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A Cross-Linkable Donor Polymer as the Underlying Layer
to Tune the Active Layer Morphology of Polymer Solar Cells

Bin Meng, Zaiyu Wang, Wei Ma,* Zhiyuan Xie, Jun Liu,* and Lixiang Wang

For polymer solar cells (PSCs) with conventional configuration, the vertical
composition profile of donor:acceptor in active layer is detrimental for charge
carrier transporting/collection and leads to decreased device performance.

A cross-linkable donor polymer as the underlying morphology-inducing

layer (MIL) to tune the vertical composition distribution of donor:acceptor

in the active layer for improved PSC device performance is reported. With
poly(thieno[3,4-b]-thiophene/benzodithiophene):[6,6]-phenyl C;;-butyric acid
methyl ester (PTB7:PC;,BM) as the active layer, the MIL material, PTB7-TV,

is developed by attaching cross-linkable vinyl groups to the side chain of
PTB7. PSC device with PTB7-TV layer exhibits a power conversion efficiency
(PCE) of 8.55% and short-circuit current density (Jsc) of 15.75 mA cm~, in
comparison to PCE of 7.41% and Jsc of 13.73 mA cm~2 of the controlled
device. The enhanced device performance is ascribed to the much improved
vertical composition profile and reduced phase separation domain size in the
active layer. These results demonstrate that cross-linked MIL is an effective
strategy to improve photovoltaic performance of conventional PSC devices.

in conventional device structure, owing
to the much larger surface energy of
anode interlayer (normally poly(3,4-
ethylenedioxy-thiophene)  doped  with
poly(styrenesulfonate) (PEDOT:PSS),
Y = 91.6 m] m™?) than the air (y = 0),
the donor with small surface energy
(y=20-22 m] m™%) would prefer to enrich
at the top (cathode side) and the acceptor
with larger surface energy (y=29 mJ m)
would prefer to enrich at the bottom
(anode side).l This vertical distribution of
donor:acceptor is detrimental for charge
carrier transporting/collection and leads to
decreased PSC device performance. One
effective approach to improve the vertical
distribution of active layer is to use sol-
vent additive, in which the solvent additive
with high boiling point can dramatically

1. Introduction

Morphology of donor:acceptor blend in active layer of polymer
solar cells (PSCs) plays an important role in charge separation,
transport, and collection, thus is a major factor to determine the
PSC device performance.!l It is widely accepted that the ideal
morphology should be a bicontinuous interpenetrating network
with a phase domain size of 10-20 nm.?! Moreover, to facilitate
charge transport and charge collection by the electrodes, the
ideal morphology should have a vertical composition profile
with the donor accumulating at the anode side and the acceptor
enriched at the cathode side.’! For spin-coating of active layer
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change the film-forming kinetics and con-
sequently change the blend morphology.
For example, Wu et al.’! and Park and
co-workersl® have used specific solvent additives, which can
selectively interact with the donor or the acceptor, to alter the
vertical distribution in the active layer. Huang and co-workers!’!
have obtained the desired compositionally graded active layer
using methanol treatment to extract the acceptor to the top
surface of active layer. However, the solvent additive approach
is only applicable for a portion of PSCs because many high
efficiency PSCs use single solvent without solvent additive.l®!
Therefore, it remains a great challenge to develop an alternative
strategy to control the vertical phase separation of PSCs.

The active layer morphology of PSCs is affected by the sur-
face property of the underlying layer.’) We have demonstrated
an approach to improve the active layer morphology by using a
phosphonate polymer spin-coated on PEDOT:PSS surface as the
morphology-inducing layer (MIL).'% However, the fabrication of
multilayer PSC devices requires orthogonal solvent processing,
which constrains the choice of processing solvent and leads to
limited device performance.

