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A Versatile Buffer Layer for Polymer Solar Cells: Rendering

Surface Potential by Regulating Dipole

Wei Zhong, Lie Chen, Shugin Xiao, Ligiang Huang, and Yiwang Chen*

Spin-coated film of poly(vinylidenefluoride-hexafluoropropylene) (P(VDF-
HFP)) acts as a cathode/anode buffer layer in polymer solar cells (PSCs)
with conventional/inverted device structures. Such devices show optimized
performances comparable with the controlled device, making P(VDF-HFP)

a good substitute for LiF/MoOj; as a cathode/anode buffer layer. Ultraviolet
photoelectron spectroscopy (UPS) and Kelvin force microscope (KFM) meas-
urements show that increased surface potential of active layers improves
cathode contact. In piezoresponse force microscopy (PFM) measurement,

P(VDF-HFP) responds to applied bias in phase curve, showing tunable dipole.

This tunable dipole renders surface potential under applied bias. As a result,
open-circuit voltage of devices alters instantly with poling voltage. Moreover,
positive poling of P(VDF-HFP) together with simultaneous oxidation of Ag
gradually improves performance of inverted structure device. Integer charge
transfer (ICT) model elucidates improved electrode contacts by dipole tuning,
varying surface potential and vacuum level shift. Understanding the function
of dipole makes P(VDF-HFP) a promising and versatile buffer layer for PSCs.

interfaces of light-harvesting active layers
and  charge-collecting  electrodes.'011]
Wide bandgap insulators may better be
called surface modifiers,*1?l when they
are employed as buffer layers. In general,
energy levels and charge transport prop-
erties are considered. Buffer layers are
required to collect electrons/holes selec-
tively. Moreover, they can protect active
layers from the diffusion of the top elec-
trode, ¥ redistribute light intensity within
active layersl"*1l or provide an extra
internal electrical field.l']
Solution-processed buffer layers with
long-term stability are important for
commercial applications. In previous
reports, several types of materials have
been studied including inorganic metal
oxides,'*1617] conjugated polymers,[1819
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1. Introduction

Polymer solar cells (PSCs) are promising candidates for
photon-to-electron conversion due to their advantages of light-
weight, mechanical flexibility, printing, or roll-to-roll processing
at low cost in large sizes.'”] In the last decade, a tremendous
amount of work has been done to realize the potential of PSCs.
Impressive power conversion efficiencies (PCEs) of over 10%
have been achieved in a single cell®! and in tandem solar cells,
respectively.%l The understanding of operating principles of
PSCs predicted PCE of >20% for a single cell.”] As 10% effi-
ciency is widely considered to be the threshold to break through
into commercial applications, stability and solution process-
ability of PSCs become critical.[®!

In PSCs, electrodes with low/high work functions are desir-
able to extract electrons/holes and block holes/electrons.”!
Buffer layers called interfacial layers or interlayers are essen-
tial for achieving maximum performance in PSCs by tuning
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and nonconjugated polymers.”!2 Among
these materials, non-conjugated polymers
are attractive since they have ambient sta-
bility and commercial availability. For instance, polyethylen-
imine ethoxylated (PEIE) can act as a cathode surface modifier,’)
as it is universal to reduce work functions of various electrodes.
Poly(vinylidenefluoride-trifluoroethylene) P(VDF-TtFE), a ferro-
electric polymer, acts as a good cathode buffer layer (CBL).I1220
However, there are different views about whether ferroelec-
tricity plays a role in performance improvement. P(VDF-TrFE)
films prepared by Langmuir-Blodgett (LB) deposition showed
switching polarity of device with poling process.['?l While spin-
coated P(VDF-TYrFE) films showed no switching character.?’!
The differences between these results may have several ori-
gins. For example, LB films have much higher crystallinity than
spin-coated films.?! And a high poling field of 200 MV m™ is
needed to make P(VDF-TrFE) fully polarized.

