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Introduction

Organic solar cells (OSCs) have great potential in curbing

Self-doping n-type polymer as a cathode interface
layer enables efficient organic solar cells by
increasing built-in electric field and boosting
interface contactt
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Self-doped polymer cathode interface materials for organic solar cells have been widely investigated to
enhance the ohmic contact between the electrode and the photoactive layer. Herein, a novel polymer
named PBTA-FN with self-doping effect was successfully synthesized by incorporating benzotriazole
(BTA) as an electron-deficient group and a fluorene containing an amino group. In favor of the n-type
backbone and amine-based groups, an obvious n-type doping was obtained, resulting in the dramatically
improved conductivity of PBTA-FN. Subsequently, PBTA-FN and PFN as cathode interface layers (CILs)
were successfully applied in the organic solar cells based on PBDB-T-2F:IT-4F. A notable power
conversion efficiency of 12.18% and 11.03% could be achieved with PBTA-FN and PFN as CILs,
respectively. PBTA-FN showed better planarity than PFN as observed from the results obtained via density
functional theory. The self-doping behaviour of PBTA-FN was determined by electron paramagnetic
resonance, which exhibited a higher mobility and carrier density. The water contact angle results on the
surface of the active-layer/PBTA-FN bilayer suggested that the PBTA-FN surface polarity was improved,
which was attributed to the larger interface dipole. Thus, PBTA-FN can reduce the work function of an Al
electrode and enhance the built-in electric potential, which were further confirmed by ultraviolet
photoelectron spectroscopy and Mott Schottky curves, and the related device produced a higher V.
(0.88 V) than PFN (0.86 V). This work provides a deeper understanding of the PBTA-FN interlayer
mechanism and has a potential application in optoelectronic devices.

Among various methods, interface engineering has been the
simplest and most effective way for improving the performance
of OSCs. A series of cathode interface materials (CIMs) were

the energy issues, owing to the advantages such as low-cost,
roll-to-roll fabrication, flexibility and light-weight.®%° In the
past several decades, the power conversion efficiency (PCE) of
OSCs has already exceeded 14% due to the efforts of numerous
researchers.’*'® Various strategies have been implemented to
improve the performance of OSCs, such as designing new
photoactive layer materials, new device structures, optimizing
photoactive layer morphology and interface engineering.
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produced accordingly, mainly divided into inorganic CIMs and
organic CIMs. Some traditional inorganic CIMs including
ZnO, LiF, TiOyxand Al;O3, have already been successfully used
in OSCs.**?! However, some disadvantages such as surface
defects, high temperature annealing and poor contact with the
active layer were also exposed. In contrast, alcohol-soluble
conjugated organic CIMs with the virtue of low temperature
processing, good ohmic contact and simplified device process
have been widely studied. Commonly, alcohol-soluble conju-
gated polymers (ASCPs) were designed based on p-conjugated
chain and polar side chain groups that can be dissolved in water or
alcohols. For examples, poly[(9,9-bis(3'-(N,N-dimethylamino)-

propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)], named PFN,
synthesized by Cao et al., has been successfully used in OSCs
to realize high PCE.?2 However, the conductivity of ASCPs is
poor, which limits the improvement in PCE. The n-type self-
doping for ASCPs is an effective means to achieve higher

This journal is © The Royal Society of Chemistry 2019
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electrical conductivity.?*?* Some self-doping materials comprising
p-deficient backbones, such as perylene diimide, and fullerene,
were designed and synthesized as a promising way for designing
new CIMs.% However, few reports could be found on using the
benzotriazole p-deficient group for preparing CIMs.

In this study, an alcohol-soluble conjugated polymer named
PBTA-FN based on fluorene and benzotriazole derivatives was
designed and synthesized. PBTA-FN is eco-friendly, can be
prepared in the room temperature without further annealing
and can dissolve in methanol under the presence of a small
volume of acetic acid (3% vol to methanol),. The chemical and
physical properties of PBTA-FN were systematically investi-
gated, and the fascinating self-doping behavior was determined
by electron paramagnetic resonance (EPR). PBTA-FN could
form a better ohmic contact at the interface and possessed
higher electron mobility than PFN. The photovoltaic perfor-
mancebasedonPBTA-FNandPFNasCIMsand PBDB-T-2F:IT-
4F as active-layer was investigated: open circuit potential (Voc)
increased from 0.86 V to 0.88 V, short current density (Jsc)
increased from 18.15 to 19.06 mA cm™2, and fill factor (FF)
raised from 70.54% to 72.65%.

