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Abstract A kind of dipolar interface is realized by surface doping of
poly-(3,4-ethylenedioxythiophene) (PEDOT) with tetrafluoro-tetra-
cyano-quinodimethane (FATCNQ). PEDOT is in situ synthesized by
electrochemical polymerization of 3,4-ethylenedioxythiophene (EDOT)
on an indium tin oxide (ITO) electrode, and then FATCNQ is spin-coated
atop the PEDOT layer. Because the LUMO of FATCNQ is lower than the
HOMO of PEDQT, the spontaneous electron transfer from PEDOT to
FATCNQ results in a bilayered structure of PEDOT cations and FATCNQ
anions. Thus, a permanent interfacial dipole is formed in the surface-
doping system. The surface doping not only enhances the conductivity
of PEDOT, but also increases the surface work function of the electrode.
The dipolar film is applied as the anode interface in polymer solar cells
(PSCs), and the results show that such an interface dipole plays a very
important role in the open circuit voltage (V,c) of the PSCs.

Key words interfaces, charge transfer, dipoles, solar cells, surface
doping

Introduction

Polymer solar cells (PSCs) have drawn increasing attention
as a new kind of green and renewable energy technology.! 8
With the quick development of light-absorbing active
materials,®"'# great efforts have been made on the interfacial
engineering of devices in recent years.’>"7 For a long time
poly(3,4-ethylenedioxythiophene):polystyrene  sulfonate
(PEDOT:PSS) was commonly used as the anode buffer layer
in conventional PSCs due to its proper work function (WF),
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high transparency in the visible light region, and excellent air
stability.'® However, the acidic PEDOT:PSS may etch the ITO
electrode slowly due to the reaction with PSS, which can
change the indium tin oxide (ITO)/PEDOT:PSS interface from
ohmic to blocking, making it a primary source of degradation
in PSCs.'2° For example, unencapsulated P3HT:PCBM solar
cell devices with PEDOT:PSS show a rapid decay of the short
circuit current.®' In order to solve this problem, various
approaches have been reported, including introducing
another buffer layer beneath PEDOT:PSS,?>~%4 posttreatment
of PEDOT:PSS,?>?® doping PEDOT:PSS,?”?® or replacing
PEDOT:PSS.2%%¢

The contact between the electrode and the active layer in
PSCs is of essential importance, and the proper WF of the
electrode is expected to form ohmic contacts in the device to
reduce the energy barrier of the interface. The WF of the
electrode is usually tuned by surface modification with
dipolar molecules, such as a polyelectrolyte, which is
attributed to the formation of surface dipoles.'>3!-33 Such
asurface dipoleis originated from the partial electron transfer
between the electrode and the surface modification layer.343°
Other materials like perylene diimides>® and Cgg surfactants>’
have also been reported to build surface dipoles in PSCs and
improve device property. Indeed, the orientation of the
dipolar units on the surface of the electrode is one of the
important factors to tune the surface WE33638 Recently, our
research group reported a dipolar film with a layered
structure of anions and cations fabricated by in situ
electrochemical reduction of a cross-linked perylene bisimide
thin film, which was applied as a cathode interlayer in PSCs.3°
Due to the reduced surface WF of the dipolar film, the open
circuit voltage (V,.) of the PSCs was greatly increased from
0.56 to 0.75 V.

Electrochemical polymerization (ECP) is a novel method for
fabricating cross-linked thin films, which have been widely
applied as an active layer in polymer light-emitting diodes
(PLEDs), %41 PSCs, 423 supercapacitors (SCs),** electrochromic
devices (ECs),*® and so on. Such a cross-linked thin film
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possesses many advantages, such as controllable thickness,
insolubility in common solvents, and so on, which are benefits
to be used as an electrode modification layer. Indeed, it is ideal
to apply arobust ECP film as the underlining interlayer to avoid
the destruction of this layer during the solution processing of
the active layer. Furthermore, ECP films can be easily doped for
enhanced conductivity and tunable WF, to adapt to the
requirement of the contact with the active layer in PSCs.*64”

