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ABSTRACT The intrinsic acidic nature of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) hole-transporting layer (HTL) induces interfacial protonation and limits the device
performance in organic solar cells based on basic pyridylthiadiazole units. By utilizing a pH neutral,
water/alcohol soluble conjugated polyelectrolyte CPE-K as the HTL in p-DTS(PTTh;,),:PC;:BM solar cells, a
60% enhancement in PCE has been obtained with an increased V;, reduced R, and improved charge

extraction. These effects originate from the elimination of interfacial protonation and energy barrier

compared with the PEDOT:PSS HTL.
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olecular design is essential for
the development of high perfor-
mance optoelectronic materials in

applications of organic solar cells (OSCs),
organic field-effect transistors (OFETs), and
organic light-emitting diodes (OLEDs).' > Nu-
merous research efforts have been devoted
to understanding and utilizing the donor
(D)—acceptor (A) type architecture for organic
semiconductors to enable versatile and tun-
able optoelectronic properties.*%” Recently,
the pyridyl[2,1,3]thiadiazole (PT) moiety has
been incorporated as an electron poor moiety
in molecular designs with a D—A type archi-
tecture."® ' Narrow band-gaps with deep
HOMO levels can be achieved as a result of
intramolecular charge transfer from the elec-
tron rich fragment (D) to the electron defi-
cient PT segment (A), which decreases both
the HOMO and LUMO levels simultaneously.
These 7-conjugated materials containing PT
units have shown an impressive hole mobility
up to 50 cm? V=" s~ " in OFETs,'®"" and high
power conversion efficiencies (PCEs) in solu-
tion-processed small molecule~ "6 and poly-
mer bulk-heterojunction (BHJ) solar cells.”"”
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Organic BHJ solar cells have been studied
extensively due to their unique advantages,
such as low cost, lightweight, and flexi-
bility."®'® In solar cells, the unique feature of
PT units containing basic pyridyl nitrogen
tends to induce the chemical interaction be-
tween the interface of the basic PT unit and
the acidic poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), which is
commonly used as a hole transporting layer
(HTL). For example, the device performance of
solar cells based on the small molecule donor,
5,5'-bis{(4-(7-hexylthiophen-2-yl)thiophen-
2-yl)-[1,2,51thiadiazolo[3,4-clpyridine}-3,3'-
di-2-ethylhexylsilylene-2,2'-bithiophene (DTS-
(PTTh,),, molecular structure shown in the
inset in Figure 1a), has been restricted by
the protonation of PT units when using
PEDOT:PSS HTLs.'®2%2" Thus, a pH neutral
HTL is preferred to avoid the interfacial
chemical reactions. Alternatively, metal oxi-
des such as MoO,'* and NiO,,°?" have
been utilized to improve the interfacial con-
tact in small molecule p-DTS(PTTh,), solar
cells. However, fill factors (FFs) in those solar
cells remain far from optimized (below 60%),
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Figure 1. Molecular structures of (a) p-DTS(PTTh,), and (b) conjugated polyelectrolyte CPE-K (PCPDTBT-SO3K). Current
density (J)—voltage (V) characteristics of p-DTS(PTTh,),:PC,;BM solar cells using PEDOT:PSS and CPE-K HTLs when measured

(c) under irradiation and (d) in dark.

which indicates that the interface between p-DTS-
(PTTh,), active layers and metal oxides hole-transport-
ing layer can further be improved.

In this work, we study effects of the interfacial
contact on the device performance and device physics
in small molecule BHJ solar cells based on p-DTS-
(PTTh,), as the electron donor and [6,6]-phenyl C71-
butyric acid methyl ester (PC;;BM) as the acceptor.
A unique water/alcohol soluble conjugated polyelec-
trolyte (CPE), poly[2,6-(4,4-bis-potassiumbutanylsulfo-
nate-4H-cyclopenta-[2,1-b;3,4-b'l-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (CPE-K,?2 molecular struc-
ture shown in Figure 1b), was utilized instead of
commercial PEDOT:PSS as a HTL. CPE-K is pH neutral
and solution processable. It has an appropriate work
function and sufficiently high electrical conductivity,
to be a suitable candidate for a hole transporting
material.>® Importantly, the interfacial protonation of
pyridyl nitrogen between CPE-K HTLs and BHJ active
layers has been eliminated, as confirmed by X-ray
photoemission spectroscopy (XPS), ultraviolet photo-
emission spectroscopy (UPS) and impedance mea-
surements. The device performance shows a 60%
enhancement in PCEs when the PEDOT:PSS HTL is
replaced by a CPE-K HTL, with a simultaneous im-
provement in the short circuit current (Jsc), open
circuit voltage (V,), and fill factor.

