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ABSTRACT

The interfacial materials play a critical role on the photoelectric conversion properties as well
as the anomalous hysteresis phenomenon of the perovskite solar cells (PSCs). In this article, a
water soluble polythiophene PTEBS was employed as a cathode interfacial material for PSCs.
Efficient energy level aligning and improved film morphology were obtained due to an ultrathin
coating of PTEBS. Better ohmic contact between the perovskite layer and the cathode also
benefits the charge transport and extraction of the device. Moreover, less charge accumulation at
the interface weakens the polarization of the perovskite resulting in a relatively quick response of
the modified device. The ITO/PTEBS/CH,;NH,Pbl./spiro-MeOTAD/Au cells by an all low-
temperature process achieved power conversion efficiencies of up to 15.4% without apparent
hysteresis effect. Consequently, the utilization of this water soluble polythiophene is a practical
approach for the fabrication of highly-efficient, large-area and low-cost PSCs, and compatible

with low-temperature solution process, roll-to-roll manufacture and flexible application.

1. INTRODUCTION

Perovskite solar cells (PSCs) became one of the most attractive topic in new-generation solar

cells over the past 5 years. Inorganic-organic perovskites, for example CH,NH,Pbl; and



CH,NH,PbI, ,Cl,, exhibit very excellent optoelectronic properties, such as the intensive light
absorption in the whole visible spectrum, very long carrier diffusion length and suitable band
structure.'” Consequently, the power conversion efficiency (PCE) of PSCs has dramatically
increased to the certificated 22.1% at warp speed.* Much efforts have been made to control the
film morphology”” or develop novel materials®’, and significate improvements are achieved for
PSCs with better performance as well as high stability.'""

The interfacial material is essential as the electron transport material (ETM) or hole
blocking material (HBM) between the electrode and the perovskite layer to guarantee efficient
charge transport and extraction.'>"” Otherwise, a large energy band offset of above 0.5 eV would
arise if the perovskite layer is directly deposited onto the electrode, which would cause serious
charge accumulation at the interface. Besides, the hysteresis effect, especially for the planar
architecture, is closely related to the interfacial materials, because the charge accumulation at

interfaces and its capacitive were reported as one of the origins of this effect.'*'

TiO, is the most widely-used ETM and HBM, and its mesoporous framework is usually
employed in the state-of-the-art PSCs.>'>"" It generally requires a relatively high temperature
sintering process (> 450°C), which will severely increase the fabrication cost and be
unfavourable for the flexible application.'® Therefore, intensive techniques for the preparation of
traditional n-type metal oxides were exploited to realize low-temperature solution deposition.'*?
Over 15% of PCE was obtained by using TiO, particles and ZnO particles as the ETM under

150°C."*' SnO, shows even advanced properties, by which exceeding 20% PCE was achieved in

a (FAPbL,), o;(MAPbBT,), ; cell.”



Except for metal oxides, alcohol/water soluble conjugated polymers and polyelectrolytes act
as the most universal and effective approach for organic solar cells, which are also able to
modify the energy level of the contact for PSCs by low-temperature solution deposition.” The
advantages of these polymeric interfacial materials include good solubility in environmentally
friendly solvents, excellent interface modification properties, and the feasibility of the printing
technique. PEIE was used to reduce the work function (W.F.) of ITO followed by the deposition
of TiO, layer as the electron selective layer (ESC), which significantly improved the electronic
properties of the device with a remarkable high PCE.** Hybrid composite film of the PFN-OX
and ZnO was utilized as ESC, and the corresponding PSCs exhibited a PCE of over 16%.”
However, the above polymeric interfacial materials were not able to perform well without the
metal oxide. In addition, despite of their solubility in alcohol/water, themselves suffer from the
complexity and difficulty of the synthesize routes, which would cost abundant of organic solvent

and thus be environmentally unfriendly during the synthesis process.””°

In this article, a simple polythiophene derivative, sodium poly[2-(3-thienyl)ethyloxy-4-
butylsulfonate] (PTEBS), is functioned as the cathode interfacial material for perovskite solar
cells individually. (Figure 1a, 1b) As expect, favorable energy level alignment and improved
interface properties of the modified electron selective contact arises to facilitate the electrons
transferring and collecting.” Over 15% of PCE was achieved in CH;NH,Pbl, based PSCs using
PTEBS. Suppressed hysteresis phenomenon is observed due to the reduced charge accumulation
at the modified interface. The ionic functionalities give PTEBS advantages such as excellent
solubility in water/alcohol (>20 mg/ml) solution and effective ability of interfacial modification
via an ultrathin coating. It should also be mentioned that PTEBS can be not only dissolved in

water/alcohol but also synthesized in water solvent easily, which meets the economic and



environmental demands for the practical application.””** This work provides a practical candidate
of highly-efficient interfacial materials for large-area, low-cost and flexible PSCs, which allows

the construction of devices via low-temperature solution process including printing techniques.
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Figure 1. (a) The relative energy level diagram of the perovskite solar cell before and after
interface modification with PTEBS; (b) The chemical structure of PTEBS; (¢) The work function

of PTEBS coated ITO from solutions with various PH.