Here, we use a cross-linkable polymer as the underlying MIL
to tune the vertical composition distribution of donor:acceptor
blend in the active layer, which provides solvent selection flex-
ibility to process active layer and leads to improved PSC device
performance. As shown in Scheme 1, with poly(thieno[3,4-b]-thio-
phene/benzodithiophene):[6,6]-phenyl C;;-butyric acid methyl
ester (PTB7:PC;,BM) as the active layer,'!l we develop the MIL
material, poly{[4,8-bis[(undec-10-enyl)oxy]benzo[1,2-b:4,5-b"|dith-
iophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno-[3,4-b]-
thiophenediyl]} (PTB7-TV), in which cross-linkable vinyl groups
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Scheme 1. PSC device structure, chemical structures of the donor and
acceptor in the active layer, chemical structure of PTB7-TV.

are attached to the side chain of PTB7. While the controlled
device without MIL shows the power conversion efficiency (PCE)
of 7.41%, the PSC device with PTB7-TV as MIL exhibits the PCE
of 8.55% owing to the much improved vertical composition pro-
file, reduced phase separation domain size, and reserved average
domain purity in the active layer. These results demonstrate that
cross-linked MIL is an effective strategy to improve photovoltaic
performance of conventional PSC devices.

2. Results and Discussion

As shown in Scheme 1, PTB7-TV has the identical conjugated
backbone with that of PTB7 and contains terminal vinyl group
at the side chain. Therefore, PTB7-TV is expected to have
similar lowest unoccupied molecular orbital (LUMO)/highest
occupied molecular orbital (HOMO) energy levels with those
of PTB7, which would not introduce additional energy barrier
for charge transport when used as MIL."?l The terminal vinyl
groups at the side chain of PTB7-TV can cross-link to give a
robust film,3 which would be resistant against solvent and
enable spin-coating of active layer on top of it. Moreover, the
low-polarity intrinsic of PTB7-TV is expected to give a small
surface energy of the MIL and should be beneficial for the
improved vertical composition distribution in the active layer.’!
The synthetic route of PTB7-TV is outlined in Scheme 2.
Starting from benzo[1,2-b:4,5-b’|dithiophene-4,8-dione (1), we
obtained 4,8-bis(undec-10-enyloxy)benzo[1,2-b:4,5-b"|dithiophene
(2) with an overall high yield of 67% after reduction, deprotona-
tion, and subsequent alkylation. The key monomer 3 was syn-
thesized from 2 through stannylation reaction. Finally, the di-tin
monomer 3 was copolymerized with the di-bromo monomer
4 using Stille polymerization to afford the target polymer
PTB7-TV with a high yield of 80%. Gel permeation chroma-
tography (GPC) with monodisperse polystyrene (PS) as the
standards indicates its number-average molecular weight (M,,) of
15 200 with polydispersity index (PDI) of 3.5. According to the
study by Yu and co-workers,!'l the low M,, and large PDI suggest
that PTB7-TV should show moderate PSC device performance
when used as the polymer donor in the active layer. According
to thermogravimetric analysis, PTB7-TV is stable up to 330 °C.
Cyclic voltammetry is employed to estimate the HOMO/LUMO
energy levels of PTB7-TV and PTB7. As shown in Figure 1a, the
two polymers exhibit oxidation/reduction waves with similar onset
oxidation/reduction potentials due to their identical conjugated
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Scheme 2. Synthetic route of PTB7-TV. Reagents and conditions: i) Zn,
NaOH, H,0, 105 °C, 1.5 h; then 11-bromo-1-undecane, tetrabutylammo-
nium bromide, 15 h. ii) n-BuLi, THF, =78 °C, 2 h; then Me;SnCl, —78 °C
to room temperature, overnight. iii) Pd,(dba)s, P(o-tolyl)s, toluene/DMF,
120 °C, 36 h.

backbones. According to the formula, (Eyopo =— (4-8 + Eonget™) €V,
Eiumo = — (4.8 + Eqpee™) eV), the HOMO/LUMO energy levels
of PTB7-TV and PTB7 are estimated to be —5.15 eV/—3.24 eV and
—5.23 eV/-3.31 eV, respectively (see Table 1). As shown in Figure 1b,
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Figure 1. a) Cyclic voltammogram of PTB7 and PTB7-TV. b) Energy level
diagrams of PSCs with PTB7-TV as MIL.
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Table 1. Photophysical and electrochemical properties of PTB7-TV and PTB7.