RESULTS AND DISCUSSION

Device Performance. Typical current density versus
voltage (J—V) characteristics of p-DTS(PTThj),:PC,,BM
solar cells with PEDOT:PSS and CPE-K HTLs under
1000 W m~2 air mass 1.5 global (AM 1.5 G) illumination
are shown in Figure 1c. A PCE of 4.2% is achieved in
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optimized devices using a PEDOT:PSS HTL. The re-
placement of PEDOT:PSS by CPE-K leads to a significant
enhancement in PCE up to 6.8% with simultaneously
improved V. (from 0.60 £ 0.02 V to 0.77 &+ 0.01 V), Jsc
(from 11.99 £ 0.23 mAcm 2t0 13.81 £0.21 mAcm 2
and FF (from 57.9 + 0.11% to 63.8 + 0.12%). The
external quantum efficiency (EQE) spectra are shown
in Figure S1 (Supporting Information). We observe an
increase of EQE over the whole absorption spectrum
(350—750 nm) for the CPE-K device in comparison to
the PEDOT:PSS device. This indicates that CPE-K is
superior to PEDOT:PSS as a HTL for charge collection
in p-DTS(PTTh,),:PC7;BM solar cells. Under illumina-
tion, the CPE-K device shows a V. of 0.77 V, approxi-
mately 150 mV higher than the PEDOT:PSS device with
a Voo = 0.60 V. The J—V characteristics in dark of the
CPE-K device exhibits a higher built-in voltage (Vy),
estimated from the voltage that starts to deviate from
the diffusion current. The V,,; of the CPE-K cell is around
0.95 V, 150 mV higher that that estimated on the
PEDOT:PSS device (see Figure 1d). The V,,; provides
an upper limit for the V.. and strongly influences the
internal electric field in organic BHJ solar cells.?* Thus,
the increase of V,,; may be responsible for the increase
of Vo, in the CPE-K device compared with PEDOT:PSS
devices.

Interface Characterization. Figure S2¢,d compare the
surface morphology of p-DTS(PTTh,),:PC,,BM films on
PEDOT:PSS (Figures S2a) and CPE-K HTLs (Figures S2b)
examined by atomic force microscopy (AFM). The
p-DTS(PTTh,),:PC7,BM film on PEDOT:PSS exhibits a
homogeneous surface with a root-mean-square (rms)
roughness of 0.97 nm. The p-DTS(PTTh),:PC;,BM film
on CPE-K shows no obvious change in the film
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Figure 2. XPS of core level N 1s of p-DTS(PTTh,), at the interface between p-DTS(PTTh,),:PC;,BM BHJ layers and HTLs of (a)

PEDOT:PSS and (b) CPE-K.

morphology and surface roughness. XRD?* results from
out of plane (Figure S2¢) and in plane (Figure S2d)
measurements show similar spectra of p-DTS(PTThs,),:
PC;;BM films when cast on PEDOT:PSS and CPE-K
HTLs.2%” Hence, the effect of the two different HTLs
on the crystallinity of p-DTS(PTTh;),:PC;;BM BHJ is
negligible. These results suggest that the enhance-
ment of device characteristics in CPE-K devices may
originate from the intrinsic properties of HTLs and
the interface between HTLs and BHJ active layers. It
has been demonstrated in a previous work that
CPE-K as a HTL can provide comparable PCEs in both
small molecule and polymer cells, owing to a similar
optical transparency and a higher out-of-plane elec-
trical conductivity when compared to PEDOT:PSS.*?
In the current case, the enhancement in the device
performance of p-DTS(PTTh,),:PC,:BM cells indi-
cates that the interface between pH neutral CPE-K
and p-DTS(PTTh,),:PC,,BM is significantly modified;
a result which is reasonably attributed to the sup-
pression of protonation in the absence of acidic
functionalities.

