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Abstract: The purity of the perovskite material is of paramount importance as it determines the opto-
electronic properties and, hence, the device performance. However, the error during the experiment
and incomplete crystallization is inevitable, leading to a low quality. Here, two p-type polymers
were designed to template the crystallization of perovskite to obtain perovskite films with higher
crystallinity and higher phase purity. The polymers at the perovskite/transport interface could also
improve the charge transfer and, thus, the device performance. In this study, the highest efficiency
device achieved an efficiency value of ~19% with improved open-circuit voltage and fill factor.

Keywords: templated crystallization; interface; perovskite; solar cells

1. Introduction

Due to the solution-processability and high performance, perovskite solar cells (PSCs)
are the “rising star” in the photovoltaics field. The power conversion efficiency (PCE) of
PSCs has rapidly increased from 3.8% to 25.5% in less than 15 years [1,2]. Most state-of-the-
art PSCs are solution-based and low-temperature compatible (<100 °C), promoting low-cost
commercialization possibilities. In a solar cell, charge carrier generation, collection, and
transport layers are stacked together. The transport layers and the interfaces significantly
influence the carrier transport and collection, which are significant for performance. Defects,
especially defects at the interface, are among the most critical factors for the stability
of PSCs.

Additives, such as polymers and conjugated molecules, including fullerenes, are
widely used in anti-solvent treatment, mainly for defect passivation, optimizing the nu-
cleation and growth of the perovskite film, and a more desired interface between per-
ovskite and the transporting layer [3]. For example, Grétzel et al. introduced poly(methyl
methacrylate) (PMMA) as a template to control nucleation and crystal growth of perovskite
to achieve high electronic quality films; thus, a certified PCE of 21.02% under the stan-
dard AM 1.5G reporting conditions was achieved [4]. p-type conjugated polymers, such
as poly[(2,6-(4,8-bis(5-(2-ethylhexyl) thiophen-2-yl)-benzo[1,2-b:4,5-b’] dithiophene))-alt-
(5,5-(1',3'-di-2-thienyl-5’,7’-bis(2-ethylhexyl) benzo[1’,2'-c:4’ 5'-¢'] dithiophene-4,8-dione))]
(PBDB-T) [5], poly(bithiophene imide) (PBTI) [6], and dithienobenzodithiophene-based
m-conjugated polymer PDTBDT-FBT [7] were also introduced during the anti-solvent pro-
cess, which could passivate the perovskites. These conjugated polymers could also help to
realize ultrafast charge transfer at the interface due to the cascade energy level landscape.
Furthermore, ionic migration at the interface of PSCs limits the efficiency of PSCs [8-11].
Ion migration, either to the perovskite/electron transport layer (ETL) or perovskite/hole
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transport (HTL) interfaces, may result in undesirable reactions between I~ and the trans-
port layers or metal electrode. Carrillo et al. found that a neutral spiro-OMeTAD™ iodide
complex will be formed by a chemical reaction between the oxidized spiro-OMeTAD*
and I ions [12]. The conductivity of HTLs and the device performance will decrease by
the irreversible chemical reactions at the perovskite/spiro-OMeTAD interface. The local
contact potential distribution at the oxidized spiro-OMeTAD layer after light illumination
will change because of the reaction [13]. Kim et al. found that the oxidized spiro-OMeTAD*
and I~ ions could also be activated to react with a temperature of >85 °C [14]. The mobile
I~ ions could also react with metal electrodes, such as silver [15]. Kato et al. found that
silver electrodes of MAPbI; cells will turn yellow within days. They proposed that Ag
will migrate across the spiro-OMeTAD layer through pinholes and react with MALI to form
Agl [15].

Hence, in this work, p-type polymers, based on carbazole and triphenylamine, were
designed to template crystallization of perovskite film, and isolate the ions from the spiro-
OMeTAD and electrode at the same time. Excess lead iodide decreases and the crystallinity
increases, indicating higher film quality with less defects. The device efficiency improved
with polymer-templated crystallization. The highest efficiency device shows an efficiency
of 19.15% with PTPA-mCP templated crystallization from 17.79% for the control device.