In this paper, we focus on spin-coated film of
poly(vinylidenefluoride- hexafluoropropylene) P(VDF-HEFP)
and the function of surface potential controlled by dipole. In
piezoresponse force microscopy (PFM) measurement, P(VDF-
HFP) responds to applied bias in phase curve, showing tun-
able dipole. Ultraviolet photoelectron spectroscopy (UPS) and
Kelvin force microscope (KFM) measurements confirm that
dipole modifies the surface potential of active layers. We use
integer charge transfer (ICT) model to understand improved
electrode contacts by dipole tuning, variation of surface poten-
tial, and vacuum level shift. P(VDF-HFP) serves as a CBL when
the dipole increases surface potential, shifting vacuum level to
high energy level. After partially polarization to decrease sur-
face potential, P(VDF-HFP) converts to anode buffer layer of
inverted PSCs. The PCE of such device increases to 3.1% in
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Figure 1. a) -V characteristics of P3HT:PCq;BM devices with no cathode buffer (squares), thin
layers of LiF (circles), and P(VDF-HFP) (uptriangles) under illumination of an AM 1.5G solar
simulator (100 mW cm™2). b) J-V characteristics of P3HT:PCs;BM devices with no cathode
buffer (squares), thin layers of LiF (circles), and P(VDF-HFP) (uptriangles) in the dark. Vertical

bars represent the changing direction with buffer layers inserted.

30 d with poling process, which is even higher than the PCE of
MoOj; processed device (3.0% in 30 d). Simultaneous oxidation
of Ag and positive poling of P(VDF-HFP) gradually improve
device performance. The ferroelectric polymer optimizes device
performance for the first time as an anode buffer layer. Under-
standing the function of dipole makes P(VDF-HFP) a prom-
ising and versatile buffer layer for PSCs.

2. Results and Discussion

Figure S1 (Supporting Information) shows chemical structure
of P(VDF-HFP). It is employed as a CBL in a conventional
device structure of glass/indium tin oxide (ITO)/poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
poly(3-hexylthiophene)  (P3HT): PCqBM/P(VDF-HFP)/AL
P(VDF-HFP) solution (1 mg mL™) is spin-coated on thermally
annealed active layers with a thickness of 5 nm (Figure S2, Sup-
porting Information). A reference device without CBL has an
average PCE of 1.9%, which is similar to values of 1.64%/?]
and 1.98%2 reported earlier. After insertion of P(VDF-HFP)
layer, the PCE distinctly increases to 3.3%, which is even higher
than the value of 3.1% obtained from the device with LiF as

0
Voltage [V]

relatively low concentrations from 2.5 x 1072
to 1 mg mL™! (Table 1). Increasing solution
concentration to 2.0 mg mL™' makes FF
and V,. decrease slightly with the PCE drop-
ping to 2.9%, due to the insulating nature of
P(VDF-HFP). Since solvent treatment takes
effect in solar cells based on low-bandgap
polymers(?>2%l or P3HT,[?728] the effect of solvent is considered.
DMF/methanol (v/v, 1:1) is spin-coated on thermally annealed
active layers, and the PCE of corresponding device is 3.3%,
almost the same to those of P(VDF-HFP) modified one. As
P(VDF-HFP) or solvent treatment here is solution-processed,
they are good substitutes for LiF.

To study the surface modifications by solvent and P(VDF-
HFP), atomic force microscopy (AFM) measurements are per-
formed; results are shown in Figure 2. In AFM topography
images, solvent treatment coarsens surface while P(VDF-HFP)
makes it smooth. X-ray photoelectron spectroscopy (XPS)
spectra do not show chemical modification after solvent or
P(VDF-HFP) treatments (Figure S3, Supporting Information).
Both treatments increase C/S ratio of an active layer from
16.7 to 19.3, indicating higher content of PC¢;BM. As 19.3 is
still less than calculated value of 23.3, the modified surface is
still a P3HT-rich region. Contact angle measurements (Figure
S4, Supporting Information) verify XPS results, both solvent
treatment and P(VDF-HFP) increase contact angles of water
and n-hexadecane.