In this work, we report a dipolar thin film of PEDOT with
surface doping by tetrafluoro-tetracyano-quinodimethane
(FATCNQ), and the application of such a thin film to replace
PEDOT:PSS as an anode modification layer in PSCs. FATCNQ
is one of the most widely used and most effective p-type
dopants due to its strong electron-accepting ability and the
extended m-system.®~>° It has been applied in the photo-
active layer to fill trap states and improve fill factor (FF),>!
and also used to dope the anode interface PEDOT:PSS to
enhance its efficiency.>? Herein, the neutral PEDOT thin film
was deposited on an ITO electrode by in situ ECP through the
cyclic voltammetry (CV) method, and then a FATCNQ thin
layer was spin-coated atop the PEDOT layer. Because the
LUMO of FATCNQ is lower than the HOMO of PEDOT,>*">>
the spontaneous electron transfer from PEDOT to FATCNQ
results in a bilayer structure of PEDOT cations and FATCNQ
anions. Thus, a permanent interfacial dipole is formed in the
surface-doping system. The surface-doping strategy not
only avoids the direct contact of ITO with the acidic species
that is beneficial for the stability of the device, but also
increases the surface WF of the electrode. The dipolar film
was applied as the anode interface in PSCs, and a very close
relationship between the surface dipole of the anode and
the open circuit voltage (V,c) was demonstrated.

Results and Discussion

3,4-Ethylenedioxythiophene (EDOT) is a kind of elec-
trochemical active monomer that was used to synthesize
the conducting polymer PEDOT by electrochemical oxida-
tion on the surface of an ITO electrode.>* The ECP process of
PEDOT was performed via CV using tetrabutylammonium
hexafluorophosphate (TBAPFg) as the supporting electrolyte
in acetonitrile (ACN) solvent. Specific information about
the ECP process can be found in the Supporting Information.
The CV curve in Figure S2a showed that the electric current
increased as scanning cycles increased, meaning the
increase of film thickness. We measured the thickness of
ECP PEDOT films using a Step profiler, as shown
in Figure S2b, which showed a linear positive correlation
of scanning cycles and film thickness. The PEDOT thin film
was transparent when the film thickness is less than 25 nm.
Indeed, the PEDOT thin film was proved to be partially
electrochemically doped according to the absorption
properties compared with the doped films fabricated

with the potentiostatic method (Figure S3). Such a partially
doped state is a benefit to maintain high conductivity of the
ECP thin film for application as a hole transporting layer in
devices, which will be discussed in the following sections.
FATCNQ has a deep LUMO level of —5.24 eV,> which is
energetically lower than the HOMO level of PEDOT
(—4.87 eV).>® FATCNQ solution of 1 mg/mL in the mixture
of dichloromethane (DCM) and tetrahydrofuran (THF) (1:4
by volume), a pale yellow solution, was spin-coated onto
PEDOT at 3000 r/min. And then the color of the film changed
to ultra-light green, which was the color of FATCNQ anions
according to the literature.>® The thickness of the FATCNQ
layer was calculated by the difference of the thicknesses of
PEDOT and the dipolar film, which was under 4 nm. Since it
was small and not precise, we used the thickness of PEDOT
to represent the dipolar film. Surface doping is facilitated by
charge transfer from the HOMO level of PEDOT to the LUMO
of the FATCNQ molecule. Then ionic layers of PEDOT* and
FATCNQ~ were built, and a permanent interface dipole
moment was formed between the two layers, which is
called a dipolar film in this work. The dipolar film was stable
and insoluble in organic solvents. The principle of the
formation of the interface dipole is shown in Figure 1.
Figure 2a shows the UV-vis absorption spectra of the
pristine FATCNQ thin film and the dipolar film. As can be
seen, relative to the pristine FATCNQ film, there are new
absorption bands located at around 380 and 670 nm in the
dipolar film, which verified the formation of FATCNQ,
resulting from the spontaneous electron transfer from
PEDOT.>® As discussed above, the PEDOT film is in a partially
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Figure 1 Schematic of interface dipole formed between PEDOT and
FATCNQ layers for the spontaneous electron transfer due to the LUMO
of FATCNQ is energetically lower than the HOMO of PEDOT.
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Figure 2 (a) Normalized UV-vis absorption spectra of the F4TCNQ film
and dipolar film. (b) Transmittance spectra of ITO, ITO/PEDOT, and
ITO/dipolar film.

