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Inverted perovskite solar cells (PSCs) have recently gained increasing attention because of the long
operation lifetime achieved. However, bathocuproine (BCP): a commonly used buffer layer in inverted
PSCs, is experimentally confirmed by us to show fast aggregation at the temperature of 85 °C, which is
the protocol temperature required by the International Electrotechnical Commission (IEC) standard. This
thermal instability of the BCP interfacial layer makes long-term thermal stability of inverted PSCs
questionable. Simply removing or replacing it can directly lead to an inferior PCE of a device. We solve
this problem by removing the BCP layer and simultaneously increasing the thickness of Cgo, which
obtains a high efficiency of 18% comparable with the device with BCP. This is possibly attributed to the
extended migration path of carriers from Cgo to metal electrode Ag, consequently reducing the carrier
accumulation at the interface. In addition to the interfacial modification, the addition of ionic liquid:
BMIMBF, into perovskite can further improve a device's thermal stability by its effective suppression of
perovskite decomposition. The devices with 0.4 mol% of BMIMBF, exhibit promising thermal stability by
retaining 80% of their initial PCE after thermal aging of 400 h at 85 °C.

Introduction

Metal halide perovskite solar cells (PSCs) have achieved rapid
progress in the last decade due to the excellent optoelectronic
properties of metal halide perovskite semiconductors such as
strong light absorption, high charge mobility and long carrier
diffusion lengths."**> The power conversion efficiency of single-
junction PSCs has been boosted from 3.8% (ref. 13) in 2009 to
25.2% (ref. 14) at present based on the regular (n-i-p) structure.
As a counterpart of the (n-i-p) structure, PSCs based on inverted
(p-i-n) structure have recently gained increasing attention
because of their easy fabrication, compatibility with flexible
substrates and feasibility of building tandem solar cells."*™*°
However, the PCE values of inverted PSCs are generally behind
those of devices with regular structure, primarily due to severe
non-radiative recombination of charge carriers.'”'*** Recently,
Zheng et al. achieved a record PCE of 22.3% (ref. 21) for inverted
PSCs by using long AAL as grain and interface modifiers to favor
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grain orientation and suppress trap-sate density of the perov-
skite film, which significantly reduces the PCE gap between the
regular and inverted PSCs.

Another advantage of inverted PSCs is that they have
exhibited longer operational lifetime.”>** Recently, Bai et al.
introduced ionic liquid into perovskite precursor realizing
operationally stable inverted PSCs with a PCE drop of only 5%
under continuous one sun simulated irradiation for more than
1800 h at 70-75 °C.?* In ref. 21 with the PCE record of 22.3% for
inverted PSCs, the devices maintained 100% of the initial effi-
ciency after more than 1000 h at the maximum power point
tracking under simulated AM 1.5 illumination, and lost only
around 10% of their initial PCE after thermal aging of ~1020 h
under temperature of 85 °C. The above two works represent the
most outstanding operational stability and thermal stability of
inverted PSCs. However, in the work of Bai et al., the thermal
aging test is carried out under 70-75 °C which is lower than the
protocol (85 °C) used for commercialized photovoltaic solar
module test established by International Electrotechnical
Commission (IEC). This is possibly attributed to the intrinsi-
cally poor thermal stability of bathocuproine (BCP) ultrathin
film which has been commonly used as buffer layer between the
electron transport layer and the metal electrode in inverted
structure to prevent recombination. Similarly, in the work of X.
Zheng et al,”* the authors removed BCP layer instead of a thin
layer of SnO, via atomic layer deposition in order to conduct
thermal stability of the device at 85 °C. However, the
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replacement of BCP layer with SnO, sacrificed a certain PCE
drop from 22.3% to 18%. It seems that whether or not to use
BCP layer is a trade-off between thermal stability and efficiency.