Experimental section

Materials and reagents

PBDB-T-2F and IT-4F were obtained from Organtec solar materials
Inc. Chlorobenzene and phenyl sulfide were acquired from Sigma-
Aldrich and J&K Chemical Ltd, respectively. The synthesis route of
PBTA-FN is shown in the ESI.t

Device fabrication and characterization

The conventional photovoltaic device was prepared with
ITO/PEDOT:PSS/PBDB-T-2F:1T-4F/CIL/AI structure (Fig. 2a).
The indium tin oxide glass (ITO) used for the substrate was first
subjected to ultrasonic cleaning by deionized water, acetone,
deionized water and isopropanol, in sequence. Then, a PED-
OT:PSS thin film (40 nm) was spin coated on the ozone-treated
ITO substrate. The photoactive layer PBDB-T-2F:1T-4F, after
addition of 0.5% DPS (diphenyl sulfide) (total concentrations
20 mg mL™Y 1 1), was dissolved in chlorobenzene. Aftera
100 nm photoactive layer film was formed on the PEDOT:PSS
thin film through the spin-coating method, the photoactive layer
was annealed at 100 1C under hot table. Next, various CILs (w/o,
PFN, PBTA-FN) were formed using the same procedure. Finally, a
100 nm Al electrode was deposited by thermal evaporation.

The test conditions for AFM, *HNMR, UV-visible spectro-
scopy, CV (cyclicvoltammetry), J-V (currentdensity-curve), and
EQE (external quantum efficiency) were as same as those used
in our previous paper,?”# while the measurement environment
for impedance spectroscopy and the capacitance—potential
curve were identical to ref. 29. The ultraviolet photoelectron
spectroscopy (UPS) curves of the photovoltaic devices were
recorded on AXIS ULTRA DLD (Kratos, Japan). Electron para-
magnetic resonance spectroscopy curves were recorded using
A300-9.5/12 (Bruker, Germany).

This journal is © The Royal Society of Chemistry 2019
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Results and discussion

Optical and electrochemical performance of PBTA-FN

A UV-visible spectrometer (UV-1800) and an electrochemical
workstation (CHI660D) were used to characterize the optical and
electrical properties of PBTA-FN, respectively. The UV-visible
spectrum and the calculated results of PBTA-FN film (film 1) are
exhibited in Fig. 1la and Table 1, respectively. The maximal
absorption peak (labsmax) iS located at 424 nm. The optical band
gap (Eg) was 2.53 eV, obtained from 490 nm by using the required
formula (egn (S1), ESI¥). In order to study the effect of the
introduction of PBTA-FN on the light absorption properties of a
photoactive layer, the normalized absorption spectra of PBDB-T-
2F:1T-4F (film 2), PBDB-T-2F:IT-4F/PFN (film 3), and PBDB-T-
2F:IT-4F/PBTA-FN (film 4) were recorded. As shown in Fig. 1a,
the absorption spectra of film 1 and film 2 are almost coinciding,
which indicates that the introduction of PFN did not contribute to
the absorption of the OSCs. However, the absorption of the OSCs
with PBTA-FN improved in the range from 332 nm to 540 nm,
which could lead to a higher Js than that of PFN.

The electrochemical curve of the PBTA-FN film is shown in
Fig. S1 (ESIY), and the onset redox potential (Eox) was deter-
mined to be 0.71 V when the reference electrode used was
Ag/AgNO3;. On the basis of the eqn (S1)—(S3) (ESIT), the energy
level of the highest occupied molecular orbital (Enomo) and the

corresponding lowest unoccupied molecular orbital (ELumo) of
PBTA-FN were —5.35 and —2.76 eV, respectively, which are

listed in Table 1.

