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Alkoxy-Functionalized Thienyl-Vinylene Polymers for Field-
Effect Transistors and All-Polymer Solar Cells
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_ ) 1. Introduction
n-conjugated polymers based on the electron-neutral alkoxy-function-

alized thienyl-vinylene (TVTOELt) building-block co-polymerized, with
either BDT (benzodithiophene) or T2 (dithiophene) donor blocks, or NDI

In the last decade, n-conjugated polymeric
materials have emerged as promising
semiconductors for low-cost organic opto-

(naphthalenediimide) as an acceptor block, are synthesized and charac-
terized. The effect of BDT and NDI substituents (alkyl vs alkoxy or linear
vs branched) on the polymer performance in organic thin film transistors
(OTFTs) and all-polymer organic photovoltaic (OPV) cells is reported. Co-
monomer selection and backbone functionalization substantially modifies
the polymer MO energies, thin film morphology, and charge transport
properties, as indicated by electrochemistry, optical spectroscopy, X-ray
diffraction, AFM, DFT calculations, and TFT response. When polymer

P7 is used as an OPV acceptor with PTB7 as a donor, the corresponding
blend yields TFTs with ambipolar mobilities of p, = 5.1 x 103 cm? V' 57!

electronic applications, such as organic
thin-film transistors (OTFTs)!! and photo-
voltaics (OPVs) to cite two device cat-
egories. Planar m-conjugated building
blocks represent a key target for high-
performance polymeric semiconductors,
since m-system planarization facilitates
m-electron delocalization and charge trans-
port.’l Furthermore, coplanar geometries
and structure rigidification can suppress
rotational disorder about single bonds and
lower Marcus reorganization energies,

and p, =3.9 X 1073 cm? V-' s in ambient, among the highest mobilities
reported to date for all-polymer bulk heterojunction TFTs, and all-polymer
solar cells with a power conversion efficiency (PCE) of 1.70%, the highest
reported PCE to date for an NDI-polymer acceptor system. The stable
transport characteristics in ambient and promising solar cell performance
make NDI-type materials promising acceptors for all-polymer solar cell
applications.

both of which enhance carrier mobility.[*
In this regard, conjugated skeletons have
been rigidified into mutually fused struc-
tures by hybridizing various aromatic or
heteroatom groups to promote planarity
and charge transport efficiency.”! How-
ever, achieving chemical rigidification
by this means can be synthetically chal-
lenging, and may sometimes compromise
cost-effectiveness and solubility. An alter-
native strategy is to introduce intramolecular rigidification via
supramolecular interactions within the aromatic backbones.
For example, weak covalent interactions, as in O---S contacts
between alkoxyl groups and the S atom of thiophenes have been
successfully employed to promote macromolecular planarity
(Figure 1).l! However, the strongly electron-donating alkoxy
groups raise the 7-system HOMOsl! and thereby compromise
the ambient oxidative stability of the corresponding p-channel
semiconductors.®l Furthermore, while this approach may facili-
tate hole or ambipolar transport, it is typically unsuitable for
achieving efficient unipolar electron transport properties.l’) We
recently reported a new bisthienyl-vinylene building block func-
tionalized with alkoxyl groups at the C = C linkage and having
alow HOMO energy (TVTOEt, Figure 1).1% Implementing this
building block with a BDT donor and an NDI acceptor moie-
ties yields the p- and n-type conjugated polymers of structure:
TVTOEt-BDTR (e.g., P3) and TVTOEt-NDIR (e.g., P7), respec-
tively (Figure 1). More importantly, these TVTOEt-based n- and
p-type polymers exhibit high TFT mobilities in air (n-type:
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can, in principle, exhibit large optical transi-
tion dipoles and span complementary solar
spectral regions. Furthermore, the structural
versatility and synthetic accessibility of con-
jugated polymers enables fine-tuning of each
component's individual optoelectronic prop-
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erties so as to optimize the optical cross-sec-
tion, charge dissociation/transport efficiency,
and charge collection characteristics. Never-
theless, very few effective acceptor polymers
have been discovered, and the highest PCEs
reported in the peer-reviewed literature for

Figure 1. A) Chemical rigidification vs supramolecular rigidification and B) TVTOEt-BDTR p-

and TVTOEt-NDIR n-type polymers.

0.2-0.5 cm? V7! s7%; p-type: 0.02-0.05 cm? V! s7), and have
excellent ambient stability. However, only two types of cores
and alkyl substituents were investigated. Note that polymer
backbone functionalization with alkyl chains can significantly
influence semiconducting properties. While linearP“'!l or
branched!’? alkyl substituents can enhance macromolecule
solubility/processability, their inductive electron-donating char-
acteristics can destabilize thiophene ring HOMO energies by
as much as 0.2 eV.[’] Furthermore, intermo-
lecular interdigitative self-assembly of alkyl
side chains can assist lamellar-ordered solid
state structure formation, strongly enhancing
intermolecular charge transport.'¥ Thus,
functionalizing the same polymer backbones
with modified alkyl chains can yield very dif-
ferent semiconducting properties and is an
objective of the present study.["’]

It will also be seen here that the low-
lying LUMOs, high electron mobilities, and
the ambient stability of TVTOEt-NDIR-type
materials offer promise as polymeric accep-
tors in bulk-heterojunction (BHJ) OPV
cells.l'l Compared to traditional silicon solar
cells, BHJ OPV active layers can be depos-
ited on flexible substrates via scalable, low-
temperature coating techniques. Recently,
power conversion efficiencies (PCEs) have
surpassed 5-9% for OPVs based on con-
jugated polymer/fullerene blends as the
photoactive layer.['” Note that the elec-
tron acceptors in these devices are typically
soluble fullerenes such as (6,6)-phenyl-
Cgp-butyric methyl ester (PCBM), and these
have dominated the field due to the rapid

photoinduced charge transfer, good elec- T

tron carrier stabilization, and high electron
mobility.'l However, PCBM is expensive
and has modest visible region optical absorp-
tion. To address this deficiency, several
laboratories have investigated n-type poly-
mers as acceptors in all-polymer solar cells,
identifying several candidates.l'$!8 In such
blends, both donor and acceptor materials

Adv. Funct. Mater. 2014, 24, 2782-2793
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all-polymer OPVs are still currently in the
1.5-3.0% range.*’]

In this contribution, we report a new
series of TVTOEt-based copolymers (P1-P7)
varying in the m-co-unit (BDTR vs T2R vs NDIR) and R side
chain substituents (linear alkyl vs branched alkyl vs alkoxy)
(Figure 2). The relationship between the polymer architecture
and optoelectronic device performance is characterized via
studies of thin film microstructure, opto-electronic properties,
and DFT quantum-chemical calculations. Due to the poten-
tial of P7 as a polymeric OPV acceptor, the ambipolar trans-
port properties and photovoltaic response of P7-based blends

n-CeHy3 OR
S
\ / n F
CeHis
R = 2-ethylhexyl ¢ OR
P3HT PTB7

Figure 2. Structures of semiconducting polymers P1-P7, P3HT, and PTB7.
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Table 1. Summary of thermal, optical absorption, and electrochemical properties of polymers P1-P7, and the corresponding estimated frontier molec-
ular orbital energies.