2. Experimental
2.1. Fabrication of Perovskite Solar Cells

Au was ordered from LUOHONGKEJI (Shijiazhuang, Hebei, China). DMF and DMSO
were purchased from Sigma-Aldrich (Beijing, China). Unless otherwise specified, other
chemicals in this article were ordered from Xi’an Polymer Light Technology Corp. (Xi'an,
Shaanxi, China), and no further purification was conducted before use. A device structure
of FTO/SnO/triple-cation perovskite/spiro-OMeTAD/Au was used to fabricate solar
cells. The substrates were washed by ultrasonication in deionized water, acetone, and
isopropanol sequentially. UV-Ozone further treated the substrates for 15 min, and the
SnOy layer was deposited by chemical bath deposition (CBD) as ETL. In the chemical bath
solution, tin chloride dihydrate (SnCl,-2H,0) (0.02 g), urea (0.05 g), mercaptoacetic acid
(1 pL), and hydrochloride acid (HCI, aq 37%) (50 uL) were added into ultra-pure water
(80 mL) in a bottle, and shook for 10 min. The cleaned FTO substrates were immersed into
the prepared solution and then transferred into the oven at 75 °C for 4 h. The samples were
annealed at 180 °C for one hour and treated by UV-Ozone for 15 min. The perovskite pre-
cursor was prepared with a composition of Csg o5(FA085MAg.15)0.95Pb(Io.85B10.15)3. Firstly,
Csl was dissolved in DMSO (1.5 M), Pbl, and PbBr; solutions (1.5 M) were prepared
independently in a mixture of DMF/DMSO (v/v = 4:1). FAPblz and MAPbBr3 precur-
sors (1.24 M) were prepared by adding an appropriate volume of Pbl, and PbBr; and an
appropriate volume of DMF:DMSO into FAI and MABr. The MABr:PbBr; and FAIL:Pbl,
ratio was 1:1.09. FAPbI; and MAPbBr; perovskite solutions were mixed at 85:15 (v/v),
and 5% Csl solution was further added into the solution to get the desired triple cation
perovskite precursor. The PCz-mCP and PTPA-mCP solutions were prepared in toluene
with a concentration of 0.1 mM, which were used as anti-solvent (60 nuL) for perovskite film
deposition. The perovskite films were annealed on a hot plate at 100 °C for 40 min. Spiro-
OMeTAD solution in chlorobenzene was prepared with a concentration of 28.4 mM. LiTFSI
(lithium bis(trifluoromethanesulfonyl)imide) and FK209 Co(III) TFSI (tris(2-(1H-pyrazol-1-
yl)-4-tertbutylpyridine)cobalt(IlI) tri[bis(trifluoromethane)sulfonimide]) were prepared in
acetonitrile with the concentration of 0.2 and 1.8 M, respectively. LiTFSI (8.8 mL), FK209
(14.5mL), and tBP (4-tert-Butypyridine) (14.4 mL) were added into spiro-OMeTAD solution
(1 mL). Then, the solution was deposited on the top of perovskite to form the hole transport
layer by spin-coating at 1800 rpm for 30 s. The samples were transferred into a dry air box
for 24 h before the deposition of 80 nm Au.
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2.2. Characterization

The J-V curves of solar cells were measured with a Wavelabs Sinus-70 LED class
AAA solar simulator (Suzhou, Jiangsu, China) and the measurement was conducted in
air with a Keithley 2400 SMU (Beijing, China). The light intensity was calibrated with
a Fraunhofer ISE Silicon reference cell (Freiburg, Germany). The active device area was
0.144 cm?. XPS measurements were conducted by a Kratos AXIS Untraded ultrahigh
vacuum (UHV) surface analysis system (Santa Clara, CA, USA), and the binding energy of
C1s (285.00 eV) was used as the reference. The absorbance spectra were measured with a
UV-vis spectrophotometer (PerkinElmer Lambda 750) (Santa Clara, CA, USA). Scanning
electron microscope (SEM) images were collected through a field emission SEM (Quanta
200 FEG, FEI Co.) (Hillsboro, OR, USA). X-ray diffraction (XRD) patterns were performed
by a PANalytical 80 equipment (Empyrean, Cu Ka radiation) (Shanghai, China). The steady-
state photoluminescence (PL) spectra were acquired using Horiba Jobin-Yvon LabRAM
HR800 (Beijing, China) and excited at 480 nm. Fourier Transform Infrared (FTIR) spectra
were conducted on a BRUCK Tensor II FTIR spectrometer.

3. Results and Discussion

In this study, two polymers named PCz-mCP and PTPA-mCP were designed (Figure 1).
Carbazole (Cz) and triphenylamine (TPA)-based molecules were considered because
Cz derivatives, such as 2PACz [16] and poly-N-vinylcarbazole (PVK) [17], and TPA
derivatives, such as poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine (PTAA) [18] and
spiro-OMeTAD [19], are the most widely used HTMs in PSCs. Moreover, an electron
transport functional group, triazole, was added in the branch, and the unit 1,3-bis(9H-
carbazol9-yl)benzene (mCP) onto the pre-obtained triphenylamine-carbazole alternating
copolymers [20]. As the buffer layer at the interface, the p-type polymers include an
electron transport group, and could avoid molecular polarization during device-working,
which would help the device keep stable for a long time [21]. The triple-cation perovskite
(CSO.05(MA0~15FA0.85)0.95Pb(10.85Br0.15)3) was used as the absorber.

Figure 1. Molecular structures of (a) PCz-mCP and (b) PTPA-mCP.

