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The hysteretic phenomenon commonly exists in the J-V curves of perovskite solar cells with different
structures, especially for carbon-based mesoscopic perovskite solar cells without hole-conductor
(carbon-based PSCs). By adding moderate amounts of methylammonium chloride (MACL) into MAPbIs
perovskite precursor, we found the J-V hysteresis of carbon-based PSCs could be significantly alleviated
and the crystallinity of MAPbIs perovskite could also be influenced. With the increasing amount of MACL,
MAPbDIs perovskite showed better and better crystallinity until the MACL came to 0.45 M. The champion
device with 0.45 M of additional MACL exhibited a preferable PCE of 14.27% for reverse-scan (RS) and
14.50% for forward-scan (FS), significantly higher than that of the pristine device (8.74% for RS and 4.80%
for FS). What's more, the J-V hysteretic index of the device gradually decreased along with the
increasing amount of MACL, and kept at low value even when the crystallinity of MAPbls perovskite
became poor. Through XRD and PL analysis, we demonstrated that the recombination rate of the
accumulated charges at the perovskite/TiO, interface is the main reason for photocurrent hysteresis in

iig:g;%?gdo':fgbi?g%m carbon-based PSCs. High quality of perovskite crystals is an important contributing factor for high-
performance PSCs with low hysteresis, but there is no necessary correlation between low hysteresis and

DOI: 10.1039/c8ra04347g good crystallinity. This research presents an effective way to fabricate carbon-based PSCs with low-
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hysteresis, and at the same time, provides evidence for investigating the origin of J-V hysteresis of PSCs.

Introduction

In the past few years, the organic-inorganic hybrid lead halide
perovskite materials (e.g. methylammonium lead iodide,
MAPDI;) have caught world-wide attention for their excellent
photo- and electrical-properties such as high absorption coef-
ficient, long charge diffusion length and high -carrier
mobility."” Solar cells based on these perovskite light absorbers
(perovskite solar cells, PSCs) have shown tremendous applica-
tion potential due to their easy fabrication procedures and high
power conversion efficiency (PCE). Up to now, the world
champion PCE of PSCs has reached 22.7%, far exceeding that of
the other emerging photovoltaic technologies such as dye-

“State Key Laboratory of Advanced Technologies for Materials Synthesis and
Processing, International School of Materials Science and Engineering, Wuhan
University of Technology, 122 Luoshi Road, Wuhan, Hubei, P. R. China. E-mail:
zhiliang. ku@whut.edu.cn

*Hubei Key Laboratory of Low Dimensional Optoelectronic Material and Devices,
Hubei University of Arts and Science, 296 Longzhong Road, Xiangyang, Hubei
Province, P. R. China

School of Aerospace, Transport and Manufacturing, Cranfield University, Cranfield,
Bedfordshire, MK430AL, UK. E-mail: q.zhang@cranfield.ac.uk

T Electronic supplementary information (ESI) available: IPCE spectra of the
champion devices. See DOI: 10.1039/c8ra04347g

This journal is © The Royal Society of Chemistry 2018

sensitized solar cells (DSSCs) and organic photovoltaics
(OPV).° For most kinds of the PSCs, they still need Au or Ag as
their counter electrodes, which are commonly deposited by
thermal evaporation. However, the usage of noble metals,
together with high vacuum facilities in the fabrication proce-
dures, is unfavourable for achieving a low cost of PSCs. In this
regard, carbon-based PSCs,” which employ carbon as counter
electrode, has significant research value for low-cost PSCs.
What's more, the carbon-based PSCs can be fabricated via fully-
printing procedures, which is propitious for scaling-up the
devices. Since firstly be reported in 2013, carbon-based PSCs
have been studied by many research groups in aspect of mate-
rials, interface engineering, solvent engineering and long-term
stability.*** However, like other types of PSCs, carbon-based
PSCs suffer from the current density-voltage (/-V) hysteresis
as well. The J-V hysteresis influences the PCE of a solar cell
device and occurs as a result of the large discrepancy between
the forward and reverse scans. Though researchers haven't
come to an agreement on the origin of this anomalous hyster-
etic behaviour in PSCs, most of them considered that ion
migration,'*"” ferroelectricity,"®® a photo-induced capacitive
effect®®® and charge trapping/detrapping®?** could be the
reasons. For optimum PCE, several strategies®'>'*'*> have been
applied on the carbon-based PSCs. These strategies can also
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alleviate the hysteretic behaviour of the device, and most of the
researchers believe that poor crystallinity of perovskite should
be the culprit of hysteresis in carbon-based PSCs.

