molecular weights and PDIs were measured by GPC at 40 °C with
THEF as the eluent and polystyrene as the standard. “Reported as the
temperature with 5% weight loss.

The thermal stability of the polymers was evaluated by
thermogravimetric analysis (TGA) in nitrogen with a heating
rate of 10 °C/min. As shown in Figure 1 and Table 1, all
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Figure 1. TGA plots of the polymers at a heating rate of 10 °C/min in
a nitrogen atmosphere.

polymers are thermally stable with decomposition temperatures
(T4s) above 360 °C. Differential scanning calorimetry (DSC)
analysis was performed in nitrogen with a heating/cooling rate
of +10 °C/min. No thermal transitions were observed for all
four polymers at temperatures below 320 °C (Figure S1 in the
Supporting Information).

Photophysical and Electrochemical Properties. Sol-
ution and film absorption spectra of the polymers P-C8C8, P-
CSCS, P-C12, and P-C10 were measured to examine the effect
of alkyl substituents on their photophysical properties. All
polymers show absorption spectra with identical shape,
indicating that the alkyl chains have a negligible influence on
the electronic structures of the polymers. Figure 2a displays the
UV—vis—near-IR (NIR) absorption spectra of the polymers in
CB, which are composed of two primary absorption bands in
the ranges of 300—500 and 500—900 nm, respectively. The

5743

8.0x10'{ @ —— P-C8C8
: —— P-C5C5
= . | —— P-C12
§ 2\ — p-C10
3 “F
£
2
W
400 600 800 1000
Wavelength (nm)
16l B —P-C8C8
, ——P-C5C5
/g \\
£
=
3
S
<
2
[=]
-g
<

800

600
Wavelength (nm)

Figure 2. Solution (a; in CB with a concentration of 10~ mol/L of
repeating units) and film (b) UV—vis—NIR absorption spectra of the
polymers. Films (~45 nm) were prepared by spin-casting the o-DCB
solutions with a concentration of 6 mg/mL on quartz substrates.

strong absorption band at 500—900 nm is attributed to
intramolecular charge transfer between the D and A units, and
the other absorption band can be ascribed to a 7—7* transition.
The absorption maxima (4,,,,) of P-C8C8, P-C5C5, P-C12,
and P-C10 are 712, 712, 719, and 718 nm, respectively. From
solution to film, the absorption bands become broader, but no
obvious shift in the absorption maxima was observed for all
polymers. It is known that, in addition to the bandwidth of the
absorption, a high absorption coeflicient of the conjugated
polymer is very important to efficiently harvest photons and
thereby get a large short-circuit current in PSCs. As shown in
Figure 2, both solution and film absorption coefficients of the
polymers increase as the bulkiness of the alkyl chains decreases.
This is consistent with an increase in the ratio of the conjugated
backbone. P-C10 exhibits the largest absorption capability. For
example, in the film state, it absorbs 12% more light than P-
C8C8 in the range of 300—1000 nm at the same thickness. It is
unusual that the polymers carrying straight alkyl substituents
have stronger absorption than those containing branched alkyls.
The alkyl chain in P-CSCS has one carbon less than that in P-
C12. However, the absorption bands of P-C12 are stronger
than those of P-CSCS. The optical band gap (Egpt) values of
these polymers, which are very similar and in the range of
1.31-1.35 eV, were calculated from the onset of the film
absorption spectra and are listed in Table 2.