PO')’meT Eonset™ 2 EonsetFEd 2 HOMO LUMO Egec AmaxSOI Amaxﬁlm Aonsetmm EgOPl

[\ M [eV] [eV] [eV] [nm] [nm] [nm] [eV]
PTB7-TV 0.35 -1.56 -5.15 -3.24 1.91 641 658 757 1.64
PTB7 0.43 -1.49 -5.23 -3.31 1.92 676 677 738 1.68

3Onset potential versus Fc/Fc*.

with the similar HOMO/LUMO energy levels of the two poly-
mers, the introduction of PTB7-TV layer in the PSC device of
PTB7:PC;BM would not cause energy barrier for hole transport.

The absorption spectra of PTB7-TV and PTB7 in chloroben-
zene (CB) solution and in thin film are shown in Figure S1 in
the Supporting Information. Compared with that of PTB7, the
absorption spectrum of PTB7-TV is broader with blueshifted
absorption maxima and redshifted onset absorption wavelength.
According to the study by Yu and co-workers,] the broad absorp-
tion spectrum of PTB7-TV is related to the large PDI, which is
usually ascribing to the structure defects in polymer chain.

To enable the fabrication of multilayer PSC device with MIL,
a key requirement for MIL material is that the MIL should
not be dissolved by the solvent used for spin-coating of the
active layer. With the terminal vinyl groups, PTB7-TV is able
to cross-link under UV irradiation and heating at 130 °C. The
cross-linking is indicated by the disappearance of the peak at
1640 cm™ in the fourier transform infrared (FTIR) spectra,
which is assigned to the terminal vinyl group of pristine
PTB7-TV (Figure S2, Supporting Information).’® Furthermore,
we wash the cross-linked film of PTB7-TV with CB (the solvent
to process the active layer of PSCs) to test its resistance to the
organic solvent. Figure 2 shows the absorption spectra of the
film before and after the solvent washing. The absorbance of
the cross-linked PTB7-TV film keeps almost unchanged after
washing with CB, suggesting that cross-linked PTB7-TV is
robust enough to be used as MIL in multilayer PSC devices.

Since the surface energy of the underlying layer plays an
important role in the film formation process and affects the
active layer morphology of PSCs, we estimate the surface
energy of PTB7-TV and the state-of-the-art anode interlayer
PEDOT:PSS. Figure 3a—d shows the image of droplets of water
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Figure 2. Absorption spectra of cross-linked PTB7-TV film before and
after washing with CB.
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and ethylene glycol on the surface of cross-linked PTB7-TV and
PEDOT:PSS. According to the water contact angles, PTB7-TV
surface is hydrophobic while PEDOT:PSS surface is hydrophilic.
The surface energies are estimated based on the contact angles
with water and ethylene glycol droplets and according to the
Owens and Wendt equation.'® In comparison to PEDOT:PSS
with a large surface energy of 91.6 mJ] m=2, cross-linked PTB7-TV
film has a much smaller surface energy of 20.5 m] m~2. Since
the large surface energy of PEDOT:PSS results in the unde-
sired vertical composition distribution of active layer in PSCs,
the small surface energy of PTB7-TV would be beneficial for
improved active layer morphology of PSCs.

To investigate the application of PTB7-TV as MIL, we fab-
ricated PSC devices with the configuration of indium tin
oxide/PEDOT:PSS (30 nm)/PTB7-TV (2 nm)/PTB7:PC;;BM
(100 nm)/LiF (1 nm)/Al (100 nm). PTB7-TV was spin-coated
with its CB solution, followed by cross-linking under UV irra-
diation (A = 254 nm, 12 W) at 130 °C for 30 min. Then, the
PTB7:PC7BM active layer was deposited on PTB7-TV layer by
spin-coating with the CB solution containing 3% 1,8-diiodooc-
tane. For comparison, a controlled device without PTB7-TV
layer was also fabricated. Figure 4a shows the current density—
voltage (J-V) characteristic of the devices. The controlled device
exhibits PCE of 7.41% with open-circuit voltage (Voc) of 0.75 'V,
short-circuit current (Jsc) of 13.73 mA cm™2, and fill factor (FF)
of 0.72 (see Table 2). In comparison, the device with PTB7-TV
as MIL shows Vg¢ of 0.75 V, Jsc of 15.75 mA cm™2, and FF of
0.72, corresponding to PCE of 8.55%. The two devices have vir-
tually identical parameters, except for a 15% increase in Jsc for
the device with PTB7-TV as MIL. The increase in Jsc is further
confirmed by the higher external quantum efficiency (EQE) of the
device with PTB7-TV than that of the controlled device (Figure 4b).
Considering that the incorporation of thin PTB7-TV layer does
not increase the absorption of the active layer (see Figure S6 in
the Supporting Information), the obviously increased Jsc may
be ascribed to the change of blend morphology. It is worthy
to note that the device performance with PTB7-TV as MIL is
among the best reported for PSCs based on PTB7 with conven-
tional configuration.!'”]