Electron paramagnetic resonances

Electron paramagnetic resonance (EPR) spectroscopy is used to
study the self-doping behavior of polymers, because it can
determine the formation of free radicals.*° For comparison,
PFN and PBTA-FN as mass solids of uniform quality were used
for EPR tests under light (405 nm) trigger, and the related
results are shown in Fig. 1b. PBTA-FN exhibited a positive
paramagnetic response and a g-value of 2.005 (Fig. S2, ESI¥),*
while PFN basically had no signal response, indicating that the
free radicals are formed in solid state PBTA-FN. The amine
group was able to provide electrons to the conjugated electron-
deficient group, resulting in a substantial doping behavior.*
Thus, the appeared EPR signal was attributed to the amine
group of PBTA-FN donating electrons to the BTA electron-
deficient group, thus establishing the self-doping behavior of
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Fig. 1 (a) Normalized absorption of the PBTA-FN film and PBDB-T-2F:IT-

4F blend film using different CILs; (b) EPR spectra of PFN and PBTA-FN
under solid state.
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Table 1 The parameters of optical and electrochemical properties for the
PBTA-FN film

5
labsmax 1edge opta jox |:LUMO

HOMO

(m) V) V) (V) (V)

Polymer  (nm)

PBTA-FN 424 478 259 0.71 —5.35(—5.04°) —2.76 (—1.92°
2 E%twas calculated from egn S1 SES&).("The values of E and

E ¢ were obtained from eqgn (S2) and (S3) (ESI). “ The HOMO Ing
LUMO correspond

values were determined by density functional theory (DFT) at the B3LYP-
D3(BJ)/6-31G level (ESI).

PBTA-FN. The strong self-doping behavior of PBTA-FN could
improve the charge transport ability and carrier density, which
results in a higher electron mobility, indicating that effective
doping can improve the carrier density in the doped films.®2
The lack of an EPR signal in PFN was ascribed to the weak
conjugated electron-deficient group and high LUMO level of
the polymer backbone.®

Theoretical calculations

The geometry of PBTA-FN was optimized at the B3LYP-D3(BJ)/6-
31G level by density functional theory (DFT) calculations.**The
side chains were ignored and replaced by hydrogen atoms to
simplify the calculations. The result indicated that PBTA-FN
has better linear configuration than PFN, as shown in ESI.t
PBTA-FN exhibitsa LUMO level of —1.92 eV and a HOMO level
of —5.04 eV.

Photovoltaic performance of PBTA-FN

In order to reflect the role of PBTA-FN in the photovoltaic
performance in a better way, we chose OSCs without interface
and PFN (0.2 mg mL™?) as references. The J-V curves and the
correlative EQE curves are displayed Fig. 2c and d, respectively.
The photovoltaic parameters of OSCs are listed in Table 1. As
shown Fig. 2c, PBDB-T-2F:IT-4F without CILs delivered a low
Voc (0.44 V) and poor FF (42.82%), resulting in a PCE of 3.21%.
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Fig. 2 (a) Architecture of the OSCs and (b) the molecular structure
obtained in this study; (c) J~V curves and (d) EQE spectra of a photovoltaic
device based on PBDB-T-2F:IT-4F under different conditions.
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After inserting PFN (0.2 mg mL ™) as the CIL, the photovoltaic
performance was improved significantly, and the PCE reached
11.03%. Furthermore, the highest PCE of 12.18% could be
obtained when PBTA-FN was inserted in between Al and the
PBDB-T-2F:IT-4F layer. The improved device performance is

attributed to higher Vo (0.88 V), Js: (19.05 mA cm™?) and FF
(72.65%). The Js values obtained from J-V curves were con-

firmed by EQE curves (Fig. 2d), and the deviation in J values

sC

acquired from the J-V curves and EQE spectra are within 5%. As
displayed in Fig. 2d, the addition of CILs doesn’t change the
shape of the EQE curves, and the EQE value reached maximum
when using PBTA-FN as the CIL. Furthermore, the Rs (series
resistance) and Rsn (parallel resistance) values were calculated.
As shown in Table 2, Rsdistinctly decreased while Rgsnincreased
with the addition of CILs, respectively. The best Rs(4.44 O cm?)
and Rsh (4758.51 O cm?) values were obtained with the intro-
duction of PBTA-FN, indicating that PBTA-FN can promote
charge extraction and reduce the charge accumulation at the
interface; thus, the charge collecting ability becomes stronger,
which is consistent with higher FF and Jsc.