Polymer Structure Troa Efed:/2 on-L/z ELuvo EHOV\QO Ay olution AT [m]
[°C v v [eV]? [eV]? [nm] (Eg [eV]))
Pl 0 oczﬂs o 328 - 0.85 -3.37 -5.25 494 528 (1.83)
S,
cszo \ / \ /'n

P1: R=§-n-CioHzs

P2 A\ PC2Hs R 293 - 0.80 -3.48 -5.20 540 577 (1.77)
[V_s
0 Y
CHs0” N\ / S\ [Tn
R
P2:R = {-0-n-C45Hy5
P3 A\ PCHs R s 344 - 0.82 -3.18 -5.22 520 518 (2.04)
\ S\ _/

P4 309 - 0.80 -3.26 -5.20 523 521 (1.94)
P5 303 - 0.64 -3.21 -5.28 494 492 (2.07)
P6 P3: R = {1-CizHzs 315 -0.30 - -4.10 -5.64 660, 388 705, 343 (1.46)
P7 414 -0.36 - —4.04 -5.63 744,396 725,399 (1.43)

A5% weight loss temperature by thermogravimetric analysis under Ny; ®For oligomers, 0.1 m BuyN*PFg™ in THF (vs SCE) at scan rate of 100 mV s~\. For polymers, as
thin-films, 0.1 m BuyN*PF¢ in acetonitrile (vs SCE/); 9P1-P5: E yyo calculated from: £, =Eyvo — Exomo; P6-P7: estimated from equation: Eyyo = —4.40 eV — Eg, "*47/%
9P1-P5: Estimated from equation: Eomo = —4.40 eV — Egi, /2 P6-P7. Enoyo calculated from: Ey = Eiywo — Enomo; ©From optical absorption in 0-DCB; AThe optical
band gap (E,) is caculated from hc/A, where h is the Planck’s constant, ¢ is the speed of light, and 1 is the low energy band edge wavelength of optical spectra, taking 10%

2784  wileyonlinelibrary.com

of the maximum as the band edge.

with donor polymers P3, poly(3-hexylthiophene) (P3HT), and
poly|[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’|dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-
phenediyl]] (PTB7)2% (Figure 2) are also investigated. It will
be seen that PTB7:P7 blends enable, under appropriate pro-
cessing conditions, ambipolar transistors exhibiting compa-
rable n-type and p-type mobilities of g, = 5.1 x 107 cm? V! 571
and = 3.9 x 107 cm? V™! 57!, which are among the highest
reported to date for bulk-heterojunction all-polymer blends.[?!!
Furthermore, preliminary results show that PTB7:P7 all-
polymer OPVs afford a PCE of 1.70%, the highest to date for
all-polymer solar cells employing NDI-based acceptors, either
polymeric or molecular.

2. Results and Discussion

2.1. Polymer Synthesis

Polymers P1-P7 were synthesized via Stille polycondensation of
building block 1 with 2-5 in 26-90% yields as shown in Scheme
S1, with building blocks 1-5 synthesized according to known pro
cedures.[1022] Note that the low yield of P6 is due to the poor
solubility of this polymer in aromatic solvents. The physicochem-
ical properties of new polymers P1, P2, P4-P6, together with
P3 and P7 reported previously,!” are summarized in Table 1.
The molecular weights (Mys) of P1, P2, P4, P5, P6 by GPC are
M, = 78.0 KDa, (PDI = 2. 3) = 57.0 KDa, (PDI = 2.3), M

— 26.0 KDa, (PDI = 1.59), M, = 72.1 KDa, (PDI = 5.3); M, =
9.8 K Da, (PDI = 1.5), respectlvely. These polymers were fully
characterized by 'H and *C NMR spectroscopy (broad features

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as expected), electrochemistry, optical spectroscopy, TGA, DSC,
and elemental analysis (see Experimental Section for details).

2.2. Polymer Thermal Properties

Thermogravimetric analysis (TGA, heating ramp rate =
10 °C min~! under N,) was used to investigate polymer thermal
properties (Figure S1, Supporting Information), with a 5% mass
loss defined as the thermolysis threshold. The thermolysis onset
temperature for polymer P2 is =280 °C, while all other poly-
mers have onset temperatures > 300 °C, indicative of excellent
thermal stability. This characteristic allows thin film annealing
and microstructure analysis to be carried out over a broad range
of temperatures, 50-300 °C. The thermal properties of the new
polymers were also examined by differential scanning calorim-
etry (DSC) and provide evidence for amorphous characteristics
with no detectable endotherms or exotherms.

2.3. Optical Absorption Spectroscopy, Photoluminescence, and
DFT Computation

Solution and thin-film optical absorption spectra of polymers
P1-P7 are shown in Figure 3, and data are collected in Table 1.
Due to the presence of multiple transitions and large Stokes
shifts, solution and solid state optical band gaps (Ey) were esti-
mated from the low-energy band edges in the spectra.?¥l Time-
dependent DFT (TDDFT)2* calculations at the B3LYP/6-31G**
level were also performed on the polymer building blocks
to provide insights into the electronic structure of the corre-

sponding copolymers.

Adv. Funct. Mater. 2014, 24, 2782-2793



'a\
Me \Iiir’ﬁ

www.MaterialsViews.com

A

1.2

I\

0.0 . e
300 400 500 600 700
Wavelength (nm)

1.2

1.0
0.8
0.6

0.0 T r T ,
300 400 500 600 700 800 900
Wavelength (nm)

(99
Normalized Absorbance (a.u.) Normalized Absorbance (a.u.)

Figure 3. Optical absorption spectra of polymers P1-P7: A) in DCB solution; B) as thin films

on glass substrates.