To clarify the chemical interaction between p-DTS-
(PTThy), BHJ layers and HTLs, XPS measurements were
carried out on the core level nitrogen at the p-DTS-
(PTThy),:PC,1BM/HTL interfaces, which were made
accessible through floating off the p-DTS(PTTh,),:
PC,,BM active layer from the ITO/HTL substrates by
dissolving CPE-K or PEDOT:PSS in deionized water.
Figure S3a shows the N 1s spectrum for the pure
p-DTS(PTTh,), on an inert Au surface. The two chemi-
cally different nitrogen atoms in the pyridyl cycle at
397.9 eV and the thiadiazole unit at 399.1 eV?® can be
clearly separated by a peak-fitting routine using two
components. The intensity ratio of the thiadiazole to
pyridyl components is in good agreement with the
expected stoichiometry at 2:1. The N 1s spectrum at the
p-DTS(PTTh,),:PC7;BM/PEDOT:PSS interface shows an
additional shoulder on the high binding energy side
(Figure 2a), resulting from the protonation of the
pyridyl nitrogen in p-DTS(PTTh,),. The high binding
energy components at 401.2 eV (pyridyl) and 401.9 eV
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(thiadiazole) can be fitted for the protonated p-DTS-
(PTTh,),.2%%" On the contrary, the intensity of high
binding energy components is dramatically decreased
in the spectrum at the p-DTS(PTTh,),:PC;,BM/CPE-K
interface (Figure 2b). This is indicative that the proton-
ation of p-DTS(PTTh,), at the interface is efficiently
suppressed. The tail to the high binding energy in this
N 1s peak may stem from the signal of self-protonated
thiadiazole nitrogens in CPE-K (Figure S3b)*? because pro-
tonation is unlikely to occur between p-DTS(PTTh,), and
CPE-K with a pH value of 7.56. The spectra attained at the
top surface of p-DTS(PTThj),:PC,,BM BHJ layers when cast
on PEDOT:PSS and CPE-K (Figure S3¢,d) show a similar
feature with that of p-DTS(PTTh,), deposited on Au. The
absence of protonation peaks indicate that in the solar
cell, protonation only occurs at the interface of BHJ layers
and HTLs.

To enable a more in-depth understanding of the
electronic structure at the interface near the anode,?®
UPS measurements (Figure 3a,b) were performed on
p-DTS(PTTh,), films deposited on PEDOT:PSS and
CPE-K as a function of active layer film thickness,
adjusted by solution concentrations. Figure 3¢,d show
the energy diagrams of p-DTS(PTTh,),/PEDOT:PSS and
p-DTS(PTTh,),/CPE-K interfaces analyzed based on the
UPS spectra in Figure 3a,b. In Figure 3a, the spectrum
on the bottom is obtained on a clean PEDOT:PSS sur-
face with an ionization potential (IP) of 5.1 eV, as deter-
mined by the incident photon energy (hv =21.2 eV) for
Hel, E.tofr at the higher binding energy side (left panel),
and Eyomo at the lower binding energy side (right
panel) by using the equation IP = hv — (Ecyrofr —
Enomo)-2>° The Ecurof cOrresponds to the vacuum level
of the film, depending on the film thickness. The UPS
spectrum of the lowest concentration p-DTS(PTTh,),
displays a local vacuum level shift toward the lower
binding energy side. This provides evidence of forming
a weak dipole between the p-DTS(PTTh,), and PEDOT:
PSS. With increasing the thickness, the contribution
from p-DTS(PTThj), to the UPS signal becomes more
dominant, as shown in the top spectrum. In this
situation, the UPS spectrum is dictated by the intrinsic
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Figure 3. UPS spectra of p-DTS(PTTh,), on (a) PEDOT:PSS and (b) CPE-K. From top to bottom are films of p-DTS(PTTh,),
prepared from a 3, 0.5, 0.1, and 0 mg/mL solution. Interfacial energy diagrams of (c) p-DTS(PTTh,),/PEDOT:PSS and (d)

p-DTS(PTTh,),/CPE-K interfaces obtained from the UPS results.

electronic structure of p-DTS(PTTh,),. Consistently, the
vacuum level of PEDOT:PSS first increases by ~0.1 eV
along a few nanometers within the interface and then
decreases toward the vacuum level of p-DTS(PTTh,), as
the film thickness increases (Figure 3c), which may
indicate an interfacial energy barrier formed at
the p-DTS(PTTh,),/PEDOT:PSS interface.?! In contrast,
the energy diagram of the p-DTS(PTTh,),/CPE-K inter-
face in Figure 3b,d shows a monotonic decrease in the
vacuum level of CPE-K toward the vacuum level of
p-DTS(PTTh,), as the film thickness increases. This
result suggests that there are no corresponding inter-
actions or energy barrier at the p-DTS(PTTh,),/CPE-K
interface. Consequently, dissociated charges can
be more efficiently extracted in solar cells with
CPE-K HTL.