To illustrate the effect of PBTA-FN on charge generation and
recombination, the Jpn versus Vg curves of photovoltaic devices
with different treatment conditions are characterized in Fig. 3a.
Herein, Jpn obeys the Jpn = JL — Jp relation, where J_ and Jp
refer to the current density under illumination and the current
density under dark conditions, respectively. Vs is the effective
voltage, obeying the relationship Veg = Vo — Vappi, Where
Vo refers to the voltage when Jpn is 0 and Vappi is the voltage
applied across the photovoltaic device.® Clearly, the Jon—Verr
curves were divided into two regions that indicated linear
growth and saturation. The linear growth region emerged in
Vet 0 0.2 V when Jpn grew linearly with Vesr.

Then, Jpn slowly tended to a saturation value ( Jsa) in the
region of Ver 4 1V. Therefore, the exciton dissociation rate
P(E,T) = Jpn/Jsat could be determined while maximum exciton
generation rate was obtained from Gmax = Jsa/eL, where e isthe
elementary charge and L is the photoactive layer.** The P(E,T)
against Vs curves are exhibited in Fig. 3b and the correlative
results are summarized in Table 1. At Veg= 2.5 V, the Jgt values
of OSCs were 18.55 mA cm—2 (w/o CILs), 18.73 mA cm—2 (PFN),
and 19.57 mA cm—2 (PBTA-FN), and the corresponding calcu-
lated P(E,T) valueswere 92.52%, 96.89%, 97.32%. Moreover, the
highest Gmax value of 1.11 x 102 m—2 s™* was obtained with
PBTA-FN as a CIL, which was attributed to the stronger absorp-
tion of OSCs. Above all, PBTA-FN asthe CIL of OSCs can obtain
better exciton dissociation rate and production rate than PFN,
which will further reduce the recombination loss, and thus help
achieve the best Jsc and FF values.

To further explain the effect of self-doping behaviour of
PBTA-FN on conductivity, devices with the ITO/CILs/AI structure
were fabricated and tested by |-V mode under dark condition. The
CIL thicknesses were controlled to 100 nm. The direct current
conductivity (so) is represented by the formula | = spAd ™V, where
| represents current, A is the area of the measured electrode
(0.1 cm?), d stands for the CIL thickness (100 nm), and V is the
applied voltage.*® As shown in Fig. 3c, when PFN was inserted

This journal is © The Royal Society of Chemistry 2019
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Table 2 Photovoltaic parameters of OSCs with different ClLs
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Clts Vee (V) Js (A em™) FF (%) PCE*(%) R (Ocm) Ra(Oom) Il Gma(m—s™)
wio CILs 044 £ 005 17.16 £0.12(17.14)° 4282+ 014 3211017 1146 174.07 92.52%  1.05 x 10%°
PEN (5 nm) 0.86 £ 0.01 1815 % 0.11(18.10) 7054 £ 021 1103+ 023 .29 2107.04 96.89% 106 x 102
PBTA-FN (6 nm) 088 £0.01 19.05 + 0.07(19.04) 7265+ 011 1218 =019  4.44 4758.51 97.32% 111 x 10%

3The PCE values were obtained from 15 cells. ® The integrated J,; values from EQE spectrums.
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Fig. 3 (@) Joh vs. Ve curves and (b) P(ET) vs. Ver plots of OSCs
with various processed CILs; (c) -V curves of OSCs with ITO/CILS/Al
structure; (d) fitting curves of electron-only devices with SCLC formula
(eqn (S4),ESIt).

between ITO and Al electrode, a low value of the slope was
obtained, corresponding to a poor conductivity value. However,
when PBTA-FN was used as the interface, the slope enhanced
significantly and good conductivity was obtained. This result
indicates that the self-doping behaviour can effectively improve
the interface conductivity and enable the formation of a good
ohmic contact.®
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Fig. 4 (a) Nyquist plots and the equivalent circuit model (inset); (b) phase
angle vs. frequency curves of OSCs with different CILs; (c) Js vs. Pightand
(d) Voc vs. Pignt curves under different light intensity.
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To comprehend the effect of PBTA-FN on photovoltaic
performance, the electron-only devices with ITO/ZnO/PBDB-T-
2F:IT-4F/CILs/Al configuration were prepared and measured
according to the space charge limited current (SCLC) method,
as shown in Fig. 3d. The electron mobility (me) of PFN was
1.06x10*cm?Vts™, whileame0f3.53x 10 *cm?*V s *
was obtained for PBTA-FN as the CIL. The calculated result
of electron mobility verified the fact that PBTA-FN with self-
doping behaviour has higher electron mobility, so that high Js
and FF can be obtained.