doped state, thus, the absorption of this layer was relatively
low in the visible region, giving very high transparency of
the dipolar film. As shown in Figure 2b, the transparency of
the dipolar film is more than 75% in most of the visible-light
region, which is slightly lower than that of the bare ITO.
The morphological properties of the dipolar film and
PEDOT film were investigated by atomic force microscopy
(AFM), and the results are shown in Figure 3a, b. The root-
mean-square (RMS) roughness of the dipolar film was
6.60 nm, which is smaller than that of the PEDOT film
(8.73 nm). The rough surface of the PEDOT film is attributed
to the high polymerization rate of EDOT under the
conditions used in this work. The surface roughness reduced
greatly after the film was coated with a FATCNQ layer, which
is beneficial for the formation of uniform thin films of active
layers in further application in devices. The wettability of
the films was also investigated and the results are given
in Figure S4. The dipolar film is more hydrophobic with a
water contact angle of 61.6° when compared with the film of
PEDOT (49.3°), which would improve the compatibility

Original Article

Figure 3 AFM images of (a) ECP PEDOT and (b) the dipolar film. The
scan size was 4 pm x 4 pm.

between the dipolar film and organic active layers in
devices. The conductivity of the dipole film and PEDOT was
tested using the four-point probe method. The dipole film
had the conductivity of 8.90 x 1072 S/m, which is slightly
higher than the value of PEDOT film (7.44 x 10~2 S/m). The
difference of the conductivity of the films is small, which is
attributed to the bulk doping of the PEDOT film. In addition,
a Kelvin probe was used to determine the WF of the films,
and the results show that the WF of the dipolar film
was 5.2 eV and that of PEDOT was 4.9 eV. The WF of PEDOT
was higher than its HOMO, resulting from the partially
doped state. The increased WF of the dipolar film is
attributed to the permanent dipole formed between the
PEDOT cation layer and the FATCNQ anion layer.

The PSCs were fabricated with the device structure of
ITO/dipolar interface or PEDOT (25 nm)/PTB7:PC71BM
(90 nm)/PFN-Br (5 nm)/Al (100 nm). The thickness of
dipolar interfaces was optimized as shown in Figure S5
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Figure 4 (a) J-V characteristics of the PSCs based on different anode
interlayers under 1000 W m~2 AM 1.5 G illumination. (b) EQE curves.
The device structure is ITO/anode interlayer (~25 nm)/PTB7:PC71BM
(90 nm)/PFN-Br (5 nm)/Al (100 nm).

and Table S1. PFN-Br is a typical cathode material behaving
as an electron transport interface.’® As shown in Figure 4a
and Table 1, the devices based on the dipolar interface
showed an enhanced power conversion efficiency (PCE) of
7.09%, which is much higher than that of the PEDOT-based
device (PCE of 2.91%). All the three factors including the
short-circuit current (Jsc), open circuit voltage (V,), and FF
were increased, resulting in the improved PCE. Especially,
the V,. dramatically increased from 0.46 V in the PEDOT-

based device to 0.71 Vin the dipolar-interface-based device,
which must be related to the special interface dipole. In
addition, the methodology also works well in different
material systems such as nonfullerene materials. We
fabricated solar cells comprising nonfullerene active layer
PM7:IT4F (Figure S1), which showed similar enhancements
especially in V,, and FF and a distinct promotion of PCE from
2.01%t09.22% (Table 1 and Figure S7). The main factor of the
increased V,. was attributed to the increased WF of
the anode modified with the dipolar thin film. According
to the literature, the HOMO level of thieno[3,4-b]thiophene/
benzodithiophene (PTB7) is located at 5.2 eV.*” As for the
PEDOT interlayer with the WF of 4.9 eV, it builds Schottky
contacts with active layers, which would cause voltage loss.
However, the dipolar interface with a WF of 5.2 eV may
build ohmic contacts, which would avoid the voltage loss
and then an increased V,. was obtained. So, the interface
dipole plays an essential role in tuning WF and further
increases the device performance. The FF was also
dramatically increased from 46.41% to 64.94% by using
the dipolar interface, which clearly indicates the enhanced
hole extraction ability of this novel interlayer. The Js value
of the dipolar-interface-based device was increased from
13.65 to 15.38 mA cm 2, which could be also attributed to
the better contact between the dipolar interlayer and the
active layer. External quantum efficiency (EQE) curves are
given in Figure 4b, showing that devices with the dipolar
interface possess higher EQEs in the whole visible-light
region. Here the integrated currents from the EQE curves
were under 3% error relative to J-V data. The dark current
curves for the devices based on different anode interlayers
are shown in Figure S6. Devices with the dipolar interface
showed decreased dark currents under a reversed bias and
an increased rectification ratio, which is beneficial for
charge selectivity and transportation.