The absorption maxima of TVTOEt-T2R polymers P1 (R = n-
Cy;Hys) and P2 (R = O-n-C1,H;5) in 0-DCB solution are located
at 494 and 540 nm, respectively (Figure 3). Since both poly-
mers have identical backbones, the absorption maximum dif-
ferences must reflect electronic structure variations due to the
backbone substituents and/or the different aggregation states.
In fact, the DFT calculations predict a more planar skeleton
and hence a more m-delocalized backbone for P2 than for P1.
While the TVTOEt comonomer exhibits the same conformation
(dihedral angles = 14°) in both polymers, the two rings in the
bithiophene fragment are coplanar in polymer P2 while a dihe-
dral angle of =16° is predicted for P1 between the alkoxy groups
(in head-to-head linkages) and the S atoms of neighboring thio-
phene rings (Figure 4). Note that alkyl substituents in a head-
to-head configuration should induce a greater distortion from
planarity than observed for polymer P1 having a tail-to-tail con-
figuration, due to greater steric crowding (Figure 4).12°! Hence,
the 46 nm bathochromic shift of P2 vs P1 is attributed to both
the stronger n-C;,H,50- substituent electron donor properties
vs the n-Cy,H,s alkyl substituent, and the more delocalized P2
skeleton due to the presence of four cooperative intramolecular
S---O interactions which planarize the backbone, vs only two
in P1 (Figure 4). The spin-coated films of P1 and P2 exhibit
optical absorption maxima at 528 nm and 577 nm, respectively
(Figure 3). Both of these maxima exhibit large red-shifts upon
going from the solution to the thin film phase, indicating a
greater degree of organization in the latter. To better understand

Adv. Funct. Mater. 2014, 24, 2782-2793
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these features, TDDFT calculations were car-

R
/N eczgs 7\ ried out on isolated comonomers with the

s
goal of establishing energetic trends rather

than comparing absolute energies. With
this proviso in mind, the TDDFT calcula-

R . L .
()&% 1+ tions predict intense absorptions for both
S
cHO W/ 5\ [T

P1 and P2 at 448 and 489 nm, respectively.
R This trend is in excellent agreement with the
experimental results discussed above. These
strong absorptions are described theoretically
as one-electron HOMO — LUMO excitations
R (Figure S2, Supporting Information).

The solution optical absorption maxima of
TVT-BDTR polymers P3 (R = n-C,Hys), P4
(R = O-n-C12H25), and P5 (R = O-i-cleZS)
are located at 520, 523, and 494 nm, respec-
tively, while those of the corresponding thin
films are located at 518 nm for P3, 521 nm
for P4, and 492 nm for P5 (Figure 3). Inter-
estingly, the P3 and P4 absorption maxima
are similar, with the alkoxy and alkyl chain
substitution on the benzodithiophene unit
having no significant effect on the energy
levels of these conjugated systems. This
result differs from previous reports that
alkoxy substituents appended to benzodith-
§_>—n-caﬂ1-, iophenes can significantly raise the HOMO
energies versus alkyl substituents.?*! Since
the TDDFT calculations predict compa-
rable wavelengths for the P3 and P5 absorp-
tion maxima (443 nm and 448 nm, respec-
tively), the blue shift observed in P5 must be
attributed to supramolecular effects such as steric hindrance
imposed by the bulkier branched alkyl substituents. TVTOEt-
NDIR polymers P6 and P7 exhhibit two strong absorption
bands. The shorter wavelength feature assigned to a 7—n* tran-
sition of the donor building block, while the lower energy band
is assigned to a one-electron HOMO — LUMO excitation, as
shown in Figure S3 (Supporting Information), implying photo-
induced intra-macromolecule charge transfer (ICT) between
the electron-rich TVTOEt block and the electron-deficient NDI
block. The absorption maxima of P6 and P7 occur, respec-
tively, at 660/388 nm and 744/396 nm in DCB solution and
at 705/393 nm and 725/399 nm in spin-coated thin films.
Note that the two transitions are predited theoretically at 742
(f 0.2256) and 397 nm (f: 0.5633), in reasonable agreement with
experiment. The blue shift of the P6 absorption versus that in
P7 may reflect its lower molecular weight.

The optical band gaps for the new polymers were estimated
from the low-energy band edges of the thin-film optical spectra,
taking 10% of the maximum as the band edge. The optical band
gaps of polymers P1, P2, P3, P4, P5, P6, and P7 are therefore
1.83, 1.77, 2.04, 1.94, 2.07, 1.46, and 1.43 eV, respectively. This
trend is similar to that predicted by the DFT calculations, which
yield HOMO-LUMO gaps of 3.00, 2.74, 3.03, 3.00, 3.02, and
1.99 eV for the P1, P2, P3, P4, P5, and P6 (P7) comonomers,
respectively. Since these polymers share a common TVTOEt
building block, the optical band gaps all reflect the electronic
coupling with the other comonomer. For example, the band

R
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these blend components, PL quenching is a
strong indicator that this system should pro-
vide a PV response. However, the P3HT:P7
blend films exhibit only =80% PL quenching,
which portends relatively low PCEs for OPVs
fabricated with these materials. In contrast,
the nearly 100% PL quenching observed in
the PTB7:P7 blend films is encouraging for
all-polymer solar cells fabricated with these
materials (see more below).

2.4. Electrochemical Properties

Oxidation and reduction potentials for P1-P7
were measured by cyclic voltammetry (CV)
using ferrocene as the internal standard.
Cyclic voltammograms of the polymers as
thin films are shown in Figure S5, and elec-

> BN trochemical data are summarized in Table 1
s 2.5 - and Figure 4D. From these potentials and the
330 308 2 optical bandgaps, HOMO and LUMO ener-
P 23t -18.3.26-3:21 : . »

37343 = gies can be estimated.” For example, the

P1 -3.5 - | B | | -3.70 L
[ | 410404 tumo  HOMO energy levels of TVI-T2R derivatives
2 , 4 =l P1 and P2 lie at —5.25 and —5.20 eV, respec-
J A -4.5 1 tively, with the slightly higher HOMO energy
N S B EEE of P2 attributable to the stronger electron
P2 55] Slosasssne,,, donating character of the thiophene alkoxy
6 haatand vono substituents (-O-n-Ci,Hys). Using the optical
-6.10 band gaps, the corresponding LUMO ener-

6.5 {P3HTPTB7P1 P2 P3 P4 P5 P6 P7PCBM

]
Theoretical Model

Figure 4. A) Structures of P1, P2, B) DFT//B3LYP/6-31G** computed P1, P2 model polymer
views perpendicular to the molecular planes; estimated dihedral angles discussed in the text
are indicated by circles, and C) DFT//B3LYP/6-31G** computed P1, P2 model polymer views
in the molecular planes; D) Experimentally determined energy levels of P1-P7, P3HT, PTB7,

and PCBM.

gap of P2 is smaller than that of P1, which indicates that the
bithiophene building block with alkoxy substituents is elec-
tronically richer than that with alkyl substituents, in agreement
with the known electron donating effects of alkoxy substituents
appended to aromatic cores.]