Carrier transport dynamics plays a crucial role in under-
standing device performance, so impedance spectroscopy (IS)
for OSCs with different CILs processed was performed. The IS
was performed in dark conditions with an open circuit voltage
of 5 mV amplitude, with frequency ranging from 100 Hz to
1 MHz. The impedance spectra are composed of Nyquist curves
and phase angle vs. frequency characteristics, where the phase
angle and impedance Z determine the size of the resistance
Z" and reactance Z". The Nyquist plots of these devices are
displayed in Fig. 4a; the symbol denotes as initial data and the
solid line stands for fitting data by using an equivalent circuit
(inserted into Fig. 4a). Moreover, the related resistance vs.
frequency and reactance vs. frequency plots of OSCs with
different CILs are displayed in Fig. S6 (ESIt). The equivalent
circuit diagram for fitting the original data consists of a CPE
and a resistor R; connected in parallel and then connected in
series with a resistor Rs. According to Table 3, the fitted data
shows a high quality match with the initial data and the error
rate was less than 11%. In the equivalent circuit, Rs stand for a
seriesresistorlossincluding ITO, photoactive layer, PEDOT:PSS
and CILs, which was related to the intersection of the semi-
circle with Z° axis at high frequencies, Ry was related to charge
recombination process.38 In addition, CPE was a non-ideal
capacitor with an inhomogeneous interface consisted of CPE-
T and CPE-P. CPE-T represented the capacitor values and CPE-P
was an ideal capacitor factor. It should be noted that CPE is a
capacitor when CPE-P equal 1, while CPE is a capacitor with
defects when CPE-P less than 1. Remarkably, Rsdecreased from
24.17 O to 15.93 O with addition the of PFN, and Rsreached to

Table 3 Parameters of fitted data by using the equivalent circuit

ClLs RA(O) RE(O) CPEL-T(®) CPEf-P Erdr (%)
wio ClLs 2417 23155 250x 10 ° 0.88 0.62-10.50%
PFN 15.93 12854 1.40x10~% 0.91 0.42-10.47%

PBTA-FN 10.91 7210 1.04x107° 0.93 0.23-7.31%

@ The fitting parameter values were obtained from the fitting software
Zview.
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the smallest value of 10.91 O on using PBTA-FN as the CIL,
indicating that the introduction of CILs could enable the
formation of a good ohmic contact between the photoactive
layer and Al electrode.

Furthermore, the charge recombination resistor R; achieved
the lowest value of 7210 O for OSCs with PBTA-FN, which
indicates that PBTA-FN could suppress charge recombination
effectively, thus improving FF and Js.. Moreover, the CPE-P
values of these OSCs were 0.88 (w/o CILs), 0.91 (PFN), and 0.93
(PBTA-FN). This indicates that a more uniform interface could
be obtained by introducing PBTA-FN as the CIL, which was
consistent with the results of AFM roughness.

The relationship between phase angle and frequency is
exhibited in Fig. 4b, and the characteristic frequency ( fmax) is
defined by the frequency corresponding to the maximum phase
angle point. The related charge transport time constant (tavg)
was determined through an expression:3

fmax P 1/tavg 1)

As shown in Fig. 4b, the fmax values of OSCs were 38 300 Hz
(w/o CILs), 82 500 Hz (PFN), 147 000 Hz (PBTA-FN). The fre-
quency peak result from Fig. 4(b) was further supported by
Fig. S6 (ESIt). Therefore, when PBTA-FN was introduced in the
OSCs, a small value of tag could be obtained, indicating that
the carriers could reach the electrode in a shorter time, thereby
obtaining higher Js; and FF.*°