Impedance Measurement. These differences in inter-
faces can directly influence the contact properties and
resultant Vy, in solar cells. To probe these parameters,
we performed capacitance (C)—voltage (V) measure-
ments and AC impedance measurements of p-DTS-
(PTTh,),:PC7,BM solar cells containing PEDOT:PSS and
CPE-K HTLs. The V,, is estimated by the voltage corre-
sponding to the maximal capacitance which equals
the flat-band condition. Because of the lack of a well-
defined depletion regime and Schottky contact, the
flat-band voltage can serve as a sound approximation
of the V;,;.2! The C—V characteristics shown in Figure 4a
were attained by applying a low AC perturbation signal
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by sweeping the DC bias under a fixed frequency. A
Vi =0.85 V for the device with PEDOT:PSSHTL and a V},; =
0.94 V for the device with CPE-K HTL were obtained.
These values are consistent with the results estimated
from dark J—V characteristics in Figure 3d. The increase
of V,; is attributed to the eliminated energy barrier,
leading to a higher Vi in p-DTS(PTTh,),:PC;:BM de-
vices with CPE-K HTLs.

Figure 4b shows Nyquist plots of the impedance of
p-DTS(PTTh,),:PC;;BM devices using PEDOT:PSS or
CPE-K HTLs with the frequency swept from 500 Hz to
1 MHz. The data were fit by using equivalent circuit
modeling (ECM) with detailed circuits depicted in
Figure 54.3° For the CPE-K device, an ECM consisting
of a double RC in parallel connection (Model 1) was
applied, where the two capacitors stand for the deple-
tion (Csurface) @and bulk capacitance (Cy i), respectively.
As a result, the ECM yields satisfactory agreement with
the measurements. In contrast, Model | cannot be
satisfactorily applied for the PEDOT:PSS device. We
added an extra RC component connected in parallel
with the depletion capacitance to improve the data
modeling (Figure S4, Model 11).3® This additional RC
component can be ascribed to interfacial traps result-
ing from protonation. With CPE-K HTLs, the suppres-
sion of protonation can lead to the passivation of
interfacial traps.3* This is in line with the results of
XPS and UPS measurements as mentioned above. The
series resistance (R;) of solar cells under the operational
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Figure 4. (a) C 2 versus bias characteristics of solar cells measured in dark. The solid lines are linear fittings used for
Mott—Schottky analysis. (b) Niquist plots of impedance analysis. The data are fitted by the equivalent circuit model I and Il for
CPE-K and PEDOT:PSS devices, respectively (see models in Supporting Information).

condition is obtained from extrapolating ReZ to high
frequencies (left part) in the Nyquist plots. When re-
placing PEDOT:PSS by CPE-K, R, is reduced from 4.5 Q cm?
t0 2.7 Q cm?in p-DTS(PTTh,)»:PC,;BM solar cells, which
benefits the improvement in J;. and FF. The reduced R,
is also well correlated to the higher out-of-plane
electrical conductivity of CPE-K.

Charge Extraction. We further investigate the influ-
ences of HTLs on the hole extraction by hole-only
diode measurements based on p-DTS(PTTh,),:PC;,BM
blends using a structure of ITO/HTLs/p-DTS(PTThy),:
PC;,BM/Au. The J—V characteristics were fit by the
Mott—Gurney law (the space-charge limited current
model, SCLC),** 7

J = 9e,e0u(V — Viyi)?/8L3 )

where ¢,&, is the dielectric constant of the active layer,
u is the mobility, and L is the thickness of the active
layer. As shown in Figure 5, the hole current of the
device with PEDOT:PSS (plotted in a double log scale)
shows a limited range of quadratic voltage depen-
dence and displays a stronger bias dependence, parti-
cularly at higher bias. This feature is consistent with the
formation of injection limited current. We estimate the
effective hole mobility by applying the SCLC model,
yielding an effective mobility of 1.2 x 107" cm? V"' s~
With the hole injection barrier confirmed by UPS, the
determined hole mobility should be contact-limited
and thus cannot directly reflect the bulk transport
properties in p-DTS(PTTh,),:PC;:BM. In the CPE-K de-
vice, the hole current is much higher than that of the
PEDOT:PSS device based on the same thickness of
active layers. Importantly the current voltage charac-
teristic exhibits a large range of quadratic dependence.
By using the SCLC model, we attain a hole mobility of
1.5 x 107> cm? V™' s, an enhancement of nearly 2
orders of magnitude due to achieving an Ohmic inter-
facial contact between CPE-K and p-DTS(PTTh,),:
PC7:1BM active layer. With the improved hole extrac-
tion, more balanced charge transport in the solar cell
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Figure 5. J—V characteristics of hole-only devices using a
configuration of ITO/CPE-K (or PEDOT:PSS)/active layer/Au.
The solid lines represent the best fitting with the SCLC
model.