In this paper, we focused on the model system of MAPbI;
perovskite, and experimentally demonstrated that the device with
BCP interlayer did suffer a fast degradation under thermal
stressing at 85 °C, and simply removing BCP layer can cause
a severe PCE loss from 18% to 6.97%. In order to solve this
dilemma, we have found that getting rid of BCP and meanwhile
increasing the thickness of Cg, to 80 nm can render the cham-
pion device a comparable PCE of 18.1% with the reference device
with BCP layer. As a result, the device without BCP layer exhibited
almost no PCE loss after thermal aging of 12 h at 85 °C.

Based on this modification, we added 1-butyl-3-
tetrafluoroborate (BMIMBF,) ionic liquid into the perovskite
precursor to further improve the device thermal stability.
Consequently, our device retained 80% of its initial perfor-
mance following thermal aging at 85 °C for over 400 h.

Experimental details
MAPDI; perovskite film preparation

The MAPDI; precursor solution was prepared by dissolving
0.5993 g Pbl, (TCI) and 0.2067 g CH;NH;I (MAI) (TCI) in 900 pL
N,N-dimethylmethanamide (DMF) (anhydrous, Sigma-Aldrich)
and 100 pL dimethyl-sulfoxide (DMSO) (anhydrous, Sigma-
Aldrich). In parallel, we prepared BMIMBF, ionic liquids
(Sigma, 97% purity) containing perovskite precursor solution by
dissolving the same components in mixed solvent containing
different ionic liquids (proportion and MAPbI; are between two
thousandths and eight thousandths). The MAPbI; precursors
were spin-coated onto ITO/NiO, at 4000 rpm for 50 s. 120 uL sec-
pentanol was dropped onto the spinning substrate during the
spin-coating. The condition of annealing is under 100 °C for
10 min. Several films grown on bare glass were evaporated with
25 nm Cgq for subsequent measurement. The samples for SEM,
AFM, XRD measurement were perovskite films spin-coated onto
ITO/NiO,. The samples for UV-vis absorption were films grown
on bare glass.

NiO,, film fabrication

7.4 g of nickel nitrate hexahydrate (Sinopharm Chemical
Reagent, 98% purity) and 3.31 g of potassium hydroxide (Sino-
pharm Chemical Reagent, 85% purity) were each dissolved in
50 mL of deionized water. Then, an aqueous potassium
hydroxide solution was slowly dropped into an aqueous solu-
tion of nickel nitrate. After the two were fully reacted, Ni(OH),
was centrifuged. After drying Ni(OH), at 80 °C for two hours, it
was placed in a high temperature furnace at 275 °C for 2 hours
to obtain a NiO, nanopowder. Prepare 25 mg mL ™" NiO, solu-
tion with powder and spin-coated on cleaned ITO substrates at
3000 rpm. for 30 s and then dried at 25 °C for 30 min.

Device fabrication

The pre-patterned ITO substrates were cleaned by ultra-
sonication in diluted Micro-90 detergent, deionized water,
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acetone, and isopropanol for 15 min, respectively. NiO, films
were coated on the cleaned ITO substrate at 3000 rpm for 30 s
and then dried at 25 °C for 30 min. The MAPbI; perovskite films
were deposited by spin-coating the precursor solution onto NiO,
film at 4000 rpm for 50 s. sec-Pentanol was dropped onto the
spinning substrate during the spin-coating. After spin-coating,
some films were annealed immediately under 100 °C for
10 min, while some were firstly stored for 15 min before
annealing. Finally, some devices Cg, (25 nm)/BCP (5 nm)/Ag (80
nm), while some devices Cg, (80 nm)/Ag (80 nm) were sequen-
tially deposited by thermal evaporation to complete the device
fabrication.