2. EXPERIMENTAL SECTION

Device Fabrication. Indium doped tin oxide (ITO) glass was cleaned sequentially via
detergent, water, acetone, and 2-propanol under ultrasonication for 15 min, and then treated with
O, plasma for 15 min. 2mg of PTEBS (American Dye Source, Inc.) was dissolved in a 10 mL
mixed solution of 2-propanol and ultrapure water (1:2). The PH value was controlled by adding
appropriate amount of NaOH or HCI. The interfacial material was deposited on the ITO glass by

spin-coating the solution at 4,000 r.p.m. for 30 s, then the film was dried at 110 °C for 20 min.

The perovskite layer was fabricated by sequential deposition in the atmosphere
(humidity<40%). The precursor film was deposited by spin-coating of 1M Pbl, (99.999%, Alfa

Aesar) in DMF at 6000 r.p.m. that was kept at 70 °C. After drying at 70 °C, the films were dipped



into a 10mg/mL solution of CH;NH,I in 2-propanol (99%, Fisher) kept at 50 °C for tens of

seconds, then dried at 90 °C for 30 min.

A solution of 22°)7,7°-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
MeOTAD)/chlorobenzene (72.3 mg/mL) with 28.8 uL 4-fert-butylpyridine, and 17.5 pL Li-
TFSI/ acetonitrile (520 mg/mL) was spin-coated at 3500 r.p.m. for 60 s as the standard HTM.
Finally, 80 nm Au was thermally evaporated under vacuum to act as the cathode. The active area

of the device is determined by a mask of 0.0314 cm’.

For planar devices with the structure of FTO/TiO,/Perovskite/spiro-MeOTAD/Au, the clean
steps of FTO, perovskite film forming method, deposition of spiro-MeOTAD and Au are the
same as the ITO mentioned above. A compact TiO, layer was prepared by spin-coating at 4,000
r.p.m. for 30 s using 0.15 M of titanium diisopropoxide bis(acetylacetonate) (75 wt. % in
isopropanol, Aldrich) in I-butanol, dried at 125 °C for 5 min, then repeated with 0.3 M of
titanium diisopropoxide bis(acetylacetonate) solution, finally baked at 500 °C for 15 min. Then,
the resultant TiO, film was immersed into a 40 mM TiCl, aqueous solution at 70 °C for 30 min,
washed with deionized water and ethanol, then baked at 500 °C for 15 min.

Measurements. I-V curves were measured by using Keithley 2611 source meter under
simulated sunlight from Oriel 300 solar simulator. The photovoltaic parameters were all obtained
by reverse scanning direction from 1.2 V to -0.1 V at the rate of 0.1 V s™' under 100 mW cm™
simulated AM1.5G irradiation if there is no specific illustration. IPCE was measured by using a
lock-in amplifier coupled with a monochromator and 500 W xenon lamp (Crowntech, Qtest
Station 2000). Both the systems were calibrated against a certified reference solar cell. All the
measurements of the solar cells were performed under ambient atmosphere (20%-40% humidity)

at room temperature (20-25°C) without encapsulation. The absorption spectrum was recorded



with UV-visible spectrophotometer (Agilent 8453). The morphology was measured using
scanning electron microscope (SEM) (HITACHI 4300). The energy levels were determined by
ultraviolet photoelectron spectroscopy (UPS). Electrochemical impedance with the range of 0.1
Hz-1 MHz was performed by PGSTAT302N (Autolab Corp., Switzerland) at the bias of the
respective open-circuit voltage under 1 sun illumination. The model and fitting data was obtained

by Z-View Analyst software.