with CPE-K is achieved. This can lead to increased J,
and FF in CPE-K devices by restricting the buildup of
space charges, such that charge recombination is
effectively reduced.®®

CONCLUSION

In conclusion, a pH neutral conjugated polyelectro-
lyte CPE-K has been successfully applied for hole
transporting layers in p-DTS(PTTh,),:PC,;BM BHJ solar
cells. A 60% enhancement in device efficiency has
been achieved when compared with devices using
PEDOT:PSS HTL. The increased built-in voltage of the
device using CPE-K HTLs results in a larger open-circuit
voltage, which is due to the elimination of an interfacial
phenomena by obviating protonation of the basic PT
group in p-DTS(PTTh,), at the interface between the
HTL and the BHJ active layer. The decrease in series
resistance and the enhancement of hole extraction
capability lead to improving the short-circuit current
density and fill factor in CPE-K solar cells. These results
not only demonstrate the possibility of incorporating a
pH neutral conjugated polyelectrolyte to enhance the
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solar cell performance based on donor materials with
Lewis basic functionalities, but also provide insights

METHODS

Device Fabrication. DTS(PTThy), (p-DTS(PTTh,),) was pur-
chased from 1-Material Chemscitech Inc. (St-Laurent, Quebec,
Canada) and used as received. Detailed synthesis of CPE-K was
reported elsewhere. The device structure was ITO/PEDOT:PSS-
(or CPE-K)/p-DTS(PTTh,),:PC;1BM/AL. A thin layer (~30 nm) of
PEDOT:PSS (Baytron PVP Al 4083) was spin-coated onto a
cleaned ITO surface and annealed in air at 140 for 10 min. Then,
blend films of p-DTS(PTTh,),:PC;,BM were cast from a solution
with concentration of 40 mg/mL and p-DTS(PTTh,),:PC;,BM
ratio of 7:3 in chlorobenzene/1,8-diiodoctane (0.25 vol %) mixed
solvent at 2000 rpm for 40 s. CPE-K was dissolved in water/
methanol mixture solvent with concentration of 5 mg/mL and
the fabrication of CPE-K HTL was similar to that for PEDOT:PSS.
The devices were completed after deposition of 100 nm Al as
cathode (4.5 mm?). Devices were encapsulated for testing in air
with a UV-curable epoxy and covered with a glass slide.

Characterization and Measurement. Current density—voltage
(J—V) characteristics of the devices were measured by a Keithley
2400 Source Measure Unit, and a Newport Air Mass 1.5 Global
(AM 1.5G) full spectrum solar simulator with an irradiation inten-
sity of 100 mW cm~2. In all cases a circular aperture (3.98 mm?)
was used for obtaining the current—voltage curves. The
100 mW cm ™2 spectrum of incident light was spectrum and
intensity matched with an Ocean Optics USB4000 spectrometer
calibration standard lamp with NIST-traceable calibration from
350 to 1000 nm. External quantum efficiency (EQE) spectra were
measured using a 75 W Xe lamp, Newport monochromator,
Newport optical chopper, and a Stanford Research Systems
lock-in amplifier. Power-density calibration was done with a
National Institute of Standards and Technology traceable silicon
photodiode.

The XPS and UPS measurements were performed in a
Kratos Ultra spectrometer (base pressure of 1 x 10—9 Torr)
using monochromatized Al Ko X-ray photons (hv = 1486.6 eV f
or XPS) and a Hel (21.2 eV for UPS) discharge lamp. The
capacitance—voltage measurement and the AC impedance
measurements were conducted using an Agilent 4192A im-
pedance analyzer. The AC impedance measurements were
done in Z—60 mode by varying the frequency (f) from 500 Hz to
1 MHz, and a fixed AC drive bias of 25 mV. A constant DC bias
equal to the open-circuit voltage of the solar cell device was
applied, superimposed on the AC bias. SCLC measurements for
p-DTS(PTTh,),:PC;,BM devices were explored in configuration
of ITO/CPE-K (or PEDOT:PSS) /active layer/Au for hole-only
device.
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into the effect of interfacial interactions on device
performance and device physics.

This material is available free of charge via the Internet at
http://pubs.acs.org.
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