In Figure 2a, we find that the peak at ~14.4° is significantly higher for the polymer-
templated crystallized films. The peaks at 11.6° and 12.7°, which correspond to the 5-phase
of FAPbI; and Pbl,, disappeared with polymer-templated crystallization, indicating a
superior phase purity with PCz-mCP and PTPA-mCP templated crystallization. This
may be attributed to the lower free energy barrier of nucleation with polymers in the
antisolvent, which facilitates the heterogeneous nucleation. FA-based perovskites could
not completely convert into the photoactive x-phase [22]. Moreover, the absorption spectra
in Figure 2b shows that the absorb intensity slightly changed from control to PCz-mCP and
PTPA-mCP templated crystallization, without changing the maximum absorbance edge.
This suggests a slightly light absorbance change, but has no influence on the bandgap.
FTIR spectra were performed to investigate the interaction between interface polymers and
the perovskite by analyzing vibrational modes. According to Tobias Glaser et al. [23], the
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peaks showed no difference (see Figure 2c) when the perovskite film underwent templated
crystallization with polymers, which means that the polymers did not affect the ionic
motion (such as methylammonium vibrations). From the top view SEM images, we can
see that the perovskite films with polymer-templated crystallization are smoother than the
control film, due to the higher purity (Figure 2d-f).
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Figure 2. (a) XRD pattern of PCz-mCP and PTPA-mCP modified perovskite films; (b) normalized UV-vis curve and (c) FTIR
spectra of control and modified perovskite film with PCz-mCP and PTPA-mCP; top-view SEM images of perovskite films:
(d) control, (e) PCz-mCP, and (f) PTPA-mCP modified films.
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Figure 3a shows the photoluminescence (PL) spectra of the perovskite films with or
without polymer-templated crystallization. We can see that the PL intensity decreases
with polymer-templated crystallization, which may be attributed to a more efficient charge
transfer between perovskite and transport layers. Time-resolved photoluminescence spec-
troscopy (TRPL) shown in Figure 3b also indicates the more efficient charge transfer
between perovskite films and transport layers with polymer-templated crystallization.
PTPA-mCP modified perovskite film shows the shortest PL lifetime, which means the
fastest charge transfer between perovskite and spio-oMETAD. These results indicate an
improved interface at the perovskite and HTL.
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Figure 3. (a) PL spectrum of the control film, PCz-mCP, and PTPA-mCP modified perovskite films; (b) TRPL spectrum of
the control and modified film measured by the structure of FTO/SnO; / perovskite.
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In order to investigate the chemical state of the elements in both the control film and
the PCz-mCP, and the PTPA-mCP modified perovskite films, high-resolution XPS was
conducted (Figure 4a). The observed XPS peaks are similar to that in the literature [24-26].
The peaks of Pb and I did not change, with or without polymer-templated crystallization,
implying an unchanged chemical environment of these two elements.
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Figure 4. (a) XPS spectra of Pb 4d and N 1s and (b) ]-V curves of the comparison between the control film and PCz-mCP
and PTPA-mCP modified perovskite films. Box chart of the (c¢) FF, (d) PCE, (e) Voc, and (f) Jsc of different devices.
Cross-sectional SEM images of (g) control, (h) PCz-mCP, and (i) PTPA-mCP modified devices.

PSCs were fabricated to investigate the effect of polymer-templated crystallization
and interface optimization on device performances. The perovskite layer was deposited
on glass/FTO/SnOx substrates. The compact SnOx layer was deposited by the CBD
method and works as the electron transport layer. The cross-sectional SEM images shown
in Figure 4g—i show that the thickness of the perovskite layer in the control device and the
modified device is about 620 nm.

The |-V curves were measured under simulated AM 1.5G sunlight conditions in both
forward and reverse scan directions. When employing PTPA-mCP in the antisolvent, a
PCE of 19.15% was achieved with excellent reproducibility. The -V curves of the best cells
with or without polymer-templated crystallization are shown in Figure 4b, and detailed
data are shown in Table 1. The hysteresis index (HI) was calculated by Equation (1).

HI — PCE(Reverse) — PCE(Forward) 1)
N PCE(Reverse)
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p-type polymer addition in antisolvent could reduce HI, increase the Voc, and fill factor (FF)
(see Figure 4c—f), which is consistent with the reduced defectivity of the perovskite interface.
The higher FF could be attributed to the reduced series resistance (Rs) and increased shunt
resistance (Rqp,) [27]. According to the results of XRD, SEM, PL, TRRPL, the improvement
of device performance was attributed to the better film quality with less defects (bulk) and
better charge transfer between perovskite and the spiro-OMeTAD (interface).

Table 1. Comparison of photovoltaic parameters of the highest efficiency devices based on perovskite films with or without polymer-

templated crystallization.

Perovskite (Scan Jsc o o Rg Rsn
Direction) (mA/cm?) Voc mV) FF (%) PCE (%) (Q cm?) (Q cm?) HI
PTPA-mCP 21.70 1134 78 19.15 44 5953.8
(Reverse)
0.11
PTPA-mCP 21.66 1146 69 17.12 5.3 1903.0
(Forward)
PCz-mCP 21.61 1122 77 18.54 40 3591.0
(Reverse)
0.10
PCz-mCP 21.62 1096 71 16.76 47 2327.2
(Forward)
control 21.81 1169 69 17.62 6.1 3079.0
(Reverse)
0.20
control 21.74 1030 63 14.15 6.2 1315.1
(Forward)

Voc, open-circuit voltage; Jsc, short-circuit current density; FF, fill factor; PCE, power conversion efficiency; Rg: series resistance, Rgy:

shunt resistance.
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film and spiro-OMeTAD. Furthermore, the perovskite films with polymer-templated crys-
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