Since P7 is intended as a polymeric acceptor for all-pol-
ymer solar cell studies (vide infra), the optical responses of P7
blended with P3, P3HT, and PTB7 were investigated in detail.
As shown in Figure S4 (Supporting Information), the optical
absorption spectra of as-cast P3:P7, P3HT:P7, and PTB7:P7
blend films are essentially superpositions of the component
material spectra, suggesting that intermacromolecule charge
transfer is minimal in the ground states of these polymer
blends.””) As shown in Figure S4 (Supporting Informa-
tion), while pristine P3, P3HT, and PTB7 films exhibit strong
photoluminescence (PL) in the range of 580-800, 550-800,
and 700-850 nm, respectively, the blend films with P7 show
evidence of significantly quenched PL intensities, indicative
of either energy or charge transfer processes. Considering that
charge transfer here is thermodynamically favorable between

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gies for P1 and P2 are estimated at —3.37 and
—3.48 eV, respectively. The HOMO energies
of the TVTOEt-BDTR polymers P3, P4, and
P5 lie at —5.22, —5.20, and —5.28 eV, respec-
tively, and the corresponding LUMO energies
lie at —3.18, —3.26, and —3.21 eV, respectively,
using the aforementioned optical band gap
estimation. The similar HOMO energies
of P3 and P4 show that the alkoxy and alkyl
functionalization of the BDT building block minimally influ-
ences the electronic structure. However, the HOMO energy dif-
ference between P3 and P4 versus P5 is attributed to the steric
demands of the bulky substituents. The less bulky linear substit-
uents on P3 and P4 promote closer intermolecular packing and
destabilize the HOMO levels. In contrast, the HOMO energies
of TVTOEt-NDIR-based polymers P6 and P7 lie at —5.64 and
—5.63 eV, respectively, with the corresponding LUMOs at —4.10
and —4.04 eV, respectively. Interestingly, the rather low-lying P7
LUMO is similar in energy to that of PC;oBM (—4.3 eV),1?® indi-
cating that P7 could serve as both a good n-channel semicon-
ductor as well as an effective electron acceptor in OPV devices.

2.5. Thin-Film Transistor Characterization

Top-contact/bottom-gate OTFTs of structure HMDS-SiO,/
p*-Si/polymer/Au contacts were evaluated both in ambient
and vacuum to assess the majority charge carrier type, device
performance, and environmental stability. The field-effect

Adv. Funct. Mater. 2014, 24, 2782-2793
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Table 2. Field-effect mobilities (u), threshold Voltages (V5), and current I/l ratios for

thin films transistors of polymers P1-P7. Device parameters are average values of at least 16

devices.
Polymer Structure u lon/loft Vi Areorg
[em? Vs v [eV]
P1 P4: R = i-0-n-CioHas 3% 1073 6x10° 25 039
P5:R=§0
P2 § ~Y—n-CiHs 8x 104 10¢ 15 037
n-CgHqg
R
o _N_o
P39 0.02 5% 10° 15 0.31
CaHs0”
07"N"~o
&
P4 3x107 10% -5 0.47
P5 5x107° 104 -15 0.49
P6:R= oH
n-C:R: 2Hg
P6 ? 7%107 102 25 0.31
P7:R=: n-CgHy7
n-CyoHzq
p72) 0.1-0.2 10° 15 0.31

AThe device data are from Ref. [10].

mobility and threshold voltages were calculated in the satura-
tion regime. TFT data are summarized in Table 2, and repre-
sentative transfer plots are shown in Figure 5 and Supporting
Information Figures S6-S8. Furthermore, to understand charge
transport efficiencies, the morphology and microstructure of
the thin films used in the TFTs were also investigated by AFM
and XRD. Additionally, a crucial electronic structure parameter
is the intramolecular reorganization energy, which describes
the energy required to accommodate a charge unit in the trans-
port process and typically correlates with charge mobility. This
parameter involves two terms associated with the geometric
relaxation energies upon going from neutral to charged spe-

www.afm-journal.de

cies and vice versa, and is computed from
the corresponding adiabatic potential energy
surfaces.?) Thus, reorganization energies
for the present polymers were calculated
for holes A;, and electrons 4., depending on
the TFT response, to better understand the
charge transport process as shown in Table
2. The A, of P1(0.39 eV) is slightly larger
than that of P2 (0.37 eV). This indicates that
the differences in their mobilities are likely
determined by other film parameters. How-
ever, the A}, of P3 (0.31 eV) is much smaller
than those of P4 (0.47 eV) and P5 (0.49 eV),
which suggests that the mobility of P3 may
be higher than those of P4 and P5. Interest-
ingly, these reorganization energies correlate
well with the charge transport results, which
are discussed below.

As shown in Table 2, Figure S6 and S7,
the hole mobilities of TVTOEt-T2R poly-
mers P1 and P2, after annealing at 90 °C
are 3.2 x 1073 and 7.5 x 10 cm? V7! g7},
respectively. These modest values are not
surprising since the XRD analysis indi-

cates that both film types are amorphous. Note that P2 has
a lower mobility than P1 despite having a more planar back-
bone, higher HOMO energy, and lower A4; (0.39 and 0.37 eV
for P1 and P2, respectively), suggesting that morphological
factors may dominate the transport characteristics. Regarding
the TVTOEt-BDTR polymers, the hole mobilities of P3, P4,
and P5 are 2.0 x 1072, 3.0 x 107, and 2.5 x 10* cm? V! 571,
respectively (Figures 5 and Figure S6, Supporting Informa-
tion). Since P3, P4, and P5 have indentical backbones, the
differences in mobilities can be attributed to peripheral sub-
stituent effects,?” and the DFT computed reorganization
energies are in full agreement with the TFT performance
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T
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Figure 5. OTFT transfer plots of A) polymers P3 and B) P5 at Vsp = —100 V; and PTB7:P7
polymer as-cast blend TFTs in: C) p-type operation mode and D) n-type operation mode.
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(Table 2). Thus, P3 with the lowest A;, within
this family (0.31 eV), is in agreement with
having the largest hole mobility, 2.0 x 1072
cm? V! 571 In contrast, the lowest mobility
of P5 (2.5 x 107* cm? V7! s7!) also has the
highest reorganization energy (0.49 eV).
Therefore, it is evident that the alkyl (linear)
and alkoxy (branched) peripheral substitu-
ents can influence the reorganization ener-
gies and the charge transport properties of
these conjugated polymers.

To better understand the OTFT transport
trends, XRD and AFM analyses were also
carried out for films of P3 and P5. As shown
in Figure 6, the P3 film exhibits a single dif-
fraction peak without obvious reflections
associated with in-plane 7 stacking.

The corresponding d-spacings of 19.0 and
13.4 A reflect the different alkyl substituents
steric demands. The higher reflection inten-
sity of P3 vs P5 indicates a higher degree of
order, consistent with the mobility trends.
The AFM topographic images of the P3
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Figure 6. 6-20 X-ray diffraction (XRD) scans of A) spin-coated P3 and B) P5 thin films after
annealing at 150 °C. Peak intensities are not normalized. Tapping mode AFM images of C) P3
and D) P5 thin films after annealing at 150 °C (scan areas: 4.5 pm x 4.5 pm).

films corroborates the XRD data (Figure 6C) indicating distinct
domain formation. However, the P5 film morphology is less
ordered (Figure 6D) and characterized by significant defects
(dark holes) and irregularities which might depress charge
transport. The enhanced crystallinity, improved morphology,
and reduced A, are thus in accord with the higher mobility
(=1000x) of P3 versus that of P5.