In this work, we mainly focused on the J-V hysteretic behav-
iour of the carbon-based PSCs and investigated the reason for J-V
hysteresis. By adding extra methylammonium chloride (MACI)
into MAPbI; perovskite precursor, we found that the J-V hyster-
esis of the device disappeared gradually as the increasing amount
of MACL. For dug reason, the X-ray diffraction (XRD) and steady-
state photoluminescence (PL) measurements were performed on
the devices. The XRD results showed that the crystallinity of
MAPDI; perovskite can be improved by certain amount of MACI,
and better crystallinity also brings higher PCE to the device. The
champion device exhibited a reverse-scan (RS) PCE of 14.27%
and forward-scan (RS) PCE of 14.50%, which was significantly
higher than that of the pristine device (8.74% for RS and 4.80%
for FS). Furthermore, with continuous increasing the amount of
MAC], the crystallinity of MAPDI; perovskite got worse and worse.
However, the J-V hysteresis of the devices still kept at low level. PL
results revealed that the recombination rate of the accumulated
charges at the perovskite/TiO, interface is the main reason for
photocurrent hysteresis. Hence, to fabricate hysteresis-free
carbon-based PSCs with high performance, optimizing the
perovskite/TiO, interface should be the priority concern.

Experimental

Materials and precursor preparation

MAI, PbI,, MACI and FACI were purchased from Xi'an p-OLED
Corp. N,N-Dimethyl formamide (DMF) were purchased from
Sigma-Aldrich. TiO, paste was purchased from NJUKII. ZrO,
and carbon paste were prepared as former reports.’

The pristine perovskite precursor was prepared by dissolving
the mixture composed of 461.01 mg Pbl, and 158.97 mg MAI in
1 mL DMF to achieve 1 M MAPbI; precursor solution.

The MACIl-incorporated perovskite precursor was prepared
via adding x mmol MACI (x = 0.15, 0.3, 0.45, 0.6, 0.75, 0.9, 1.05)
into 1 mL pristine perovskite precursor to achieve MAPbI; with
x M MACI precursor solution.

Device fabrication

FTO glass was etched by a laser machine (Universal Laser
Systems, VLS2.30), and followed by ultrasonic cleaning with
detergent solution, pure water and ethyl alcohol for 20 min,
respectively. A compact TiO, layer was deposited on FTO glass
by spray pyrolysis deposition at 450 °C with a 2-propanol solu-
tion involving titanium diisopropoxide bis(acetylacetonate)
solution. A 1 pm mesoscopic TiO, layer (NJU-30NR-D) was
screen-printed on top of the compact layer and then sintered at
500 °C for 30 min. After that, a 1.6 um ZrO, and a 11 pm carbon
layer were subsequently screen-printed above the TiO, meso-
scopic layer. The ZrO, layer and carbon layer ware sintered at
500 °C and 400 °C for 30 min, respectively. After cooling down to
room temperature, the triple layer was infiltrated with 5 uL
perovskite solution via drop casting on top of the carbon
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counter electrode and then annealed at 100 °C for 20 min. All
the above procedures were accomplished in air atmosphere.

Characterization

The XRD spectra were recorded on a Bruker D8 Advance X-ray
diffractometer with Cu Ko radiation (2 = 1.5418 A). The UV-
visible spectra of perovskite films deposited on glass were
measured by PerkinElmer lambda 750S spectrophotometer. The
cross-sectional structure and elemental distribution of the
perovskite solar cells were investigated with field-emission
scanning electron microscopy (FE-SEM, Zeiss Ultra Plus)
equipped with an EDS detector. Steady-state photo-
luminescence spectra were measured by a PL microscopic
spectrometer (Flex One, Zolix, China) with an excitation wave-
length of 532 nm. Photocurrent density-voltage (J-V) charac-
teristics and steady-state output of photocurrent density were
tested by a solar simulator (Oriel 940234, 300 W) and a Keithley
2400 source meter under AM 1.5 G (100 mW cm ™). The light
intensity was calibrated by a standard Si solar cell (Oriel, VLSI
standards). All the devices were tested under AM 1.5 G sun light
(100 mW cm?) using a black mask with an aperture area of
0.1475 cm? at a scan rate of 0.1 Vs~ EQE measurements were
performed by an internal establishment system with mono-
chromatic light and white bias light (~0.1 sun). The photodiode
used for the calibration of EQE measurements has been cali-
brated by Newport.