Mott-Schottky (MS) analysis was performed as shown
in Figure 5a, showing a linear region at the moderate bias
region, representing the formation of Schottky contacts and
the capacitance of the depletion layer. The built-in potential
(Vg;) and density of impurity (N) were calculated by linear
fitting according to the MS equation: C2 = (2/q,oN)(Vg=V),
where q is the elementary charge, o is the permittivity of
vacuum, and , is the permittivity of devices (>>3). The fitting
results of Vg;and N for the PEDOT-based device are 0.58 Vand

Table 1 Performance of devices with different anode interlayers under 1,000 W m~2 AM illumination

Anode interlayer Active layer Voe (V) Jsc (MA cm™2) FF (%) Average PCE (%)

PEDOT PTB7:PC7:BM 0.46 + 0.01 13.65 + 0.24 46.41 £ 1.04 291 £ 0.14
PM7:IT4F 0.25 + 0.01 15.36 + 2.02 52.39 + 1.90 2.01 +£0.29

Dipolar interface PTB7:PC7:BM 0.71 £ 0.01 15.38 + 0.16 64.94 + 0.79 7.09 £+ 0.09
PM7:IT4F 0.82 + 0.01 16.58 + 0.19 67.61 + 1.98 9.22 +£0.71

Note: Statistical data were obtained and averaged from 12 independent devices.
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different anode interlayers. Measurements were conducted in the dark
circumstance and 1 KHz AC signal. (b) TPC as a function of time for the
PSCs in the TPC measurement. The device structure is ITO/anode
interlayer (~25 nm)/PTB7:PC71BM(90 nm)/PFN-Br(5 nm)/Al

(100 nm).

470 x 10" cm~3, and those for the dipolar-interface-based
device are 0.83 V and 1.55 x 10'® cm3, respectively. The
much higher built-in potential in the dipolar-based device
corresponds well to the higher V,,, which is originated from the
increased WF of the anode after modification by the dipolar
interface. Similar to our recently reported results that an
increased V,,. was obtained when a dipolar cathode interlayer
was used in an inverted PSC.>° we can also attribute to an
interface dipole induced increase of WF at the anode interface
that enables ohmic contacts between the dipolar interface and
active layers for the enhancement of the V3. In addition, the
increased N value is responsive to the enhanced Jsc in the
dipolar-interface-based device. Then, transient photocurrents
(TPCs) were performed to explore the charge extraction
process in the devices based on two different anode interlayers
(Figure 5b). The charge extraction lifetime decreased from
3.9 ps for devices with PEDOT to 2.4 ps for devices with the

Effective Voltage (V)

Figure 6 |-V curves of the hole-only devices for the (a) ITO/dipolar film
or PEDOT (100 nm)/MoOs/Al and (b) ITO/dipolar interface or PEDOT
(25 nm)/PTB7:PC71BM/MoO3/Al. The insets are J'/2-V curves of the
hole-only devices.

dipolar interface. The shorter charge extraction time in the
dipolar-interface-based device meant improved charge
extraction properties, which is related to the increased Vg,
leading to a higher Jsc.

To further explore the influence of interface dipole on
charge carrier transport properties, we fabricated hole-only
devices of solo interfaces and the interface layer together with
the active layer. The configuration structures of these two types
of hole-only devices were ITO/dipolar interface or PEDOT
(100 nm)/MoOs (10 nm)/Al (100 nm), and ITO/dipolar inter-
face or PEDOT (25 nm)/PTB7:PC7;BM (90 nm)/MoO5(10 nm)/
Al (100 nm). As shown in Figure 6a, the hole mobility of
dipolar interface was calculated tobe 6.00 x 10~ >cm?V~'s™,
which is much higher than the value obtained in the PEDOT
film (1.54 x 10°> cm?V~'s~1). The increased hole mobility in
the dipolar interface would benefit the extraction and
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transport of hole carriers in the interface, and lower the
recombination possibility of holes and electrons, resulting in
better device performance in PSCs. In the hole-only devices of
the interlayer together with the active layer, the hole mobility
increased from 3.21 x 107%t05.54 x 10~*cm?V~'s ! when
PEDOT was replaced with the dipolar interface. The result
intuitionally confirmed the significant effect of the dipolar
interface on the increase of hole mobility in PSCs, which led to
higher Jsc and FF.