UPS measurements shed a light on how surface modifica-
tion improves device performance. In Figure 3a, after treat-
ments by solvent and P(VDF-HFP), secondary electron cutoff

Table 1. Summary of characteristics for PSHT:PCg;BM BH] solar cells with treatment of P(VDF-HFP) solutions with different concentrations.

Cathode Vod Jsc FF PCE PCE
I\ [mA cm™ [%] [%] avg [%)] best
Al 0.46 89+0.5 48 +1 1.9 2.1
Al/P(VDF-HFP) (2.0 mg mL™) 0.58 84402 59+2 2.9 3.0
Al/P(VDF-HFP) (1.0 mg/mL) 0.60 8.6+04 62+2 33 35
Al/P(VDF-HFP) (0.4 mg mL™) 0.60 8.7£0.3 6442 3.3 3.4
Al/P(VDF-HFP) (0.2 mg mL™) 0.61 8.6+0.2 6341 33 3.3
Al/P(VDF-HFP) (0.1 mg mL™) 0.60 8.4+0.2 6142 3.1 3.2
Al/P(VDF-HFP) (5.0 102 mg mL™) 0.60 8.240.2 6541 33 3.4
Al/P(VDF-HFP) (2.5 X 102 mg mL™) 0.61 8.9+0.1 6341 34 35
Al/solvent treatment?) 0.60 8.6+0.1 63+1 3.3 33

P(VDF-HFP) is dissolved in DMF/methanol (1:1, v/v). ¥The deviation of open-circuit voltage is less than 0.005V; Y DMF/methanol (1:1, v/v) was spin-coated on active

layer after thermal annealing.
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Figure 2. Tapping-mode AFM topography images (5 pm X 5 pm). a) Annealed P3HT: PC¢;BM blends without treatment. Annealed P3HT:PC4;BM blend
treated by b) solvent of DMF/methanol (v/v, 1:1), c) P(VDF-HFP) solution with concentrations of 2.5 x 102 mg mL~" and d) P(VDF-HFP) solution with
concentrations of 1.0 mg mL™". P(VDF-HFP) was dissolved in DMF/methanol (v/v, 1:1).

(SEC) of active layers move towards the highest occupied
molecular orbital (HOMO) onset, with energy offset of 0.30
and 0.55 eV, respectively. Such energy offset means increase
of surface potential, which is a common observation for
better cathode contacts.?2l Figure 3b,c show UPS spectra of
pristine P3HT and pristine PC¢BM, to evaluate the shifted
vacuum level of each component. Figure 3d—f are closer views
of regions near HOMO onsets of UPS spectra, in which spec-
trum of P3HT:PCy;BM blend resembles that of P3HT. There is
thus a P3HT-rich region near the top surface of P3HT:PCsBM
blend, in accordance with XPS characterization. Figure 4 dis-
plays a schematic diagram to show the effect of surface dipole
A on SEC.

ICT model further elucidates the function of surface poten-
tial, which explains the principle of energy-level alignments at
organic/metal and organic/organic interfaces.**32 Before dis-
cussion, we must stressed that vacuum level here is the vacuum
level at the surface, as describe by Ishii et al.?3 When two solid
surfaces come close, their vacuum levels become common.
In ICT model, the energy of a positive integer charge-transfer
state (Ejcty) and the energy of a negative integer charge-transfer
state (Ejcr.) are critical to form desirable electrode contacts.
When Fermi level of metal is higher/lower than Ejcr /Eicry,
a good cathode/anode contact is promising, with Fermi level

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pinning to Ejcr_/Ejcrs in such situations. In the framework of
ICT model, the function of P(VDF-HFP) is schematically dem-
onstrated in Figure 5. The left part of Figure 5 illustrates the
situation without P(VDF-HFP) modification, in which Fermi
level of metal is between Ejcr, and Ejcr, predicting poor elec-
trode contacts. P(VDF-HFP) brings dipole pointing to inside
surface of active layers, increases surface potential, and makes
vacuum level of metal shift towards high energy (on the right
of Figure 5). The Fermi level of metal is elevated relatively to
Eicri/Eicr— of the semiconductor. As a result, better cathode
contact and worse anode contact are forming. ICT model
explains why increasing surface potential of active layers
improves cathode contacts.