3. RESULTS AND DISCUSSIONS

To investigate the role of PTEBS, an ultra-thin coating was deposited on ITO by spin coating
from the aqueous/alcohol solution. The W.F. of PTEBS coated ITO films were measured by
ultraviolet photoelectron spectroscopy. Since the conformation of the ionic polymer and its
energy level can be adjusted by the PH of the solvent, three PH of solutions were adopted to test
their different impacts on the W.F.*” As shown in Figure 1c, there is an obvious shift of the W_F.
after the deposition of PTEBS. By coating ITO with PTEBS from the acid aqueous solution
(PH=5) and alkaline aqueous solution (PH=9), the W.F. downshifts to 4.44 eV and 4.47 eV,
respectively. Meanwhile, the ITO/PTEBS film from a neutral aqueous solution (PH=7) exhibits
an upshifted W.F. of 4.28 eV.0.12 eV closer to the vacuum level than that of pristine ITO results
in a favourably shrinking energy difference with the LUMO energy level of CH;NH,Pbl;. It can
be deduced that the neutral PTEBS is primarily responsible for the interactions with ITO, which
form the interface dipoles resulting in the shift of W.F. When the PTEBS in the ionization
environment of acid or alkali, the changes of electronic properties and molecule confirmation
and aggregation might cause the inversion of the direction of the interface dipole.”®”' The energy

difference would affect the electron transfer from absorber layer to the cathode and the charge



accumulation at the interface, so that the performance of the solar cells can be manipulated

dramatically, which will be discussed in the following.

) ITOIPETBS(PH:S)PVK

Figure 2. Top-view SEM images of the perovskite (PVK) crystals on substrates with different

interfacial materials.

A 250nm-thick CH,;NH,Pbl, layer was deposited on the PTEBS coated ITO substrates by
sequential deposition according to the reported procedure.” The scanning electron microscope
(SEM) images were used to observe the morphology of the perovskite crystals. As shown in
Figure 2, perovskite crystals on ITO and ITO/PTEBS(PH=7) exhibit uniform grain size of round
200 nm simultaneously, while distributed pinholes cannot be neglected in the perovskite film on
bare ITO substrate. Slightly larger CH;NH,Pbl, crystals on the ITO/PTEBS substrates from the
acid and alkaline solutions were observed with the grain size of 300 nm and 350 nm, respectively.
Much looser arrangement of them indicates the dropped affinity of the substrates. It is obvious

that a large area of the substrate is exposed in these two samples, which will cause server



recombination of the holes in the hole transporting layer and the electrons in the contact.
Interestingly, the perovskite crystals formed a fully-covered dense film on the ITO/PTEBS(PH=7)
in the absence of pinholes (SI Figure S1). The crystals are merged compactly in the bottom with
a highly-textured surface, on account of which, the photons can be utilized more effectively and

the energy loss would be suppressed to a great degree.”

The UV-vis absorption spectra of the perovskite/interface material/ITO films are displayed in
Figure S2. Since tiny amounts of the interfacial materials are deposited, the absorbance of them
are all below 0.05 in the visible region and negligible to the absorption of the perovskite. Distinct
absorptions are detected for the target films in the region of 500 nm-800 nm, and stronger
absorptions were found for the films with PTEBS. It can be attributed to the larger perovskite
crystals on PTEBS(PH=5,9) and full-covered perovskite on PTEBS(PH=7). Almost equivalent
absorbance at 380 nm of the films implied the same amount of Pbl, precursor on the different
substrates, indicating that the morphology difference may occur during the reaction process in
the sequential deposition. In the sequential deposition process, the nucleation and crystal growth
occurred immediately when the Pbl, film contacted with the MAI solution. Different ionic
properties of the PTEBS surface from different PH solution would affect the interionic distance
on the surface, corresponding to distinct nucleation density and surface affinity. Moreover, when
the perovskite crystals are growing, the excess ions in the PTEBS(PH=5) and PTEBS(PH=9)
might be partially freeing into the solvent adjacent to the subtract as a kind of ionic impurity.
Consequently, the crystal growth rate has also been adjusted. As a result, rapid crystal growth
rate and decreasing affinity of the substrate are responsible for the reduced coverage in the acid

and alkali cases causing by the enlargement of crystals accompanying with the agglomeration. **
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Figure 3. The photovoltaic parameters of the perovskite solar cells based on different interface

materials. Each data point represents the average of a set of at least 10 individual devices.