Film cyclic voltammetry (CV) measurements were per-
formed in order to evaluate the electrochemical properties and
estimate the energy levels of the polymers. CV curves are
shown in Figure 3, and the data are outlined in Table 2. All
polymers show reversible or quasi-reversible redox processes in
both positive and negative potential regions. The HOMO and
lowest unoccupied molecular orbital (LUMO) energy levels
were estimated according to the equations HOMO = —(4.80
+E%..) €V and LUMO = —(4.80 +EX..) eV, in which E%
and Ej . are the oxidation and reduction onset potentials,
respectively. All polymers exhibited two reduction processes
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Table 2. Optical and Electrochemical Properties

of the Polymers

Amax (nm)
polymer solution® film EP (ev)?
P-C8C8 374, 653, 712 374, 646, 712 1.34
P-CSCS 372, 652, 712 375, 648, 712 132
P-C12 372, 648, 719 376, 647, 718 135
P-C10 376, 6SS, 718 379, 652, 718 131

Eg(V)/HOMO (eV)© Egee(V)/LUMO (eV)© E (ev)?
0.33/-5.13 —1.39/-341 1.72
0.29/-5.09 —1.40/-3.40 1.69
0.32/-5.12 —1.39/-3.41 1.71
0.30/-5.10 —1.39/-3.41 1.69

“Measured in CB (concentration: 10~ mol/L of the repeating unit). bEgpt was calculated from the film absorption onset. ‘HOMO and LUMO
energy levels were calculated according to HOMO = —(4.80 + EX..) eV and LUMO = —(4.80 + EX..) eV, in which EJ, and EX,, are the
oxidation and reduction onset potentials, respectively. dE;" = —(LUMO — HOMO) eV.

N-CSCSQ
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Cm P-C12 :
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Figure 3. Thin-film CV curves of the polymers. The measurements
were conducted in acetonitrile at a scan rate of 100 mV/s with
Bu,NPF, (0.1 mol/L) as the electrolyte. The films (~45 nm) on the
working electrode were prepared by spin-casting from 0-DCB
solutions.

€

and one broad oxidation process. While the E;, .. values of the
polymers are identical (~—1.39 V), their EJ, values have
minor differences, which are 0.33, 0.29, 0.30, and 0.32 V for P-
C8C8, P-C5CS, P-C10, and P-C12, respectively. The HOMO
levels were determined to be —5.09 to —5.13 €V, and the
LUMO levels were calculated to be about —3.41 eV for the
polymers. The electrochemical band gaps are approximately
1.72 eV, which are 0.4—0.5 eV larger than the optical band
gaps. The same phenomenon was also observed in other
polymers.** These results indicate that the side chain has a
negligible effect on the energy levels but has a strong impact on
the absorption capability of the polymers.
Charge-Transporting Properties. In order to investigate
the hole-transporting properties of P-C8C8, P-C5CS, P-C12,
and P—C10, bottom-gate and top-contact OTFTs were
fabricated, and the typical output and transfer plots are
shown in Figure 4. All polymers show p-type characteristics,
and the related data are listed in Table 3. The hole mobilities
were deduced from the transfer characteristics of the device in a
saturation regime. In a pristine film, the mobilities of P-C8CS8,
P-CS5CS, P-C12, and P-C10 were 6.0 X 1074 6.5 X 107% 3.5 X
1073 and 53 X 107° cm®/V's, respectively. After thermal
annealing at 150 °C, the mobilities were improved to 1.1 X
107, 2.8 X 107%, 6.7 X 107, and 1.1 X 107> em®/V-s for P-
C8C8, P-C5CS, P-C12, and P-C10, respectively. The hole
mobilities of the polymers were also measured with the space-
charge-limited-current method with a device geometry of ITO/
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Figure 4. Typical output (a and c) and transfer (b and d)

characteristics of OTFT devices of P-C10 (a and b) and P-C12 (c
and d). The films were annealed at 150 °C for 20 min.

Table 3. OTFT Device Performance of the Polymers

polymer Ui (cm?/V:o5)? Vi (V)b I,./Lg

P-C8C8 1.1 x 1073 -7.6 40 % 10°
P-C5CS 2.8 %1073 —6.4 1.5 x 10*
P-C12 6.7 X 1073 -1.9 1.3 x 10*
P-C10 1.1 x 1072 -0.23 2.1 x 10*

“Mobility calculated from the saturation region after annealing at 150
°C for 20 min. *Threshold voltage. “Current on/off ratio.