It is clear in UPS measurement that additional dipole after
modification increases surface potential and makes better
cathode contact. KFM measurements also verify this effect.
Figure 6a is the surface potential image of annealed active
layers. Figure 6b,c are surface potential images of surfaces
treated by solvent and P(VDF-HFP), in which surface potential
increases by 0.16 and 0.22 V, respectively. UPS and KFM results
also show that P(VDF-HFP) increases surface potential more
than solvent treatment does (Figure 3a and Figure 6). Capaci-
tance (C)-voltage (V) measurements (Figure S5, Supporting
Information) confirm it. For PSC with solvent treatment, the

Adv. Funct. Mater. 2015, 25, 3164-3171
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Figure 3. UPS measurements of a,d) P3HT:PCq,BM films, b,e) P3HT films, and ¢,f) PC;BM films, d—f) Closer views of regions near HOMO onsets. The
black vertical bars are guides for eyes. Solvent treatment uses DMF/methanol (v/v, 1:1). P(VDF-HFP) was dissolved in DMF/methanol (v/v, 1:1) to pre-
pare a solution with concentration of 1.0 mg mL™". This solution was spin-coated on P3HT: PC¢;BM films, P3HT films, and PCgBM films, respectively.

flatband potential is 0.70 V, which increases to 0.81 V in PSC
with P(VDF-HFP) buffer layer, indicating a higher surface
potential of P(VDF-HFP) spin-coated surface. Although P(VDF-
HFP) increases surface potential more than solvent treatment,
the resultant device performance is almost the same. ICT
model helps to understand this result. If Fermi level of metal is
already higher than Ejcr_ and a good cathode contact is formed,
further rendering of metal Fermi level to higher energy just
pins Fermi level to Ejcr_ in such situations.

In previous discussions, increasing surface potential
clearly correlates with improved cathode contacts. As P(VDF-
HFP) is a ferroelectric polymer, it may respond to electric
field and change surface potential to render electrode con-
tact. Stable device with inverted structure of ITO/ZnO/

Adv. Funct. Mater. 2015, 25,3164-3171
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P3HT:PC;;BM/P(VDF-HFP)/Ag is wused to demonstrate
whether P(VDF-HFP) can act as an anode buffer layer. How-
ever, depolarization of P(VDF-HFP) should be considered,
especially when ferroelectric films do not get sufficient com-
pensating charges from semiconductors.?¥ In Figure S6,
a +10 V voltage for positive poling of devices can produce con-
siderable current density of 4.1 mA cm™. Thus, there is no
problem to compensate polarized P(VDF-HFP). To charac-
terize ferroelectricity film, PFM measurement is usually per-
formed.*>) Figure 7 shows results of ferroelectric nature of
the spin-coated P(VDF-HFP) film by inducing polarization
reversal using electrically biased PFM tip. The spin-coated
P(VDF-HFP) film shows barely no PFM response in amplitude
curve (Figure 7a). Grazing incidence X-ray diffraction (GIXRD)
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Figure 4. Schematic diagram showing the effect of surface dipole A on
secondary electron cutoff of UPS spectra.