Results and discussion

Carbon-based PSCs were fabricated by the procedures reported
previously.” Briefly, via screen printing technique, mesoporous
TiO,, ZrO, and carbon films were successively deposited on the
FTO substrates, which have been coated with compact TiO,
beforehand. Afterwards, MAPbI; perovskite light absorber was
loaded by filtrate the precursor solution into the mesoporous
carbon/ZrO,/TiO, layers (shown in Fig. 1a). The microstructure
of the as-prepared device was observed by SEM measurement
from the cross-section, and we can find each layer has well-
defined boundaries and uniform thickness (see Fig. 1b). To
investigate how the MACI additive influences the performance
of the device, we added different amount of MACI (0.15, 0.3,
0.45, 0.6, 0.75, 0.9, 1.05 M) into the standard 1 M MAPbI;
precursor.

Photocurrent density-voltage (/-V) characteristics (measured
under AM 1.5 G irradiation at 100 mW c¢cm™> with a scan rate of
10 mV s~ ') of the devices assembled by using these precursors
are shown in Fig. 2 and the detail parameters are summarized
in Table S1.7 Interestingly, with the adding of MACI from 0 to

a)

MAPbI, procursor

Fig.1 (a) The schematic structure of the carbon-based PSCs; (b) SEM
images from the cross section of the carbon-based PSCs.
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Fig. 2 J-V curves of MAPbIs-based PSCs with different amount of
MACL

0.3 M, the J-V hysteretic behaviour alleviated gradually (see
Fig. 2a-c). When the amount of MACI came to 0.45 M, no
obvious hysteresis can be found from the -V curve (see Fig. 2d)
and the PCE of the device reached maximum value.

Fig. 3 presents the j-V parameters of the corresponding
champion carbon-based PSCs. The carbon-based PSCs with
pristine MAPbI; perovskite showed poor PCE and obvious J-V
hysteresis (8.74% for RS and 4.80% for FS). However, by adding
0.45 M MACI into MAPDbI; perovskite precursor, the champion
device achieved a PCE of 14.27% with low j-V hysteresis (IPCE
spectra and long-term stability are shown in Fig. S1 and S27). To
ensure the improvement of MACI on the performance of PSCs
device is repeatable, two batches of devices (each consist of 15
devices) were fabricated by MAPbI; perovskite and MAPbI;/
0.45MACI, respectively. The devices with pure MAPbDI;
possessed an average PCE of 7.09% and the ones with MAPDbI;/
0.45MACI exhibited an average PCE of 13.36% (see Table S2 and
S3+t).

As the continuous increasing of MACI, the corresponding
devices showed a tendency of lower PCE (see Fig. 2e-h). Note
that, though with poorer PCEs, the J-V hysteresis of devices still
kept at low level. To make clear how MACI influence the -V
hysteresis of the device, XRD measurement was utilized to
investigate the crystallinity of MAPbI; perovskite prepared by
different precursors.

As shown in Fig. 4, all of the perovskite samples exhibit
similar diffraction peaks at 2¢ values of 13.91°, 28.20° and
31.69°, corresponding to the (110), (220) and (310) crystal planes
of tetragonal MAPbDI; perovskite. With the adding of additional
MACI from 0.15 M to 0.45 M, the peak at 26 value of 13.91°
gradually increased its intensity, indicating better and better

w
=3

Sample  Scan V, (mV)  J,(mAcm®)  FF PCE (%)
RS 867 1452 068 874
Fs 83 1241 047480
RS 1024 2013 068 1427
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Fig. 3 J-V curves of champion MAPbI3-based PSCs with O and
0.45 M MACL
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Fig. 4 XRD patterns of MAPblz with different amount of MAClon FTO
substrates.

crystallinity of MAPbI; perovskite. Obviously, the good crystal-
linity of perovskite in the mesoporous films is the prerequisite
of high PCE. When we continue increased the amount of MACI
(from 0.6 M to 1.05 M), the crystallinity of MAPbI; became worse
again. Moreover, no obvious MAPbCl; peaks can be found in
these patterns, indicating most of the chloride was released in
the annealing procedure or the chloride only exist in the
boundaries of MAPDI; crystals. To confirm this, energy disper-
sive X-ray spectroscopy (EDS) measurement was performed on
the device with champion PCE.