Combining the NDIR building block with the TVTOEt
monomer affords air stable n-type polymers. The electron mobil-
ities of P6 and P7 are 7.0 x 1073 and 0.2 cm? V! 57, respectively
(Figure S6, Supporting Information).!% These transport differ-
ences are consistent with the XRD data on the corresponding
films (Figure S10, Supporting Information), which show that
the P7 films exhibit much sharper and stronger reflections with
a d-spacing of =22.2 A. This distance is reasonably assigned to
a-axis (h00) lamellar spacing, indicating a more ordered micro-
structure. In comparison, the P6 films show a broader peak with
a lamellar d-spacing of =14.7 A. Both distances are consistent
with structural models in which the polymer side chains are
either interdigitated or closely packed, and tilted from the molec-
ular plane, implicating a polymorph in which most molecules
have an edge-on orientation with respect to the substrate, and
with the 7 stacking axis parallel to the substrate plane, thus
favoring in-plane source — drain charge transport.3!l The dif
ference in d-spacing is attributed to the different alkyl peripheral
subsituents on the NDI block, where the longer P7 branched
alkyl chains induce larger d-spacings. Furthermore, the much
smaller molecular weight and reduced P6 solubility may also
contribute to the poorer film quality and therefore lower elec-
tron mobility. DFT calculations also predict a low A, of 0.31 eV
for these TVTOEt-NDIR polymers, which is comparable to those
reported for other efficient n-type semiconductors.2%%32
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B o Finally, since P3:P7, P3HT:P7, and

PTB7:P7 blends will be used for BH] OPV

%—} — 800+ BN s, devices (vide infra), TFTs based on the same
e g_ oo LS I /s blend composition yielding optimal OPV per-
P3:R= §—nCos = B Ps:R= }—0 formance (weight ratio = 1:1, CHCl;) were
%’ _— ol et fabricated and characterized. TFTs were also

H fabricated using various processing condi-

£ 200 tions in accord with OPV device optimiza-

tion, (Table S1, Supporting Information)

and the data are summarized in Table S2.
The ambipolar nature of these TFTs, in both
electron and hole modes, is evident from
the I-V characteristics. The TFTs based on
P3:P7 blend as-cast films exhibit electron
and hole mobilities of 1.4 x 10™* cm?/V-s
and 2.4 x 10 cm? V7! s7!, respectively
(Figure S8, Supporting Information). After
annealing at 120 °C for 10 min, the TFTs
exhibit higher and more balanced ambipo-
larities (U, = 4.5 X 10™* cm? V' s7! and w, =
6.4 X 107 cm? V7! s71), indicating that this
material is a better candidate for all-polymer
OPVs after annealing. This annealing
effect on TFT performance is also observed
for the P3HT:P7 blend. Here TFIs based
on the as-cast films evidence unbalanced
electron and hole mobilities with u. = 2.5 x 10 cm? V! 57!
and @, = 9.0 x 10 cm? V! s7. However, after annealing at
120 °C for 10 min, the TFTs exhibit larger, more balanced
electron and hole mobilities (Figure S9). The derived satura-
tion mobilities are . = 1.0 x 10™* cm? V' s7! and p, = 2.0 x
10~* cm? V! s71. However, further annealing at 150 °C/ 10 min
does not improve the performance (Ue = 4.2 X 10 cm? V! 57!
and (, = 1.6 X 10™* cm? V! s71). In contrast, annealing has dif-
ferent effects on the properties of the PTB7:P7 blends. Here
TFTs based on the as-cast films exhibit high, well-balanced
electron and hole mobilities of . = 5.1 x 102 cm? V! 57! and
Up = 3.9 x 107 cm? V-1 57! (Figure 5). To the best of our knowl-
edge, these mobilities are among the highest reported for all-
polymer bulk heterojunction TFTs.33l However, after annealing
at 120 °C for 10 min, the TFT mobilities fall to y. = 1.4 x
1072 cm? V7! st and py, = 1.1 x 107 cm? V! 57! (Figure S9,
Supporting Information). It will be shown that these transport
results are consistent with the corresponding OPV perfor-
mance (vide infra).

2.6. All-Polymer Photovoltaic Cell Characterization

To evaluate P7 performance as a polymeric OPV electron
acceptor, P3HT:P7, P3:P7, and PTB7:P7 bulk heterojunction
cells based on these blends were fabricated in both a conven-
tional device structure, ITO/PEDOT:PSS/blend/LiF/Al, and
in an inverted device structure, ITO/ZnO/blend/MoO;/Ag.
Measurements were carried out under simulated AM 1.5 G illu-
mination of 100 mW cm™2. J-V curves and external quantum
efficiency (EQE) data are shown in Figures 7 and Supporting
Information (Figure S10). The corresponding open-circuit
voltages (V,), short-circuit currents (J), fill factors (FF), and
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Figure 7. J-V characteristics of A) P3HT:P7 and C) PTB7:P7-based solar cells under AM 1.5
solar illumination and external quantum efficiencies of the B) P3HT:P7 and D) PTB7:P7-based
solar cells (120 °C: anneal at 120 °C; 150 °C: anneal at 150 °C; Inverted-120 C: anneal at 120 °C

with an inverted device structure).

power conversion efficiencies (PCE) are summarized in Table 3
and Supporting Information Figure S1.

Starting with the as-cast P3HT:P7 films, the all-polymer
OPVs yield the following metrics for a conventional structure:
PCE = 0.18%, V,. = 0.61 V, ], = 1.05 mA cm™2, fill factor (FF) =
0.29. Annealing the P3HT:P7 blend films at various tempera-
tures was employed to optimize the performance, with 120 °C
affording: PCE = 0.50%, V,. = 0.58 V, J,. = 2.02 mA cm™?, FF =
0.42. Note that the optimized devices yield PCEs =2x that of
P3HT/PNDI20D-T2 blends using the same processing sol-
vent.?¥ The increased ], upon annealing can be attributed
to greater structural order (vide infra), and the increased FF
is consistent with the balanced hole and electron mobilities
observed in the annealed blend, as the TFT measurements
indicate. However, after annealing the P3HT:P7 films at 150 °C
before electrode deposition, V, falls slightly to 0.58 V, J, to
1.89 mA cm™2, FF to 0.37, and PCE to 0.41%. The decrease in
PCE can be attributed to rougher films (vide infra) and unbal-
anced hole and electron mobilities, as observed in the TFT
devices. The EQE response generally tracks the optical spec-
trum of the blend rather than that of the P3HT film alone, with
light harvesting beyond 650 nm attributable to P7 (Figure 7B).
To enhance performance, an inverted ITO/ZnO/P3HT:P7/
MoO;/Ag OPV structurel’4¢l was employed. After annealing

Wavelength (nm)

able with further device optimization. Not
surprisingly, annealing is detrimental to
PTB7:P7 OPV performance, consistent with
the TFT results. After annealing at 120 °C for
10 min, the PCE falls dramatically to 0.13%
with a V,. =0.76 V, J,c = 0.61 mA cm™?, and
FF = 0.27. This significant decrease is attributed to the obvious
morphology changes upon annealing (vide infra).