We wished to further understand that the charge recombi-
nation of photovoltaic devices plays an important role in the
performance of the device. Therefore, the OSCs with various
processed CILs were measured under different light intensity.
Fig. 4c and d show the plots of Jsc vs. Piight and Voc VS. Plight,
respectively. Generally, Jsc and Pjign: Satisfy the relationship:

Jcp P ?ight v

where a denotes an exponential factor and Piignt is referred to as
light radiation intensity.*" For photovoltaic devices without
CILs, a minimum a value of 0.872 was obtained, corresponding
to a severe bimolecular recombination. When PFN was used as
the CIL, a value increased significantly to 0.930, indicating that
the introduction of the PFN interface can suppress bimolecular
recombination.*? Remarkably, an a value of 0.957 (closest to 1)
was obtained for OSCs with PBTA-FN as the CIL, resulting in
higher FF and Js values. The result was supported by Vo vs.
Plight analysis. In Fig. 4d, the Vo vs. Piignt relations of OSCs
under different conditions are displayed. Specially, the Vo and
logarithm of Pjignt Obeys a linear relationship:

nkT , ( )
Ve /—q In PIight 3)

where k and g are Boltzmann constant and elemental charge,
respectively, and T and n are Kelvin temperature and slope,
respectively.** The n value represents the dominant mechanism
of the recombination process. When the value of n approaches 2,
the main process is trap-assisted recombination, while the main
process becomes bimolecular recombination when the value
of nis 1.*%® In this study, the values of n were 1.42 (w/o CILs),

11156 | J. Mater. Chem. C, 2019, 7,11152--11159

View Article Online

Journal of Materials Chemistry C

5 o
10°} (2) y 15t (b) .
[ ——whCILs ——wlo ( ILs
g [~ PFN - - PFN
E10'F . pBTAEN L1 ——PBTA-FN
“é :c V,, shift
= 10" Z0.5¢ =
~ 10 o
F e
107 0.0}
-2 1 0 1 2
Voltage (V) 00 03 06 09 12
Voltage (V)
(©) (d) Vacuum level F [*
- . Al f
2| - APFN £ S / $ : o [
< | . AVPBTA-FN! ; 4 2 : 407
z ‘. . B s - Al
Z 3 ~
H 2 |Fon a2 5
S z ‘n:om';_ i
E . : - :‘ PSS 547
g . 2 : 569
—— =
3.0 35 4.0 45

Kinetic Energy (eV)

Direction of electron transfer

Fig. 5 (a) Dark current curves and (b) Mott Schottky curves of OSCs with
different processed CILs; (c) UPS of Al electrode processed under different
conditions; (d) energy level diagram.

1.16 (PFN), and 1.11 (PBTA-FN). In the photovoltaic devices
without CILs, two recombination mechanisms existed simulta-
neously and were comparable. Compared to PFN-treated OSCs,
the bimolecular recombination process was the primary loss, and
the trap-assisted recombination was suppressed. For photovoltaic
devices using PBTA-FN, a minimum value of n was obtained,
indicating that the bimolecular recombination was further reduced
and the trap-assisted recombination was greatly inhibited.

To discern the reason for the improved photovoltaic perfor-
mance, dark J-V curves of OSCs were recorded, as displayed in
Fig. 5a. As shown in Fig. 5a, the reverse current density decreased
on adding CILs (PFN or PBTA-FN) between the photoactive layer
and Al, which indicated that the introduction of CILs could
depress leakage current, thus resulting in a higher Vo..*® In the
applied voltage region from 0 V to 2 V, the turn-on voltages were
0.38V (w/0CILs),0.67V (PFN),0.75V (PBTA-FN). The highturn-
on voltage reflected a higher built-in voltage, which could speed
up the charge extraction and decrease the charge collection at the
interface. The OSCs with PBTA-FN manifested a minimal leakage
current and a higher turn-on voltage, promoting the implementa-
tion of high current and voltage, which was consistent with the
small Rs and large Rgn.*"*