Then, planar perovskite solar cells based on the structure of ITO/PTEBS/CH,NH,Pbl,/spiro-
MeOTAD/Au were fabricated. As a comparison, simplified devices without the interfacial
material were also studied. The average performances under 100 mW cm™ simulated AM1.5G
irradiation are shown in Figure 3 and listed in Table 1. The average PCE of the simplified W/O
device is 7.16%, with an average short-circuit current (J) of 19.78 mA cm?, an average fill
factor (FF) of 0407, and an average open circuit voltage (V,.) of 0.889 V. By using
PTEBS(PH=5) and PTEBS(PH=9) to modify the interface, even worse performance was
observed with a low average PCE of 2.35% and 1.83%, respectively. Interestingly, significant
improvements are achieved in the device containing PTEBS(PH=7) with a relatively high
average PCE of 14.3%, J. of 21.23 mA c¢cm?, V,, of 1.038 V, and FF of 0.651. Note that the
parameters of these devices exhibit highly consistent with the W.F. of the ESCs (Figure 3),

demonstrating the validity of the energy level engineering for increasing the device performance

of PSCs.
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Table 1. The average and the best photovoltaic performances of the devices. The averages came

from a set of at least 10 individual devices.

V.. Jee FF PCE R, R,

Device V) (mA cm?) (%) (Qecm?) (SPCTnZ)

average 0.889+0.021 19.78+0.45  0.407£0.016 7.16+£0.46  22.1+2.3 372469
W/0
best 0.893 20.74 0.422 7.81 19.8 333

average  0.634+0.039  15.89+1.42  0.230+0.030 2.35+0.58 48.2+12.3  51.9+13.1
PTEBS(PH=5)
best 0.671 18.33 0.277 3.40 33.1 76.1

average 1.038+0.020  21.23+0.63  0.65130.029 14.3+0.60 6.18+0.95 675424
PTEBS(PH=7)
best 1.026 21.79 0.690 15.4 5.95 700

average 0.663+0.035  14.20+1.56  0.19140.029 1.83+0.49 52.7+102  39.648.4
PTEBS(PH=9)
best 0.713 16.50 0.226 2.66 37.9 43.0

Highly efficient perovskite solar cells require the perovskite film composed of highly-
qualitied large crystallites as well as with a full coverage on the substrate. Neither can
be dispensable.””** The former guarantees efficient light absorption and fast carrier transfer in
the perovskite film; The latter prevented the recombination of the holes in spiro-MeOTAD and
the electrons in ITO/PTEBS film. In the PTEBS(PH=5) and PTEBS(PH=9) cases, the bareness
of the substrate between loosen arranged crystallites causes serious charge recombination and
energy loss in the devices. It is well known that V. is determined by the quasi-Fermi level
difference between the hole selective layer and the electron selective layer. The introduction of
PTEBS(PH=7) reduces the W.F. of the ESC. Thus, the average V,. of PETBS(PH=7) devices
reaches 1.038 V, which is quite high for CH;NH,Pbl,based devices. The optimal perovskite
morphology minimizing the charge recombination in devices should be another important factor

to reach such high V_.. The modified ESC also formed a better ohmic contact at the interface in

11



the light of decreased serious resistance (R,) and increased shunt resistance (R,,) (Table 1).” The
best performed PETBS device reaches a PCE of 154%, a J. of 21.79 mA cm™, V,, of 1.026 V,

and FF of 0.690.

It’s believed that PTEBS performs as the interfacial modifier, instead of the electron
transporting material. Firstly, the work function of the ITO/PTEBS substrate is quite different
with the LUMO energy level of PTEBS itself,” because the thickness of the PTEBS coating
should be below 2 nm in our cases.” Therefore, the coating of PTEBS on the ITO cannot form a
complete layer of film with such thin thickness. Secondly, PTEBS is used to be the electronic
donor in the reported organic solar cells and almost an insulating polymer.” Devices with a
slightly thicker PTEBS displayed a precipitous decline of FF (Figure S3), representing a

dramatic increase of the serious resistance.

Moreover, the devices employing PTEBS also show excellent stability and reproducibility. (SI
Figure S4, S5) Further enhancement for the performance of the PTEBS based device should be

built on the optimal composition of the perovskite.
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Figure 4. |-V curves and performances of perovskite (PVK) solar cells by reverse and forward

scanning directions at the rate of 0.1 V s’
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As to a planar PSC, the hysteresis is an important concern. Hence, we investigated the
performance difference of the devices by reverse and forward scanning directions (Figure 4). As
a comparison, device with the most common election selective layer of TiO, was also fabricated.
We tested the PTEBS(PH=7) device with a representative PCE of 15.0% by reverse scan, of
which the I-V curve is almost coincided with that by forward scan with a PCE of 14.8%.
However, both the simplified W/O devices and TiO, device show pronounced hysteresis