spectrum (Figure S7, Supporting Information) verifies that
spin-coated P(VDF-HFP) has a low crystallinity, in accordance
with the amplitude response. In another aspect, phase curve of
PFM test (Figure 7b) shows some response. The phase angle
increase from —67° to —72°, indicating polarization of P(VDF-
HFP). The polarization of P(VDF-HFP) is further confirmed
by work functions and KFM measurements. Two plates of
ITO/P(VDF-HFP) are overlapped and fixed by clamp as shown
in Figure S8 (Supporting Information). A poling voltage of 6 V
provided by portable apparatus makes P(VDF-HFP) partially
polarized. After separating two plates, dipole on two ITO sub-
strates has opposite direction. The immediate measurements by
scanning Kelvin probe show that work function of two substrates
is higher/lower than that of ITO/P(VDF-HFP) without poling
process (Figure S8, Supporting Information). In another word,
poling process can change surface potential of P(VDF-HFP)-
coated surface. KFM measurements provide “real-time” effect of
dipole on surface potential. Samples with configuration of ITO/
ZnO/P3HT:PC¢BM/P(VDF-HFP) are used. 0, +8, and -8 V DC
bias are applied to ITO of sample, the resultant potential images

A
Vacuum level O]
LUMO D . F
EICT- -ccccecn ¥ e @
Eict+ -------- S O
fOMO — &
Semiconductor Semiconductor
without P(VDF-HFP) with P(VDF-HFP)

Figure 5. Schematic illustration of the function of dipole brought by
P(VDF-HFP). The vacuum levels of metal and semiconductor align
before contact when no dipole exists. The vacuum level shifts towards
high energy, when the surface dipole points inside of the semiconductor
surface to increase surface potential of active layers.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Tapping-mode KFM potential images (3 pmx3 pm). a) Annealed
P3HT:PCq;BM blends without treatment. Annealed P3HT:PC4;BM blend
treated by b) solvent of DMF/methanol (v/v, 1:1), c¢) P(VDF-HFP) solu-
tion with concentrations of 1.0 mg mL™".

are shown in Figure 8a—c. The surface potentials under three
conditions are 2.65, 9.77, and —5.08 V. After subtracting DC bias
applied to ITO, the surface potential of P(VDF-HFP)-modified
surface is 2.65, 1.77, and 2.92 V. 48 V/-8 V bias on ITO makes
surface potential decrease/increase by 0.88 V/0.27 V.

Adv. Funct. Mater. 2015, 25, 3164-3171
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Figure 7. PFM measurements of P(VDF-HFP) on P3HT:PC¢BM layer
a) amplitude curve under bias loop from =10 V to +10 V b) phase curve
under bias loop from =10 V to +10 V.

As P(VDF-HFP) can tune surface potential by poling pro-
cess, device performance should change with modified elec-
trode contact. For example, the poling process shows an instant
effect on V. as shown in Figure 9. Positive poling increases V,.
by 0.02 V and negative poling decreases V,. by 0.07 V, in devices
with configuration of glass/ITO/ZnO/P3HT:PC¢BM/P(VDF-
HFP)/Ag. To avoid burning thermally evaporated metal, the
applied bias for positive poling is set +10 V. The polarizing
electric field is about 40 MV m™!, which is lower than reported
value of 200 MV m™ to obtain polarization saturation.??! As a
result, device performance improves gradually with time.

The long-term effect of positive poling on performance of
devices is studied in inverted devices with configuration of
glass/ITO/ZnO/P3HT:PCs BM/P(VDF-HFP)/Ag.  Reference
devices without any anode buffer layer and standard devices
with thermally evaporated MoOj; are prepared for comparison.
Figure 10 shows PCE evolutions of the four devices, where the
device with MoO; has a constant PCE value of 3.2% in first
20 d. For device without anode buffer layer, the PCE is about
2.1% in first 12 d. The low performance originates from non-
selectivity of electrons/holes in anodes. For device incorporated
with P(VDE-HFP), initial PCEs are extremely low (below 0.3%),
because P(VDF-HFP) forms good cathode contact. In 12 d, the

Adv. Funct. Mater. 2015, 25,3164-3171
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[ Average potential:
< 2.65V |

Average potential:| ~
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i Bias: +8 V
Figure 8. Tapping-mode KFM potential images (10 ym X 10 pm) of
P(VDF-HFP)-modified surface. a) Bias of 0 V. b) bias of =8 V ¢) bias of

+8V. Bias is applied to ITO of sample. The sample configuration is ITO/
ZnO/P3HT:PCs,BM/P(VDF-HFP).