From the cross-section of the sample (Fig. 5a), we can clearly
find the elements of carbon (Fig. 5b), zirconium (Zr, Fig. 5¢) and
titanium (Ti, Fig. 5d) distribute homogeneously in the top,
middle and bottom area, respectively. Oxygen (Fig. 5b) is mainly
exists in the ZrO,, TiO, and FTO substrate. For perovskite,
elements of lead (Pb) together with iodine (I) and chlorine (CI)
have a uniform distribution in carbon/ZrO,/TiO, layers.
However, the atom ratio of Pb, I and Cl is around 1 : 2.56 : 0.12,
indicating only a few Cl exist in MAPbI; perovskite. Thus, we
deduced that most of the Cl elements were removed in the form
of MACI gas* by annealing. Meanwhile, the crystallinity of
MAPDI; perovskite changed as the release of MACI. To further
study the different j-V hysteresis behaviour of MACI-
incorporated MAPDbI;  perovskite, steady-state photo-
luminescence (PL) spectra measurements were carried out on
the glass/ZrO,/perovskite and FTO/TiO,/perovskite samples.

As illustrated by Fig. 6, the steady-state PL spectra of MAPbI;
perovskite films with different amount of MACI displayed a PL
emission peak at ~780 nm. The MAPbI; with 0.45 M MACI film
on the glass/ZrO, substrate showed the strongest PL intensity,
indicating fewer traps and defects within the perovskite crystal
(Fig. 6a). These results correspond well with the XRD results. In
addition, we also performed the steady-state PL test on the

Fig. 5 EDS mapping of the carbon-based PSCs form cross-section.
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Fig. 6 The steady-state photoluminescence spectra of MAPbIs with
different amount MACI on (a) glass/ZrO,, (b) FTO/TiO,.

perovskite samples with FTO/TiO, substrate (Fig. 6b). All of the
MAPDI; perovskite film with MACI exceeding 0.3 M possessed
a dramatically higher degree of PL quenching in comparison
with other samples with lower amount of MACI. Generally, this
PL quenching is attributed to originate from efficient electron
extraction across the interface.” Hence, we can conclude that
the charge carrier extraction at the perovskite/TiO, interface
could be enhanced by introducing sufficient MACI into MAPDI;.
And J-V hysteresis in carbon-based PSCs is mainly depends on
the charge carrier extraction speed rather than the crystallinity
of perovskite.

Conclusions

In summary, we demonstrated a facile method to alleviate the J-
V hysteresis of carbon-based PSCs by introducing moderate
MACI into MAPDI; precursor. We adjusted the amount of MACI
(from 0 M to 1.05 M) in MAPDI; precursor and found that the
crystallinity of MAPDbI; appeared regularly change along with
the amount of MACI. The champion device with the best crys-
tallinity (MAPDbI; with additional 0.45 M MACI in the precursor)
achieved a PCE of 14.27% with low J-V hysteresis, which is
much higher than that of the pristine one (8.74%). EDS results
showed there was only a small amount of chloride residues in
the MAPDI; perovskite after annealing. We deduced that most
of the chloride were removed in the form of MACI gas in the
annealing procedure and thus, changed the crystallinity of
MAPDI; perovskite. Moreover, the steady-state PL measure-
ments manifested that, with sufficient MACI in the MAPbI;
precursor, the charge carrier extraction at the perovskite/TiO,
interface could be enhanced. Note that, for the carbon-based
PSCs, there is no significant relationship between the interfa-
cial charge extraction and the crystal quality of perovskite.
These results would provide evidence for further investigating
the origin of J-V hysteresis in PSCs and solutions for fabricating
high-performance carbon-based PSCs.
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