Film and device characterization

Scanning electron microscopy (SEM) images were taken on
a Hitachi SU8030 electron microscope. Atomic force microscopy
(AFM) images of sample surfaces were obtained on a Cypher S
Atomic Force Microscope. The absorption spectrum was
measured by Agilient Carry 7000 UV-vis spectrometer. X-ray
diffraction measurement was carried out by X-pert Powder.
TOPAS-Academic V6 software was used for Rietveld refinements
to obtain the lattice parameters. The background and peak
shapes were fit using a shifted Chebyshev function with eight
parameters and a Pseudo-Voigt function (TCHZ type), respec-
tively. Current density-voltage (/-V) characteristics were
measured under AM 1.5G light (1000 W m™~?) using the xenon
arc lamp of a Class A solar simulator. Light intensity was cali-
brated using an Newport-calibrated mono crystalline Si diode.
The Keithley 2400 source meter was used for I-V measurement.
External quantum efficiency (EQE) was characterized with an
integrated system (QER3018) from EnliTech. Samples were kept
in a N, filled cell at room temperature for all optical
measurements.

Results and discussion

The architecture of our standard inverted PSCs is shown in
Fig. 1a, which consists of glass/ITO/NiO,/MAPbI;/Ce, (25 nm)/
BCP (5 nm)/Ag (100 nm). The champion device gives a high
PCE of 18.04% with a V,. of 0.98 V, J.. of 22.21 mA cm ™2 and FF
of 0.83 under reverse direction, shown in Fig. 1b, and a negli-
gible hysteresis is observed. Fig. S11 shows a histogram of PCE
values of 40 devices from different batches, which indicates
a high reproducibility of our device fabrication. The J-V curves
of device before and after heating at 85 °C are placed in Fig. 1c.
It can be observed that the PCE of the device has rapidly
dropped to 12.1% from its initial value of 17.1% only for 12 h of
thermal aging under 85 °C. In order to understand the factors
triggering such rapid device degradation, the XRD measure-
ments for the perovskite films deposited on pristine glass before
and after thermal aging have been carried out as shown in
Fig. 1d. The XRD pattern of the perovskite film after 12 h of
thermal aging at 85 °C remains almost unaltered with that of
perovskite film without heating treatment. This result rules out
the possibility of perovskite film degradation within 12 h of
thermal heating. Therefore, we conjecture that the thin
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interlayer BCP is likely to be associated with this degradation
during the thermal aging process. The AFM images of the BCP
film (5 nm) grown on pristine glass before and after thermal
aging are shown in Fig. 1e and f. The BCP film after 12 h of
heating under 85 °C has exhibited a high level of clustering and
aggregation® which is clearly attributed to thermal heating.
Differential Scanning Calorimetry (DSC) thermograph of BCP
powder is shown in Fig. S21 which exhibits a slight endotherm
peak at about 84.2 °C possibly resulting in the BCP clustering.
The appearance of BCP molecule clustering has resulted the
root-mean-square roughness of the film increasing from
6.68 nm before thermal aging to 10.42 nm after thermal aging.
The increased BCP film roughness can potentially lead to
a certain degree of electrical shunting® of the device that
consequently hampers the device performance.

The above results have experimentally demonstrated that the
BCP molecules undergo aggregation under thermal environ-
ment under 85 °C and causes a fast device degradation.
Therefore, we tried to simply remove the BCP buffer layer
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Fig. 1 (a) Schematic diagram of our standard p-i-n device structure;
(b) J-V curves of the best-performing device under forward and
reverse scans with photovoltaic parameters inserted, respectively; (c)
histogram of PCEs of 40 devices; (d) J-V curves of devices before and
after thermal aging for 12 h under 85 °C AFM images of BCP thin film (5
nm) deposited on glass before; (e) and after (f) thermal aging for 12 h
under 85 °C.
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Fig. 2 (a) Schematic diagram of the device structure without BCP
buffer layer and varied thickness of Cgq layer; (b) J-V curves of (Ceg
thickness: 25 nm for both cases); (c) J-V curves of the standard device
with BCP layer (5 nm) and Cgq layer (25 nm), and devices without BCP
layer and with Cgo layer of 80 nm; (d) external quantum efficiency
(EQE) spectra and integrated Js. of the standard device with BCP layer
(5 nm) and Cgg layer (25 nm), and devices without BCP layer and with
Ceo layer of 80 nm; (e) histograms of PCEs of standard device with BCP
layer (5 nm) and Cg layer (25 nm), and device without BCP layer and
with Cgo layer of 80 nm over 40 cells; (f) J-V curves of device without
BCP layer and with Cgg layer of 80 nm before and after thermal aging
of 12 h under 85 °C.

completely as shown in Fig. 2a without any other changes
compared with our standard device in Fig. 1a.