The increased Jsc and PCE with PTB7-TV layer is mainly
due to the effect of the underlying PTB7-TV layer on the
morphology of PTB7:PC;BM active layer. X-ray photoelec-
tron spectroscopy (XPS) was used to estimate the composi-
tion of the PTB7:PC,;BM active layer at different depth. The
F1s peak comes from PTB7 and can be referred as the signa-
ture of PTB7. The Cls peak represents the sum of PTB7 and
PC;;BM. Therefore, the F1s/C1s peak area ratio can be corre-
lated to the content of PTB7 in the blend. Figure 5 shows the
dependence of the “F;;/C;¢ peak area ratio” as a function of
the film depth of active layer (0, 20, 40, 70, and 100 nm). For
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PEDOT:PSS (water)

PTB7-TV (water)

c,d) cross-linked PTB7-TV. The contact angles are shown.

the top surface of the active layer (depth of 0 nm), the F;;/Cy,
ratio is lower for the device with PTB7-TV compared to the con-
trolled device. This indicates that the application of PTB7-TV
layer leads to less donor polymer accumulating on the top sur-
face of the active layer, which is beneficial for the electron col-
lection by the cathode in the PSC devices. The controlled device
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Figure 4. a) J-V curves and b) EQE curves of PSC devices with and
without PTB7-TV as MIL.
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Figure 3. a,c) Droplets of water and b,d) ethylene glycol on the surface of a,b) PEDOT:PSS and
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exhibits the decrease of Fy,/Cy, ratio with the
increasing depth, suggesting that the content
of the donor polymer gradually decreases
toward the PEDOT:PSS surface. In contrast,
the increased Fj/Cy ratio with increased
depth for the device with PTB7-TV layer
indicates that the donor polymer is gradu-
ally enriched toward the anode side. This
vertical composition profile is beneficial for
hole transporting to the anode and electron
transporting to the cathode and may explain
the increased Jsc and PCE of the device with
PTB7-TV.['8! It is widely accepted that mor-
phology of polymer blends is affected by the
surface energy of the underlying layer. The
much reduced surface energy with PTB7-TV
spin-coated on PEDOT:PSS leads to the
improved vertical compositional profile of
PTB7:PC;;BM blend in the active layer.

For completely disclosing the change of blend morphology
with and without PTB7-TV as MIL, the morphology of active
layers was also investigated by grazing incident wide-angle
X-ray scattering (GIWAXS)[!% and resonant soft X-ray scattering
(R-S0XS).12% First, we examined the difference of crystalline
nature in the two blends with and without PTB7-TV as MIL
using GIWAXS. Figure 6 presents the GIWAXS 2D patterns
and line-cut profiles in the in-plane (qy, axis) and out-of-plane
(g, axis) direction. In 2D patterns, the weak peak at ¢~ 1.8 A~ in
out-of-plane direction is PTB7 m—r stacking peak. The absence
of this peak in in-plane direction suggests that PTB7 has a
preferential face-on orientation with regard to the substrate.
Lamellar stacking (100) and (200) peaks at q = 0.33 and 0.66 A~
are observed in the in-plane direction. When comparing blend
with and without underlying PTB7-TV layer, subtle differences
between two blends indicate that the existence of PTB7-TV layer
does not have great changes on the crystallinity of the blend.