To study the effect of PBTA-FN on the work function (WF)
of the Al electrode, the devices with the ITO/AI/CIL structure
were fabricated and characterized by ultraviolet photoelectron
spectroscopy (UPS). As shown in Fig. 5¢, the WF of the bare Al
electrode was exhibited to be 4.23 eV, while the work function
of Al was pulled down to 3.69 eV after PFN processing. This
reduced work function of 0.54 eV was attributed to the larger
interface dipole; thus, a strong built-in field could be detected
interface dipole; thus, a strong built-in field could be detected
in the OSCs having PFN as the CIL. Specifically, the WF of Al
decreased to 3.55 eV after PBTA-FN deposition and enabled in
the formation of a larger interface dipole (Fig. 5d). The lowest
WEF (3.55 eV) could enable the formation of a better ohmic
contact with the photoactive layer and increase the built-in
field, which was beneficial to the enhanced charge extraction
efficiency and the decreased recombination losses.*

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Water contact angle of PBDB-T-2F:IT-4F blend film surface with
different processed CILs, the insets “CA left” and “CA right” stand for an
angle value calculated by left side and right side, respectively.

The wettability of CILs on a photoactive layer (PBDB-T-2F:1T-
4F) was determined by water contact angle (WCA) measure-
ments in order to understand the surface polarity.>® The water
contact angles (y) of the PBDB-T-2F:IT-4F blend film with

different processed interfaces are displayed in Fig. 6, and the
average y values were 102.81 (w/o CILs), 92.81 (PFN), and 88.31
(PBTA-FN). After the deposition of CILs, the WCA distinctly
decreased, and the reduced y value indicated that the polar
groups accumulated on the PBDB-T-2F:IT-4F blend film.*
Specifically, the PBDB-T-2F:IT-4F film with the deposition of
PBTA-FN obtained the smallesty (88.31), whichclearly indicates
the greater accumulation of the polar components; thus, better
hydrophily could be seen.®* Although the Al electrode was not
deposited on the ClLs and the interface contact had not been
determined, the better hydrophily could improve contact.®?
Based on the UPS test results, inserting PBTA-FN between the
active layer and the Al electrode could produce a larger interface
dipole than PFN, which was attributed to the smaller water
contact angle of PBTA-FN.> Thus, a better charge extraction
and collection ability could be realized in the OSCs.

The effect of PBTA-FN on the morphology of the PBDB-T-
2F:1T-4F blend film surface was further studied by AFM tests
under tapping mode. As shown in Fig. 7a—c, the root-mean-
square (RMS) values of the PBDB-T-2F:IT-4F film without CILs
and with PFN or PBTA-FN were 2.39 nm, 2.41 nm, 2.13 nm,
respectively. These results indicated that there was no obvious
alteration in surface roughness for the PBDB-T-2F:IT-4F film
using PFN or PBTA-FN. The similar 3D height images (Fig. 7d—f)
further verified this argument, which resulted from the CILs

o o o o o o

Fig. 7 AFM height images of PBDB-T-2F:IT-4F films with different

ClILs: (a) w/o CILs, (b) PFN, and (c) PBTA-FN; corresponding 3D height
images (d—).
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(PFN and PBTA-FN) being very thin and not dissolving the
photoactive layer. Thus, there was no need to worry about the
corrosion of PBTA-FN on the PBDB-T-2F:1T-4F film. Moreover,
the slightly smooth surface of PBDB-T-2F:1T-4F with PBTA-FN
could improve the performance of the device in other aspects
(impedance spectroscopy results).
In order to quantitatively explain the impact of PBTA-FN
on the built-in electric field, the capacitance—voltage (C-V)
measurements of OSCs with different CILs were carried out.
The test condition of C-V was at a frequency of 1 kHz in a dark
environment. The related Mott Schottky (C?—V) curves of these
photovoltaic devices are depicted in Fig. 5b, and the built-in
potential (Vi) could be determined by the equation®
1 20Vhi— Vb
1
C2” Mo oN (4)
oOr D
where C is the value of the capacitance, V is the voltage applied
in OSCs, A and e stand for electrode area (0.1 cm?) and element
charge, respectively, e;and e represent relative dielectric con-
stant and vacuum permittivity, respectively, and Np is the
carrier density. Here, e is determined by the capacitance value
ata frequency (1 kHz) and V =0V in dark conditions according
to the formula:>®
A