However, as shown in Fig. 2b the PCE of the device without
BCP layer has evidently dropped to 10% compared with 18.04%
of our standard device with BCP buffer layer of 5 nm, which are
in accordance with the previous reports:***” A Schottky barrier
will be formed at the interface when n-type semiconductor Ceq
is directly contacted with the metal electrode Ag which can give
rise to larger interface resistance and charge accumulation at

Table 1 Characteristics of PSCs of solar cell ITO/NiO, (20 nm)/
perovskite (500 nm)/Cgo (X nm)/Ag (100 nm) with X value under
illumination

X (nm) Jse (MA cm™2) Voe (V) FF PCE (%)
25 12.58 0.90 0.61 6.97
60 21.06 1.02 0.82 17.60
80 21.23 1.04 0.82 18.12
100 20.58 1.04 0.81 17.33

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Chemical structure of the ionic liquid BMIMBF; (b) current
density—voltage (J-V) curves of device with the configuration of ITO/
NiO, (20 nm)/perovskite (500 nm)/Cgo (80 Nm)/Ag (100 nm) con-
taining different concentration of BMIMBF,4 from 0.2 to 0.8 mol% with
respect to the stoichiometric amount of perovskite MAPbIs; (c)
statistics of device PCE using perovskite precursors with a BMIMBF,
concentration ranging from 0.2% to 0.8%; (d) thermal stability of
devices with a varying concentration of BMIMBF, at a fixed tempera-
ture of 85 °C in a N, atmosphere.

Table 2 Photovoltaic parameters of PSCs: ITO/NiO, (20 nm)/perov-
skite (500 nm)/Cgo (80 nm)/Ag (100 nm) with varying content of
BMIMBF,4

Ratio Jse (MA cm™?) Vo (V) FF PCE (%)
0 21.32 1.04 0.82 18.13
0.2 mol% 21.01 1.03 0.83 17.96
0.4 mol% 21.46 1.04 0.81 18.07
0.6 mol% 21.15 1.04 0.74 16.31
0.8 mol% 21.18 1.05 0.68 15.20

the interface. The introduction of BCP block layer between Cgo
and Ag can change the Schottky into an ohmic contact and
finally contribute to the improvement of device performance. It
is noteworthy to point out that the thickness of Cg is just 25 nm
in our standard device without BCP layer so that the migration
distance of photo-generated electrons from Cg, to Ag is shorter
which can possibly lead to a large degree of charge accumula-
tion at the interface because the electrons are not able to
transport to the Ag in time due to the existence of Schottky
barrier. As a result, a severe recombination is likely to occur at
the interface resulting in the poor device performance. There-
fore, we proposed to increase the thickness of Cg, to lengthen
the path of electrons from to Ag, which may mitigate the
accumulation of carriers at the interface.

The photovoltaic parameters of devices with different
thickness of Cgo are shown in Table 1. It can be seen that the
PCEs of the devices gradually increase as the Cg, thickness
increases from 25 nm to 80 nm. However, the device efficiency
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Fig. 4 (a and b) XRD patterns of pristine and aged samples of control

film and film containing BMIMBF, (0.4%) on NiO,/ITO coated glass
substrates after 100 h under 85 °C; (c and d) the modeled and
experimental J-V characteristics of PSCs without and with BMIMBF,4
after 400 h heating aging with 85 °C (in a glove box filled with
nitrogen).