PEDOT:PSS (40 nm)/polymer (80 nm)/MoO; (6 nm)/Al
(80 nm) and were 7.3 X 1075, 1.1 X 107, 1.7 X 1073, and 3.4 X
107 cm*/V-s for P-C8C8, P-CSCS, P-C12, and P-C10,
respectively (Figure S3 in the Supporting Information).
Obviously, the alkyl chain on the DTC unit has a strong
impact on the hole mobility of the polymers. Although the
polymer films are amorphous, we think that the bulkiness of the
alkyl substituents still has an influence on the interchain
packing of the polymers. The bulky alkyl substituents prevent
the polymer backbones from close packing, inducing a weaker
intermolecular interaction and therefore lower mobility.
Photovoltaic Properties. PSCs based on P-CS8CS8, P-
CS5CS, P-C12, and P-C10 were fabricated with PC,,BM as the
acceptor material. The blend films of polymers and PC, BM

dx.doi.org/10.1021/am401175v | ACS Appl. Mater. Interfaces 2013, 5, 5741-5747
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with a thickness of ~90 nm were spin-cast from o-DCB
solutions. It was found that the best weight ratio of
polymer:PC,;BM was 1:3 (w/w). Figure Sa displays the
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Figure 5. J—V characteristics of polymer:PC,;BM [1:3 (w/w)] solar
cells without the addition of DIO (a) and the solar cells based on P-
C8C8:PC,;BM [1:3 (w/w)] and P-C5C5:PC,,BM [1:3 (w/w)] with
and without the addition of DIO (b) under AM 1.5G illumination at
100 mW/cm? and EQE profiles of the solar cells with the addition of
DIO for P-C8C8 and P-CSCS and without the addition of DIO for P-
C10 and P-C12 (c).

current—voltage (J—V) curves of the devices, and the data are
summarized in Table 4. The V,_ and fill factor (FF) values of all
of the devices were comparable in the range of 0.68—0.72 V
and 61—65%, respectively. However, the J,. values were quite

Table 4. Device Performance of the PSCs under AM 1.5G
Illumination at 100 mW/cm?“

Ve Je FF
polymer solvent W) (mA/ sz)b (%) PCE (%)b
P-C8C8 0o-DCB 0.69 2.32 61 0.97
0o-DCB + DIO  0.69 10.5 (10.1) 62 4.5 (4.3)
P-C5C5  0-DCB 0.68 2.51 65 1.1
0-DCB + DIO  0.70 11.0 (10.3) 64 49 (4.6)
P-C12 0-DCB 0.70 12.1 (11.8) 64 54 (53)
P-C10 o-DCB 0.72 13.4 (12.9) 62 5.9 (5.7)

“Polymer:PC, BM = 1:3 (w/w); the thickness of the blend films is
~90 nm. "The values in parentheses are J,. or PCE estimated from
EQE profiles.
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different. J,. was 13.4 mA/cm? for P-C10 and 12.1 mA/cm? for
P-C12. In contrast, it was 2.32 mA/cm? for P-C8C8 and 2.51
mA/cm? for P-CSCS. As a result, PCEs of P-C10 and P-C12
were 5.9 and 5.4%, respectively, which are 5—6 times those of
P-C8C8 and P-C5C5 (0.97% and 1.1% for P-C8CS8 and P-
CSCS, respectively).