Conclusions

In conclusion, we have successfully fabricated a kind of
dipolar interface via surface doping of PEDOT with FATCNQ
to build interface dipoles. The dipolar interface showed a
smooth morphology, a good conductivity, and an increased
WE. When applied as an anode interface in PSCs, the V. of
the device dramatically increased owing to the ohmic
contacts between the dipole interface and the active layer,
which was benefited from the increased WFE. The increased
hole extraction ability of the dipolar interface was
demonstrated in the devices due to the formation of the
interface dipole. The research results clearly indicate the
significant effect of interface dipoles in tuning WF and
improving the device performance of PSCs.

Experimental Section

Materials: All reagents, including EDOT, TBAPFg, PTB7,and
[6,6]-phenyl-C71-butyric acid methylester (PC;,BM) were
purchased from Alfa Aesar or Sigma-Aldrich and used
without further purification. The donor polymer PM7 and
nonfullerene acceptor IT4F were purchased from Solarmer
Materials Inc., and used without further purification.

Device fabrication and measurement: Patterned ITO-
glass substrates were used as the anode electrode in PSCs.
The ITO-coated glass substrates were cleaned in an
ultrasonic bath with acetone, a detergent, deionized
water, and isopropanol successively, and then dried in a
80 °C constant-temperature oven. ECP was conducted via
the CV method with a CHI760D electrochemical work-
station in a three-electrode electrochemical cell, with ITO
as the working electrode, titanium metal as the counter
electrode, and a Ag/Ag" (0.01 M) electrode as the
reference electrode. A mixture of EDOT (0.01 M) and
TBAPFs (0.1 M) in ACN solvent was applied as the
electrolyte solution. The scan range was from 0 to 1.0 V
(vs. Ag/Ag™), and the scan speed was 200 mV s~ !. The
thickness of ECP PEDOT was measured by the surface
profiler. The FATCNQ solution of 1 mg mL~! was spin-
coated onto PEDOT at the speed of 3000 r min ™. Then the

solution of PTB7 blended with PC;;BM (1:1.5 by weight)
in chlorobenzene (CB) with 3% 1,8-diiodooctane (DIO)
was used as the photoactive layer. The solution was spin-
coated onto the anode interface at the speed of 1400 r
min~!, and a 100-nm active layer was obtained. The PFN-
Br solution of 0.2 mg ml~! in methanol was spin-coated
onto the active layer at the speed of 2000 r min~'. Then
100 nm of Al was deposited through a shadow mask
(defined active area of 0.16 cm?) by thermoevaporation.
All device fabrication processes were carried out in a
N,-filled glove box. J-V curves and PCEs were measured
under an AM 1.5 G solar simulator (Japan, SAN-EI, XES-
40S1) with a Keithley 2400 source meter. The power of
solar simulation was calibrated to be 100 mWcm 2 using a
standard silicon cell. EQE measurements were conducted
via a commercial EQE test system (Enlitech, QE-R, Taiwan).
The tests of WF by the Kelvin probe (SKP5050, Scanning
Kelvin Probe, UK) were conducted under dark conditions.

Hole-only devices: The device structures were
ITO/dipolar interface or PEDOT (100 nm)/MoOs
(10 nm)/Al (100 nm) for solo interfaces and

ITO/dipolar interface or PEDOT (25 nm)/PTB7:PC;1BM
(100 nm)/MoOs3 (10 nm)/Al (100 nm) for whole devices.
The hole mobility was calculated by the space-charge
limited current (SCLC) model equation: | = (9/8)eqe 1t
[(V®)/(d®)], where | is the current density, € is the
permittivity of vacuum, €, is the relative permittivity, u is
the zero-field mobility, V is the effective voltage, and d is
the thickness of layers between the anode and cathode
electrodes.
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