CY eoerg (5)

where d is the thickness of the photoactive layer (100 nm). The
calculated values of e, Vyi, and Np are summarized in Table 4.
According to Table 4, the values of Vi were 0.59 V (w/o CILs),
0.72 VV (PFN), and 0.81 V (PBTA-FN). Vy; gradually increased
from PFN to PBTA-FN, resulting in a rightward shift in the Mott
Schottky curves, as shown in Fig. 5b. In the OSCs with low Vy;,
when the forward bias was higher than Vy;, the electric field in
the devices reversed, hindering the carrier extraction.®*%’
The highest value of Vpi was obtained for the photovoltaic cell
using PBTA-FN, which leads to a higher V. and FF, which
was consistent with the result of dark current measurements.
Moreover, the values of Np calculated based on eqgn (4) and (5)
were 0.85 x 10 cm—3 (w/o CILs), 1.34 x 10%* cm— (PFN) and
1.56 x 10% cm™ (PBTA-FN). The increased Np and e for
photovoltaic devices using PBTA-FN should be responsible for
the low series resistance.®®

When the coulombic interactions between the electrons and
the holes is equal to the thermal energy kT, the Coulomb
capture radius (R¢) is defined as the distance between electrons
and holes, which are related by the equation:*®

e2
ReVa——— 6
c /4 4}3%6} KT ( )

Table 4 Calculated dielectric parameters of OSCs under different
conditions
CILs Vi(V)  Cirunz (NF) e Np (10*°em™) R, (nm)
w/o CILs  0.59 2.82 319 085 17.47
PFN 0.72 3.01 340 134 16.39
PBTA-FN 0.81 3.04 344 156 16.20
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eris obtained from eqgn (5) and Table 4, when the frequency is at
1 kHz. Clearly, R is inversely proportional to e, and the
calculated results are listed in Table 4. These calculated values
of Rcare 17.47 nm (w/o CILs), 16.39 nm (PFN) and 16.20 nm
(PBTA-FN). The low R values indicated that the electrons and
holes were hard to be captured by coulombic interactions in
the diffusion process, which could suppress the bimolecular
recombination and thus, a higher FF could be achieved.® Part
of the reason for this phenomenon may be that the introduc-
tion of PBTA-FN enables the formation of a larger Vi compared
with PFN, and Rcwas the result of the coulombic interactions
and the built-in electric potential competing with each other.

According to Onsager theory, the exciton dissociation probability
in an organic semiconductor is obtained from the equation:

(
eRc \

POEP Ve 1 DZEE (7)

where P(E) stands for a probability that an exciton (electron—
hole pair) separated as free charges, while 1 — P(E) represents
the probability of geminate recombination, and E is electric
field strength.>® According to Onsager’s theory, a “‘hot’’ electron
transports some distance from its geminate holes through
thermal energy. The ‘@’ in the eqn (7) is defined as the
thermalization distance between the electron and the hole.>®
The smallest R¢ (16.20 nm) in the OSC device with PBTA-FN
indicated that the introduction of PBTA-FN could result in a
higher exciton dissociation rate and decrease the probability of
geminate recombination.

Conclusion

In conclusion, a novel polymer named PBTA-FN with self-
doping effect was designed and synthesized. The PCE of 12.18%
for the PBDB-T-2F:I1T-4F-based device was achieved with PBTA-
FN as the CIL. The J-V curves under different light intensity
and calculations of the Coulomb capture radius showed that
the OSCs with PBTA-FN could effectively inhibit bimolecular
recombination, resulting in the highest FF. The built-in
electric potential was improved from 0.72 VV (PFN processed)
to 0.81 V (PBTA-FN processed), thus increasing the Vo.. The
AFM and WCA test results on the surface of the active-
layer/CIL suggested that the morphology hardly changed and
the surface polarity improved; this should be attributed to the
larger interface dipole of PBTA-FN. Thus, PBTA-FN can reduce
the work function of the Al electrode and enhance the built-in
electric potential, which was further confirmed by UPS and
Mott Schottky curves. Above all, these results indicate that the
main reasons for using self-doping PBTA-FN as a CIL to
enhance PCE were large interface dipole (corresponding to
high built-in potential), good ohmic contact and high electron
mobility, which boosted the interface contact and charge
extraction. These investigations indicate that the self-doped
water/alcohol conjugated polymer with high mobility is a
promising electron transport material for high-performance
solution-processed OSCs.
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