To profoundly reveal the difference between the two blends
fabricated with and without PTB7-TV as MIL, the distribu-
tions of domain spacing as well as relative domain puri-
ties were recorded through R-SoXS. A photon energy of
284.2 eV is selected to provide highly enhanced contrast
between components. The results were shown in Figure 7.
The blend without PTB7-TV exhibits a scattering peak at
g = 0.08 nm™!, which corresponds to about 80 nm character-
istic phase separation length scale, whereas the blend with
PTB7-TV shows a scattering peak at q = 0.12 nm™!, which is
equal to = 50 nm characteristic phase separation length scale.
The phase separation length scale is obtained through the
caculated mode of 27/q. These results are consistent with the
phase separation revealed by transmission electron microscopy

Table 2. Characteristics of the PSC devices with and without PTB7-TV
as MIL.

Device Voc Jsc FF PCE

V] [mA cm™?) [%]
Without 0.75 13.73 0.72 7.41
With 0.75 15.75 0.72 8.55
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Figure 5. Dependence of the “Fy/C;, peak area ratio” in XPS spectra on
the depth of the PTB7:PC;,BM active layer.

(TEM) (as shown in Figure S4 in the Supporting Informa-
tion). The difference on characteristic phase separation length
scale indicates that the blend with PTB7-TV layer induces
smaller phase separation than the blend without PTB7-TV.
The smaller domain is beneficial for charge separation, and
thus could increase J. Relative domain purity of two blends
are also compared by calculating the total scattering intensity,
which is got by integrating the scattering profiles over the meas-
urable g range.?%“2!l Purity values of the two blends are close,
indicating that PTB7-TV has little influence on relative domain
purity. It is reported that relative domain purity is crucial for
bimolecular recombination and thus FF.2°¢22] The similar rela-
tive domain purity revealed here is consistent with the similar
FF in the devices with and without PTB7-TV as MIL.

3. Conclusion (a) , 0.0 -04

In summary, we have developed a cross-
linkable donor polymer PTB7-TV as MIL
to optimize the active layer morphology
and enhance the photovoltaic performance
of PTB7:PC;;BM-based PSC devices. With
PTB7-TV spin-coated on PEDOT:PSS, the
much smaller surface energy of the under-
lying layer leads to improved vertical compo-
sition profile and reduced phase separation
domain size in the active layer. The resulting
PSC device with PTB7-TV as MIL exhibits
PCE of 8.55%, in comparison to PCE of

0 A7)

S
0.0 -04

o
O
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7.41% of the controlled device. These results ~ _~—~
demonstrate that cross-linked MIL is an ‘g
effective approach to optimize active layer N
morphology and improve photovoltaic per- o
formance of conventional PSC devices. J[\
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4. Experimental Section

Synthesis of 4,8-Bis(Undec-10-Enyloxy)
Benzo[1,2-b:4,5-b’|Dithiophene (2): To a 50 mL
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three-necked flask, benzo[1,2-b:4,5-b’|dithiophene-4,8-dione (0.40 g,
1.82 mmol), zinc powder (0.31 g, 4.72 mmol), sodium hydroxide
(1.09 g, 27.30 mmol), and 10 mL degassed water were added
successively under argon atmosphere. The reaction mixture was
heated to reflux and stirred for 1.5 h. Then, 11-bromoundec-1-ene
(0.96 mL, 4.37 mmol) and tetrabutylammonium bromide (35.2 mg,
0.11 mmol) were added under argon atmosphere. The resulting
solution was continuously stirred at 100 °C for another 15 h. After
workup, the reaction mixture was poured into deionized water and
extracted with ethyl acetate for three times. The combined organic
phase was washed with brine, dried over anhydrous Na,SO,, filtered,
and concentrated. Finally, the residual was purified by silica gel
column chromatography with petroleum ether/dichloromethane =
15/1 as eluent to afford the title compound as a yellow oil (0.67 g,
67%). "H NMR (400 MHz, CDCl;), 8 (ppm): 7.47 (d, = 5.5 Hz, 1H), 7.36
(d, J = 5.5 Hz, 1H), 5.88-5.75 (m, 1H), 5.04-4.90 (m, 2H), 4.27 (t,
J = 6.6 Hz, 2H), 2.08-2.00 (m, 2H), 1.90-1.80 (m, 2H), 1.61-1.51
(m, 2H), 1.44-1.25 (m, 10H). 13C NMR (101 MHz, CDCl3) § (ppm):
144.55, 139.24, 131.61, 130.16, 125.97, 120.32, 114.13, 73.94, 33.82,
30.54, 29.55, 29.43, 29.13, 28.94, 26.07.