phenomenon as seen in Figure 4b, caused by the huge mismatches on FF and V,

oco

respectively.
The different hysteresis behavior demonstrates that the interfacial material plays a vital role on
the hysteresis effect. The hysteresis behavior is also reflected in the incident photon-to-current
efficiency (IPCE) spectrum (SI Figure S6). For the PTEBS(PH=7) device, the current density of
20.33 mA cm? calculated from the IPCE is in good agreement with 20.67 mA ¢cm™ by I-V curve.
At the same time, an extremely large mismatch of 2.20 mA cm™ of current density is found for

the W/O device.
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Figure 5. (a) The equivalence circuit for fitting the impedance response using the Debye
relaxation model. Nyquist plots and bode plots (the insertion) of perovskite solar cells with
different interface materials measuring (b) in the dark and (c) under 1 sun illumination at the

respective V..

To further study the functions of PTEBS, the electrochemical impedance spectrum (EIS)
was performed to reflect the charge transport and accumulation process and how it suppresses
the anomalous hysteresis behavior. According to the Debye relaxation model, the high-frequency

region is mainly suggested to the interface charge between the perovskite and the charge-
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selective contact; the low-frequency region, which represents a slow dynamic, is the response
from the dielectric polarization of the perovskite material or the ion immigration.”” We used the
equivalent-circuit to describe these features, including the series resistance (R,), the interfacial
), the dielectric relaxation

recombination resistance (R,.), the selective contact capacitance (C

TEC. con

resistance (R,,) and the dielectric contact capacitance (C,,) (Figure 5a).'®

Table 2. The values of fitted parameters from the EIS.

Condition Device Rs Rree Ceon Rar Car

(Qecm?)  (Qecm?) (Feem™?)  (Qecm?) (Fecm™)

W/0 34.3 561 8.85x10” - -

Dark PTEBS(PH=7)  40.5 1.52x10°  1.05x10° - -

TiO, 51.8 1.18x10°  9.39x10” - -
W/0 36.4 287 1.03x10° 464 1.68x10
Ilumination PTEBS(PH=7)  42.8 130 1.61x10® 222 1.38x10™
TiO, 53.6 280 1.06x10° 217 5.83x10™

The measurement was firstly taken in the dark at the respective V.. The arc was found in the
high-mid frequency relating to the charge transport at the perovskite/ESC interface (Figure Sb).
A large R, represents that the charge recombination can be restrained more effectively for
PTEBS(PH=7) device (Table 2).° Distinct features in the low frequency area representing
negative capacitance are observed for W/O and TiO, device, whose origin is still under
debate.'®”” But in our case, we believe the more serious inductive behavior in the EIS may
correspond to the more pronounced hysteresis phenomenon. Two arcs were found in the
spectrums under 1 sun illumination (Figure Sc¢). R, and C, regarding the slow dielectric
relaxation in the low-frequency region are proposed to associate with the hysteresis behavior,
and can be used to describe the electric polarization in the perovskite adjacent to the ESC. Table
2 shows the values of fitted parameters. Lower values of R, and C,, for PTEBS (PH=7) device
than those of the W/O device intimated the weaker polarization of the perovskite, and the

polarization can be released more easily. The R, values of PTEBS (PH=7) device and the TiO,

15



device are very close, but the value C,, of the latter device is much larger than the former, which
reveals the intensive charge accumulating at the perovskite/TiO, interface. Accordingly, we
assumed that PTEBS likely impairs the charge accumulation and relating electric field at the
perovskite/ESC interface. Thus, weaker electric polarization contributes to the hysteresis

resulting in a quicker response of PTEBS devices. '

4. CONCLUSIONS

In summary, a water-soluble polythiophene, PTEBS, was developed as a novel cathode
interfacial material for planar perovskite solar cells. Owing to the modified n-type contact, better
energy level alignment and optimized morphology of perovskite crystals contribute to the
significant performance improvement for CH,NH,Pbl; based cells with the highest PCE
exceeding 15%. Besides, the anomalous hysteresis effect can be eliminated to a large degree due
to less charge accumulation at interface. This work provides a valid interfacial material for the
construction of large-area, low-cost and flexible PSCs, which allows for low-temperature

solution methods and roll-to-roll manufacture.
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A water soluble polythiophene, PTEBS was employed as an efficient interfacial material for

planar perovskite solar cells by an all low-temperature process without apparent hysteresis effect.
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