Although the mobilities and absorption coefficients of P-
C8C8 and P-CS5CS are lower than those of P-C12 and P-C10,
there should be other reasons responsible for much lower J
values of the devices based on P-C8C8 and P-CSCS. To
explore the reasons for this large variation in the device
performance, transmission electron microscopy (TEM) images
of the blend films were recorded and displayed in Figure 6. The

200 nm

200 nm 200 nm

Figure 6. TEM images of the polymer:PC,;BM [1:3 (w/w)] blend
films: (a) P-C8CS8, spin-cast from 0-DCB; (b) P-C8CS8, spin-cast from
0-DCB containing 2 vol % DIO; (c) P-CSCS, spin-cast from 0-DCB;
(d) P-C5Cs, spin-cast from 0-DCB containing 2 vol % DIO; (e) P-
C10, spin-cast from 0-DCB; (f) P-C12, spin-cast from 0-DCB.

films of P-C8C8 and P-C5CS clearly show large domains of
aggregated PC,;BM. In contrast, the films of P-C12 and P-C10
display fine features of phase separation with domain sizes of
<15 nm. Although the effect of the alkyl chain on the blend film
morphology was also observed by us and others before,”>*
such a dramatic film morphology change caused by structural
alternation of the alkyl substituent (linear vs branched) is
unusual. This phenomenon may be attributed to the different
solubilities of the polymers.*” The polymers carrying branched
alkyl chains, i.e., P-C8C8 and P-CS5CS, have higher solubility in
the processing solvent 0-DCB than PC,BM. As a result,
PC,,BM molecules precipitated out first in the film formation

dx.doi.org/10.1021/am401175v | ACS Appl. Mater. Interfaces 2013, 5, 5741-5747
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process to form large domains. In contrast, P-C12 and P-C10
have relatively lower solubility and should solidify in a short
time in the spin-casting process, leaving less space and time for
PC,;BM molecules to form large domains. This observation
implies that both the structures of the polymer backbone and
the alkyl side chains have to be finely optimized for conjugated
polymers used for BHJ PSCs. Strong phase separation and large
domain size can diminish exciton migration to the donor/
acceptor interface for charge separation, resulting in low J
values. It is known that the morphology of the active layer of
PSCs can be optimized via the rational choice of the processing
additives.**™>° As shown in Figure 6b,d, upon addition of 2.0
vol % 1,8-diiodooctane (DIO) into 0-DCB as the additive, the
film morphology of P-C8C8 and P-C5C5 was improved
greatly. Consequently, the ], values of the devices based on P-
C8C8 and P-C5C5 were improved to 10.5 and 11.0 mA/cm?,
respectively. Consequently, the PCEs were enhanced to 4.5%
for P-C8C8 and 4.9% for P-CSCS. No further improvement of
the device performance for P-C10 and P-C12 was observed
when DIO was added. Nevertheless, the PCE of the devices
based on P-C10 is among the best for DPP-based D—A
conjugated polymers.>¥*' ™% The representative external
quantum efficiency (EQE) profiles of the PSCs are displayed
in Figure Sb. The devices based on all four polymers exhibited
photoresponse in a very broad range from 300 to 900 nm,
consistent with the low-band-gap nature of the polymers. To
verify the accuracy of device performance measurements, ],
values of the typical devices were also estimated from EQE
profiles under AM 1.5 illumination condition (100 mW/cm?).
The resulting J,. and PCE values are also listed in Table 4,
which are largely consistent with the measured values.

4. CONCLUSIONS

A series of D—A conjugated polymers, ie., P-C8C8, P-CSCS,
P-C12, and P-C10, which contain a five-ring heteroacene
(dithieno[2,3-b:7,6-b]carbazole, DTC) and DPP as D and A
units, were synthesized, and the effect of the alkyl substituents
on the optoelectronic properties of the polymers was
investigated. The alkyl side chain on the nitrogen atom in the
DTC unit has little effect on the energy levels and the
absorption maxima wavelengths but has a noticeable influence
on the absorption capability, charge-transporting ability, and
miscibility with PC,;BM. The polymers carrying straight alkyl
chains on the DTC unit exhibit stronger absorption, higher
mobility, and much better miscibility with PC,BM and,
consequently, show much higher solar cell performance. P-C10
exhibits the best PSC performance. A V. of 0.72, a J,. of 13.4
mA/cm?, and a FF of 62% were achieved, leading to a PCE of
5.9%.
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