PCE of the device with P(VDF-HFP) increase to =2.2%, which
should originate from a higher work function of anode caused
by partially oxidation of Ag.*®l From long term evolution of
PCEs of devices, it is evident that P(VDF-HFP) plays the role
to make interface stable and offers a tunable dipole to improve
anode contacts. The device without anode buffer layer keeps the
PCE of 2.1% in 12 d and then drops slowly to 1.7% in 98 d.
On the other hand, device with P(VDF-HFP) as an anode buffer
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Figure 9. Poling effect on performance of devices, 1 and 2 are two
devices stored for 210 d with the same structure of glass/ITO/ZnO/
P3HT:PC4BM/P(VDF-HFP) /Ag.

layer still has a PCE of 2.2% in 100 d. The effect of Ag oxida-
tion and positive poling is easy to be discriminated. As the
device without positive poling shows maximum PCE of 2.2%,
while positive poling makes PCE further increase to 3.1% after
30 d, even higher than the PCE of the MoOj;-processed device
(3.0% after 30 d). The notably enhanced efficiency is definitely
from the modified surface potential brought by tunable dipole
to facilitate holes collections. The decreased surface potential
makes interface of active layers/metal becomes a worse/better
contact of cathode/anode. It is worthy to note that the P(VDF-
HFP)-modified devices show good stability, especially for the
device undergoes poling process. After 120 d, the PCE of poling
device is 2.4%, which is also higher than that of MoOs-pro-

5 —=&— MoO,
—/— P(VDF-HFP)-poling
41 —aA— P(VDF-HFP)
9 3 —— w/o anode buffer
) -
83|
g 2
1-
0-

0 20 40 o0 80
Time [Day]|

100 120

Figure 10. Evolution of PCEs with time in invert device structures, the ref-
erence device with invert device structure has a layer sequence of glass/
ITO/ZnO/P3HT:PC¢;BM/Ag. The standard device has a layer sequence
of glass/ITO/ZnO/P3HT:PC4;BM/MoO;/Ag. To study the role of P(VDF-
HFP) as anode buffer layer, invert device structure is used with a layer
sequence of glass/ITO/ZnO/P3HT:PCs;BM/P(VDF-HFP)/Ag. The curve
with symbol of hollow triangle represents the device employing positive

poling.
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cessed device (2.0%). Therefore, tunable dipole make P(VDE-
HFP) successful buffer layer for both cathode and anode.

3. Conclusion

Solution-processed P(VDF-HFP) is demonstrated as buffer
layers for conventional and inverted P3HT:PCgBM solar
cells. UPS and KFM measurements show that increased sur-
face potential of active layers improves cathode contact. Under
applied bias, tunable dipole can alter surface potential and shift
vacuum level of active layers, making surface of active layers
suitable for cathode or anode contact. As a result, open-circuit
voltage of devices alters instantly with poling voltage. Moreover,
positive poling of P(VDF-HFP) together with simultaneous oxi-
dation of Ag gradually improves performance of inverted struc-
ture device. ICT model elucidates improved electrode contacts
by dipole tuning, variation of surface potential, and vacuum
level shift. Understanding the function of dipole makes P
(VDE-HFP) a promising and versatile buffer layer for PSCs.

4. Experimental Section

Materials: P3HT (M,, = 60-75 kDa, PDI = 1.7-1.9, Rieke Metals Inc.),
PCs1BM (99.5%, Nano-C), and P (VDF-HFP) (Mw = 400 kDa; Sigma-—
Aldrich) were used as received.