AFM and XRD analyses were employed to characterize the
thermal annealing effects on the blend microstructures and to
help understand the trends in OPV performance. In general,
polymer mixtures tend to undergo phase segregation due to low
entropies of mixing,?® and phase segregation is clearly evident
even before annealing, as indicated by well separated dark and
bright domains (Figure 8). The large film domains (>200 nm)
exceed typical exciton diffusion lengths and are expected to
result in low current densities. For the P3HT:P7 blends, after
thermal annealing at 120 °C or 150 °C, the blend film mor-
phologies show no obvious morphological changes as charac-
terized by AFM. The XRD data indicate that the blend film is
amorphous before annealing (Figure 8D) and after annealing
at 120 °C, a broad Bragg reflection appears (Figure 8E), indi-
cating greater ordering in accord with the balanced TFT mobili-
ties and optimal PV performance. The calculated d-spacing is
=30.5 A, which is assignable to the (100) reflection of P3HT or
P7 in the blend film—much larger than that of the pristine film

Table 3. OPV device characteristics of P3HT:P7, P3:P7, and PTB7:P7
blend-based All-polymer solar cells.?)

at 120 °C, the PCE dramatically increases to 1.06% with V,. =  glend Jee Vi FF PCE
0.61V, Jc=2.99 mA cm~2, FF = 0.58 (Figure 7). [mA cm™] v [%]
Similar efficiency enhancement upon annealing is also  p3yr.ps» 299 0.61 058 1.06
obsgrved for Fhe P3:P7 blend-based OPVs. For the as-cast films, P3:p7) 151 0.85 039 0.49

devices with inverted structures afford a low PCE of only 0.08%
PTB7:P79 411 0.86 0.46 1.70

with a V,. = 0.75 V, J;. = 0.39 mA cm™, FF = 0.26 (Figure S11,
Supporting Information). However, after annealing at 120 °C
for 10 min, the efficiency dramatically increases to 0.49% with
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AThe solar cells have an inverted struture of ITO/ZnO/blends/MoOs/Ag; P The
film was annealled at 120 °C for 10 min; 9As-cast film.
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Figure 8. Tapping mode AFM images (1 pm x 1 pm) and 6-26 XRD scans of P3HT:P7 thin films A,D) before and B,E) after annealing at 120 °C and

C,F) 150 °C for 10 min.

component (P3HT: 15.1 A;%71 P7: 22.2 A). However, this reflec-
tion broadens upon further annealing at 150 °C (Figure 8F),
indicating decreased ordering, in agreement with the decreased
PCE of the corresponding OPV devices.

Similar annealing effects are observed for the P3:P7 blends.
Although there are no obvious microstructural changes in
the AFM images, the film XRD reflection intensity of (100)
peak increases dramatically from 5000 to 40 000 counts upon
annealing at 120 °C for 10 min (Figure S12, Supporting Infor-
mation). This indicates far more ordered films in accordance
with the greater PCEs of the annealled P3:P7 based solar cells.
Also, the d-spacing distance slightly increases from 20.7 A to
21.5 A after annealing. Both distances are close to that of the
pristine P7 films (22.2 A), indicating that the top surface is
P7-rich, which is consistent with the XPS depth profiling data
(Figure S13, Supporting Information). XPS depth profiling
measurements were used to probe the relative N1s content on
proceeding from the air/BH]J interface, through the active layer,
to the buried active layer/ZnO interface.® Changes in N1s con-
tent indicate vertical phase segregation, where the blend film has
a P7-rich top interface. This phenomenon has been observed in
other bulk heterojunction all-polymer blend OPV systems.>>
For the PTB7:P7 blends, obvious morphology changes are
observed in the AFM after annealling (Figure S14, Supporting
Information) although the films under both conditions are
amorphous according to XRD measurements. The darker
regions in the AFM images become significantly larger, which
presumably indicates film microstructural reorganization. The
resulting large domain sizes could impede exciton dissociation
and charge collection properties. Thus, it is not surprising that
the efficiency here falls dramatically upon annealling.

3. Conclusions

A new series of p- and n-type semiconducting polymers incor-
porating the TVTOEt moiety has been synthesized and charac-
terized. The effects of co-monomer incorporation (T2, BDT, and

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

NDI) with TVTOEt and peripheral substitution (alkyl vs alkoxyl;
linear chain vs branched chain) on the thin film microstructure
and OTFT/OPYV device performance were also investigated. It is
found that incorporation of functional groups into the polymer
backbone significantly influences both the electronic energy
levels and thin film morphologies of these polymers. For
example, using the same conjugated backbone results in a hole
mobility 100 x greater for P3, which contains linear side-chains,
than that of P5, which is substituted with alkoxyl branched
side chains. Ambipolar bulk heterojunction OTFTs and all-
polymer OPVs were also fabricated with P3:P7, P3HT:P7, and
PTB7:P7 blends. Strong PL quenching was observed for most
of the blends, implying efficient photoinduced charge separa-
tion. Thermal annealing of the blend films plays a key role in
optimizing solar cell performance. Most significantly, the blend
PTB7:P7 affords not only the highest charge carrier mobilities
among these ambipolar bulk heterojunction OTFTs, but also
the highest PCEs reported to date for all-polymer OPVs based
on an NDI-based electron acceptor. These results show that
these n-type polymers are promising for all-polymer solar cells
and instructive for understanding new synthetic strategies and
the electrical properties of all-polymer OPV blends.

4. Experimental Section

General: All reagents were purchased from commercial sources and
used without further purification unless otherwise noted. Anhydrous
THF was distilled from Na/benzophenone. Conventional Schlenk
techniques were used, and reactions were carried out under N, unless
otherwise noted. Optical spectra were recorded on a Cary Model 1 UV-Vis
spectrophotometer. Fluorescence measurements were recorded on a
Photon Technology International model QM-2 fluorimeter. NMR spectra
were recorded on a Varian Unity Plus 500 spectrometer ('H, 500 MHz;
13C, 125 MHz). GPC analyses of polymer samples were performed on a
Waters Alliance GPCV 2000 (3 columns, Waters Styragel HT 6E, HT 4, HT
2; operation temperature, 150 °C; mobile phase, 1,2,4-trichlorobenzene
or THF at room temperature; flow rate, 1 mL min~') and are reported
relative to Aldrich polystyrene standards. Electrospray mass spectrometry
was performed with a Thermo Finnegan model LCQ Advantage
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mass spectrometer. Electrochemistry was performed on a C3 Cell
Stand electrochemical station equipped with BAS Epsilon software
(Bioanalytical Systems, Inc., Lafayette, IN). XRD measurements were
performed on an 18 kW Rigaku ATXG diffractometer using a multilayer
parabolic mirror, a NalS; scintillation detector, and X-rays of wavelength
A =1.541 A. AFM measurements were performed on a Dimension Icon
Scanning Probe Microscope (Veeco) in tapping mode. XPS (Omicron
ESCA Probe) depth profiling is performed on actual devices prepared
without the top electrode: ITO/ZnO/P3:P7 blend film. The samples are
sputtered with an Ar+ gun at 3000 eV for 100 s intervals and etched
from air/blend interface. Signals from C1s and N1s were monitored and
integrated peak areas were used for data analysis.