Synthesis of 2,6-Bis(Trimethyltin)-4,8-bis(Undec-10-Enyloxy)-
Benzo[1,2-b:4,5-b'|di-Thiophene (3): To a 100 mL three-necked
flask, compound 2 (0.30 g, 0.57 mmol) and 20 mL of anhydrous
tetrahydrofuran (THF) were added under argon atmosphere. The
resulting solution was cooled to —78 °C and stirred, and then 2.5 m
n-butyllithium solution in n-hexane (0.54 mL, 1.36 mmol) was added
dropwise to the solution. After addition the reaction mixture was
kept at =78 °C for 2 h with stirring, and then trimethyltin chloride
(293.2 mg, 1.47 mmol) was added in one portion. The resulting
mixture was allowed to warm to room temperature and stirred
overnight. After workup, the reaction mixture was poured into
saturated potassium fluoride aqueous solution and stirred for 30 min,
then extracted with ethyl acetate for three times. The combined
organic phase was washed with brine, dried over anhydrous
Na,SO,, filtered, and concentrated. Recrystallization of the residue
from acetonitrile yield compound 3 as a yellow solid (300 mg,
62%). "H NMR (400 MHz, CDCly), 8 (ppm): 7.51 (s, TH), 5.91-5.72 (m, TH),

(C) 12
6.6 ?O —— without

16 20

Intensity (a.u.)

<
N ~
o 55 1
o T
45
i 4.0
© 35
a 3.0 8
° 10

Q vector (A'1)

Figure 6. 2D GIWAXS patterns of PTB7:PC;,BM active layer a) without and b) with PTB7-TV as
MIL. c) Line-cut of GIWAXS patterns in the in-plane and out-of-plane direction.
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Figure 7. R-SoXS profiles in log scale for PTB7:PC;,BM active layer with
and without PTB7-TV as MIL.

5.06-4.87 (m, 2H), 4.29 (£, ] = 6.6 Hz, 2H), 2.12-1.96 (m, 2H), 1.94-1.80
(m, 2H), 1.63-1.55 (m, 2H), 1.44-1.26 (m, 10H), 0.44 (s, 9H). 3C NMR
(101 MHz, CDCls) & (ppm): 143.12, 140.49, 139.23, 134.03, 132.99, 128.02,
114.12, 73.59, 33.82, 30.55, 29.63, 29.48, 29.17, 28.96, 26.12, —8.32.

Synthesis of PTB7-TV: A mixture of di-tin monomer 3 (240.1 mg,
0.282 mmol.), di-bromo monomer 4 (133.0 mg, 0.282 mmol), Pd,(dba);
(5.2 mg, 0.006 mmol), P(o-tolyl); (6.9 mg, 0.023 mmol), degassed
toluene (9 mL), and degassed N,N-dimethylformamide (DMF) (1.5 mL)
were vigorously stirred at 120 °C under argon atmosphere. After 36 h,
bromobenzene (0.1 mL) was added to the reaction mixture and stirred for
4 h. After cooled down, the resulting mixture was poured into methanol
(100 mL) and the precipitate was collected by filtration. The crude
polymer was washed in a Soxhlet apparatus with acetone, n-hexane, and
THF in sequential order. The THF fraction was concentrated and poured
into methanol. The polymer fiber was recovered by filtration and dried
in vacuum overnight. Yield: 0.18 g, 80%. "H NMR (400 MHz, CDCly),
8 (ppm): 7.65-7.56 (br, 2H), 5.73-4.85 (m, 6H), 4.50-4.10 (m, 6H),
1.97-0.96 (m, 47H). Anal. Calcd. for C4yHgFO,S, @ C, 67.42; H, 7.34;
S, 15.32. Found: C, 67.35; H, 7.41; S, 15.01. GPC (THF, polystyrene
standard), M, = 15200, PDI = 3.5.
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