Device Fabrication: The conventional device structures are ITO/
PEDOT: PSS/P3HT:PCq;BM/LiF/Al and ITO/PEDOT:PSS/P3HT:PC¢,BM/
P(VDF-HFP)/AL. ITO is cleaned by detergent, deionized water,
acetone, and isopropanol in an ultrasonic bath in sequence. After
exposure to UV light for 20 min, ITO is spin-coated with PEDOT:PSS
(Baytron PVP Al 4083) at 4000 rpm for 1 min and annealed in air at
140 °C for 20 min. Films of P3HT:PC¢,BM are then spin-coated from
an o-dichlorobenzene (ODCB) solution with P3HT:PC;;BM  weight
ratio of 1:1(P3HT concentration of 20 mg mL™") at 800 rpm for 30 s.
After dried in N, glove box, thermal annealing is carried out at 150 °C
for 10 min, followed by deposition of 0.8 nm LiF/100 nm Al as cathode
(6 mm?). For devices employing solvent treatment or P(VDF-HFP),
DMF/methanol (v/v, 1:1) or P (VDF-HFP) solution of DMF/methanol
(v/v, 1:1, 2.5 X 1072 =2.0 mg mL™") is used. Solvent or P (VDF-HFP)
solution is spin-coated on thermally annealed active layers at 2000 rpm
for 1 min. The surface is thermally annealed at 100 °C for 10 min before
final deposition of 100 nm Al. The invert device structures are ITO/ZnO/
P3HT:-PCsBM/MoOs/Ag and  ITO/ZnO/P3HT:PCBM/P(VDF-HFP)/
Ag. Sol-gel-derived ZnO films are fabricated using the method reported
earlier."® Films of P3HT:PCq,BM are spin-coated and thermally annealed
as in conventional device structures, followed by deposition of 10 nm
Mo0O3/90 nm Ag or just 90 nm Ag as anode (6 mm?). For invert devices
using P(VDF-HFP) as anode buffer layers, the polymer solution of
dimethylformamide (DMF)/methanol (v/v, 1:1, 1.0 mg mL™") was spin-
coated on thermally annealed active layers at 2000 rpm for 1 min. The
P(VDF-HFP) film was thermally annealed at 100 °C for 10 min before
final deposition of 90 nm Ag. For positive poling of P (VDF-HFP), a +10 V
bias is applied to cathode for three times. For negative poling, the
applied bias on cathode is —10 V. Devices are short-circuited for 10 times
before -V tests are taken. For UPS measurement, an ODCB solution
of P3HT:PC5;BM (w/w, 1:1, P3HT 5 mg mL™"), P3HT(5 mg mL™"), and
PC¢BM (10 mg mL™) is used for spin-coating. For other measurements,
concentration of P3HT:PC4;BM for spin coating is just the same as for
device fabrication.

Characterization and Measurement: Current density—voltage (J-V)
characteristics of the devices are measured by a Keithley 2400 source
meter (Abet Solar Simulator Sun2000), under illumination of an AM
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1.5G solar simulator (100 mW cm~2). Silicon reference cell calibrates the
light source. Atomic force microscope (Agilent, N9410S) characterizes
surface morphology in tapping mode. KFM measurements of unbiased
samples and PFM measurements are performed on an atomic force
microscope (Multimode V, Veeco) with a diamond-coated tip (DCP11,
NT-MDT). KFM measurements of biased samples are performed on
N9410S (Agilent) with a Pt-coated tip (DPE14, Micromash). PFM
measurements are performed by applying a high-frequency modulating
voltage (17 kHz, 7.5 V) to the diamond-coated tip (DCP11, NT-MDT).
Amplitude and phase data are acquired in fixed locations of films
by applying dc bias superimposed on ac modulation. XPS or UPS
measurements are performed on photoelectron spectrometer (ESCALAB
250, Thermo-VG Scientific), with monochromatized Al Kot at 1486.6 eV
or He | radiation at 21.2 eV. In UPS measurements, a bias of =8.0 V
separates the secondary edges of samples and the analyzer.
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the author.
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