Synthesis of P1: Under Ar, a mixture of 2,2"-dibromo-3,3"-bisdodecyl-5,5"-
bithiophene (68.1 mg, 0.10 mmol), 5,5"-bis (trimethylstannyl)-(1,2-bis (2"
thienyl)-1,2-diethxoyvinyl (62.5 mg, 0.10 mmol), tri(o-tolyl)phosphine
(5.0 mg, 0.016 mmol), and tris(dibenzylideneacetone)-dipalladium(0)
(3.8 mg, 0.004 mmol) in anhydrous toluene (15 mL) was stirred at reflux
for 48 h. Bromobenzne (0.3 mL) was then added, and this mixture was
refluxed for additional 10 h. After cooling to room temperature, the
reaction mixture was poured into a mixture of methanol (100 mL) and
concentrated HCl solution (5 mL), and the precipitate was collected
by filtration. This isolated crude product was then subject to Soxhlet
extraction with methanol, acetone, and hexane in sequence. Finally, the
product was extracted with chloroform, and the extract was concentrated
before it was precipitated with methanol again, leading to a dark red solid
as the product (63.0 mg, 78.5%). "H NMR (CDCl;, 500 MHz): &: 7.28 (s,
br, 2H), 7.13 (s, br, 2H), 7.04 (s, br, 2H), 3.97 (m, br, 4H), 2.82 (m, br,
4H), 1.73 (m, br, 4H), 1.51 (m, br, 6H), 1.44 (m, br, 4H), 1.22-1.38 (m,
br, 32H), 0.85-0.91 (t, ] = 7.0 Hz, 6H). GPC: M, = 34.3 K Da, M,, = 78.0 K
Da, PDI = 2.3. Elemental Analysis: calc. C, 70.90; H, 8.54; N, 0.00; found
C, 70.55; H, 8.39; N, 0.00.

Synthesis of P2: Under N2, a mixture of BTOC12-Br2 (60.2 mg,
0.087 mmol), 5,5"-bis(trimethylstannyl)-(1,2-bis (2"-thienyl)-1,2-
diethxoyvinyl (52.8 mg, 0.087 mmol), and Pd(PPh;),Cl, (3.0 mg,
0.004 mmol) in anhydrous toluene (10 mL) was stirred at 100 °C for
48 h. Bromothiophene (1.0 mL) was then added and the resulting
mixture was stirred for an additional 10 h. After cooling to room
temperature, the reaction mixture was poured into methanol (150 mL),
and the resulting mixture was stirred for 30 min, before it was filtered.
The obtained solid product was washed with methanol and acetone, and
then subjected to Soxhlet extraction with methanol, acetone, and hexane
in sequence. Finally the product was extracted with chloroform, and the
extract was concentrated. The residue was taken up with chloroform,
and this solution was precipitated with methanol twice, leading to a
purple solid as the product (30 mg, 77%). '"H NMR (CDCl;, 500 MHz):
8:7.24 (s, br, 2H), 7.15 (s, br, 2H), 6.98 (s, br, 2H), 4.21 (s, br, 4H), 3.96
(s, br, 4H), 1.95 (m, br, 4H), 1.58 (s, br, 8H), 1.51-1.21 (m, br, 34H),
0.89 (m, br, 6H). 3C NMR (CDCl;, 125.7 MHz, 25 °C): § 152.2; 140.5;
138.9; 134.5; 132.8; 126.3; 122.3; 113.9; 112.2. GPC: M, = 24.6 K Da,
M,, = 57.0 K Da, PDI = 2.3. Elemental Analysis: calc. C, 68.10; H, 8.20;
found, C, 66.77; H, 7.85.

Synthesis of P4: Under N, a mixture of BDTOCI12-Br2
(107 mg, 1.49 mmol), 5,5-bis(trimethylstannyl)-(1,2-bis(2'-thienyl)-
1,2-diethxoyvinyl (91 mg, 1.49 mmol), and Pd(PPh;),Cl, (6.0 mg,
0.008 mmol) in anhydrous toluene (10 mL) was stirred at 100 °C for
48 h. Bromothiophene (1 mL) was then added and the resulting mixture
was stirred for an additional 10 h. After cooling to room temperature,
the reaction mixture was poured into methanol (150 mL), and the
resulting mixture was stirred for 30 min, before it was filtered. The
obtained solid product was washed with methanol and acetone, and
then subjected to Soxhlet extraction with methanol, acetone, and hexane
in sequence. Finally the product was extracted with chloroform, and the
extract was concentrated. The residue as taken up with chloroform, and
this solution was precipitated in methanol twice, leading to a red solid
as the product (100 mg, 80%). '"H NMR (CDCl;, 500 MHz): &: 7.66 (s,
br, 2H), 7.32 (s, br, 4H), 4.33 (s, br, 4H), 3.00 (s, br, 4H), 1.95 (m, br,
4H), 1.62-1.21 (m, br, 44H), 0.89 (m, br, 6H). 13C NMR (CDCl;, 125.7
MHz, 25 °C): & 143.9; 140.9; 138.3; 136.7; 136.1; 132.7; 129.5; 126.6;
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12.1;115.9. GPC: M,,=16.4 K Da, M,, = 26.0 K Da, PDI = 1.59. Elemental
Analysis : calc. C, 69.01; H, 7.96; found C, 70.44; H, 7.67.

Synthesis of P5: Under Ar, a mixture of 2,6-diiodo-4,8-bis(2-
butyloctyloxy)benzo[1,2-b;3,4-b]dithiophene (109.3 mg, 0.14 mmol),
5,5"-bis(trimethylstannyl)-(1,2-bis(2’-thienyl)-1,2-diethxoyvinyl
(81.7 mg, 0.14 mmol), tri(o-tolyl)phosphine (4.9 mg, 0.016 mmol),
and tris(dibenzylideneacetone)dipalladium(0) (3.7 mg, 0.004 mmol)
in anhydrous toluene (15 mL) was stirred at refluxing for 48 h.
Bromobenzene (0.4 mlL) was then added, and this mixture was
refluxed for additional 12 h. After cooling to room temperature, the
reaction mixture was poured into a mixture of methanol (100 mL) and
concentrated HCl solution (5 mL), and the precipitate was collected
by filtration. The isolated crude product was then subjected to Soxhlet
extraction with methanol, acetone, and hexane. Finally, the product was
extracted with chloroform, and the extract was concentrated before it
was precipitated with methanol again, affording a dark red solid as the
product (71.0 mg, 63.1%). GPC: M, =13.5 K Da, M,, = 72.1 K Da, PDI =
5.3. Elemental Analysis: calc. C, 69.02; H, 7.96; N, 0.00; found C, 68.84;
H, 7.88; N, 0.00. TH NMR (CDCl;, 500 MHz): 7.55 (s, br, 2H), 7.32 (s,
br, 4H), 4.21 (s, br, 4H), 3.99 (s, br, 4H), 1.92 (s, br, 2H), 1. 69 (s, br,
4H), 1.20-1.60 (m, br, 34H), 1.00 (m, br, 6H), 0.92 (m, br, 6H).

Synthesis of P6: Under Ar, a mixture of NDI2EH-Br2 (68.6 mg,
011 mmol),  5,5-bis(trimethylstannyl)-(1,2-bis(2’-thienyl)-1,2-die-
thxoyvinyl  (64.1 mg, 0.11 mmol), and Pd(PPh;),Cl, (3.0 mg,
0.004 mmol) in anhydrous toluene (15 mL) was stirred at 90 °C for
40 h. Bromobenzene (1 mL) was then added and the resulting mixture
was stirred for an additional 4 h. After cooling to room temperature,
the reaction mixture was poured into methanol (150 mL), and the
resulting mixture was stirred for 30 min, before it was filtered. The
obtained solid product was washed with methanol and acetone, and
then subjected to Soxhlet extraction with methanol, acetone, and
hexane in sequence. Finally the product was extracted with chloroform,
and the extract was concentrated. The residue was taken up with
chloroform, and this solution was precipitated with methanol twice,
leading to a blue solid as the product (21. 4 mg, 26.3%). '"H NMR
(CDCl, 500 MHz): &: 8.85 (s, br, 2H), 7.44 (s, br, 2H), 7.38 (s, br, 2H),
4.09 (m, br, 8H), 1.95 (m, br, 2H), 1.52 (m, br, 6H), 1.20-1.45 (m, br,
16H), 0.80-0.96 (m, br, 12H). GPC: M, = 6.6 K Da, M,, = 9.8 K Da,
PDI = 1.5. Elemental Analysis: calc. C, 68.90; H, 6.57; N, 3.65; found C,
67.45; H, 6.46; N, 3.56.

OTFT Fabrication: Thin semiconductor films were deposited by spin-
coating of a 10 mg mL™" polymer solution in chloroform under ambient
conditions onto hexamethyldisilazane (HMDS)-treated p-doped Si
(001) wafers with a 300 nm thermally grown SiO, dielectric layer. The
capacitance of the 300 nm SiO, gate insulator was 10 nFcm™2. Prior
to substrate treatment with HMDS, the wafers were solvent cleaned
by sonicating (in two beakers, sequentially, for 15 min each) in EtOH
and were then dried with a filtered stream of N,, followed by 5 min.
plasma cleaning in a Harrick PDC-32G Plasma Cleaner/Sterilizer.
After semiconductor deposition, the films were annealed at different
temperatures under vacuum for 30 min. Top-contact OTFTs were
fabricated by vapor deposition of gold electrodes (~1077 Torr, 0.2 A/s,
=50 nm thick) onto the semiconductor thin films through a shadow
mask to obtain devices with channel widths and lengths of 5000 um and
100 um, respectively.

OTFT Characterization: -V plots of device performance were
measured in ambient or under vacuum; at least five transfer and
output plots were recorded for each device. The current-voltage (I-V)
characteristics of the devices were measured using a Keithley 6430
subfemtoammeter and a Keithly 2400 source meter, operated by a local
Labview program and GPIB communication. Key device parameters,
such as charge carrier mobility (1) and on-to-off current ratio (/o/lof)
were extracted from the source—drain current (lsp) versus source-gate
voltage (Vsg) characteristics employing standard procedures. Mobilities
were obtained from the formula defined by the saturation regime in
transfer plots, = 2 IspL/[GW (Vsg — V)¥, where Vp is the threshold
voltage. Threshold voltage was obtained from the x intercept of Vsg
versus Isp'/? plots.
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Conventional Structures for ITO/PEDOT:PSS/P3HT(P3 or PTB7):P7
(1:1 w/w; 80 nm)/LiF/Al: The precoated ITO glass substrates were
cleaned with acetone and isopropyl alcohol under sonication, followed
by drying and UV/ozone treatment over 10 min. A 30 nm layer of
PEDOT:PSS was then spun-cast onto the ITO substrate and baked at
150 °C for 20 min. An =80-100 nm thick active layer was next prepared
using various conditions mentioned above and spun-cast onto the
PEDOT:PSS layer, and then thermal annealing was performed by placing
the spin-coated films on a hot plate at 120 or 150 °C for 10 min. The
LiF (10 nm)/AI(100 nm) cathode was finally deposited by thermal
evaporation under high vacuum (107® mbar) through a shadow mask.
The cell size, defined by the spatial overlap of the ITO anode and LiF/Al
cathode was 6 mm?Z.

Inverted Structures for ITO/ZnO/P3HT(P3 or PTB7): P7 (1:1 w/w;
80 nm)/MoO,/Ag: The precoated ITO glass substrates were cleaned as
above. Afterwards, the ZnO electron transport/hole blocking layer was
prepared by spin-coating at 5000 rpm from a ZnO precursor solution
prepared from 0.5 m zinc acetate dehydrate in 0.5 v monoethanolamine
and 2-methoxyethanol. After cleaning the electrical contacts, the
substrates were immediately baked in air for 5 min. The films were
then rinsed with DI water, isopropanol, and acetone, and then dried
in a glovebox. Thin layers of 8 nm MoO, and 100 nm of Ag were then
thermally evaporated through a shadow mask at ~107 Torr.

All-Polymer Solar Cell Characterization: Device |-V characteristics
were measured under AM1.5G light (100 mW cm™2) using the Xe arc
lamp of a Spectra-Nova Class A solar simulator. The light intensity was
calibrated using an NREL-certified monocrystalline Si diode coupled
to a KG3 filter to bring spectral mismatch to unity. Four-point contact
measurements were performed and electrical characterization was
carried out with a Keithley 2400 unit. The area of all devices was 6 mm?,
and an aperture was used on top of cells during measurements. EQEs
were characterized using an Oriel model QE-PV-SI instrument equipped
with an NIST-certified Si diode. Monochromatic light was generated
from an Oriel 300W lamp source.

DFT Calculations: Density functional theory (DFT) calculations were
performed using the B3LYP functional®® and the 6-31 G** basis set!“’
as implemented in GAUSSIAN 03.141
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