starts to decrease when the thickness of Cg, reaches to 100 nm,
which is possibly attributed to the too thick layer of Cg,
resulting in a severe carrier recombination during the trans-
portation of electrons through Cg, layer. Based on our results,
the increase of Cg, thickness in fact contributes to the
improvement of the device performance without the BCP
blocking layer. The champion device without BCP achieves PCE
of 18.12% based on the Cg, thickness of 80 nm as shown in
Fig. 2c, which is comparable with that of the standard device
with BCP layer. And the hysteresis of the device is almost
negligible shown in Fig. S3. It is worth to mention that the V.
of the champion device with Cg, thickness of 80 nm and without
BCP layer is slightly larger than that of device with BCP (5 nm)
and Cg, (25 nm) layer as seen in Fig. 2¢, which is still likely due
to the reduced carrier accumulation at the interface of Cg, and
Ag benefiting from the longer migration of electron within Cg,
layer. By contrast, the Js. of device without BCP is relatively
lower than that of device with BCP layer since the existence of
BCP buffer layer can anyhow lower down the Schottky barrier
and can offer a higher carrier generation yield leading to
a higher j;..”**® The Fig. 2d shows the EQE spectra of solar cells
with and without BCP layer. Their integrated J,. values from the
EQE spectra are determined to be respectively, which match
well with their J,. obtained from the J-V curves. Fig. 2e exhibits
the PCEs histograms of devices with and without BCP layer over
40 samples for each type, which demonstrate a significant
overlap. This indicates that our strategy to remove BCP and
improve the Cg, thickness has reliably achieved the device PCE
comparable with the standard device with BCP layer.

We proceed to conduct the thermal stability test to the device
without BCP layer under 85 °C for 12 h as displayed in Fig. 2f.
No PCE loss is observed after thermal aging of 12 h at 85 °C. The
removal of BCP layer and increasing the thickness of C¢, has not
only achieved comparable device PCE with the standard device

RSC Adv, 2020, 10, 18400-18406 | 18403
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Table 3 The experimental J-V characteristics of PSCs without and with BMIMBF, after 400 h heating under 85 °C

Thermal aging of 400 h v (107 m*s™h

R (10~* ohm m?) Rgn (ohm m?)

With BMIMBF, 4.8
W/O BMIMBF, 1.7 x 10°

with BCP layer, but also solved the instability issue of BCP
molecules under 85 °C heating which lays the foundation of
further improving the thermal stability of our inverted PSCs.

Introducing additives to perovskite is one of the most
effective methods to improve PSCs stability.’®** To further
improve the thermal stability of the inverted PSCs, an ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate with the
chemical structure shown in Fig. 3a (BMIMBF, in short) is
incorporated into the perovskite film based on the study®” of S.
Bai et al. The J-V curves of the devices with BMIMBF, concen-
tration varying from 0 to 0.8 mol% are exhibited in Fig. 3b, the
corresponding statistics of PCE is shown in Fig. 3c. The PCEs of
the devices with BMIMBF, concentration of 0.2 mol% and
0.4 mol% remain almost unchanged with respect to the control
device without BMIMBF, addition. And there is no evident
hysteresis caused by the introduction of BMIMBF, shown in
Fig. $4,T in contrast to the work of Bai et al., in which significant
hysteresis occurred after the addition of BMIMBF,. In addition,
the morphology and crystallization of perovskite films with and
without BMIMBEF, also show no obvious changes from the
observations of SEM images and XRD patterns in Fig. S5.f
However, to further increase the concentration of BMIMBF,
over 0.4 mol% results in decreased PCEs of the devices mainly
reflected in the FF loss. After 400 h of thermal aging at 85 °C
shown in Fig. 3d, the control device without BMIMBF, exhibits
a fast degradation and only retains less than 30% of its initial
PCE, while the devices with BMIMBF, of 0.2 and 0.4 mol%
retain 60% and 80% of their initial values, respectively. It
indicates that the optimal concentration of BMIMBEF, is about
0.4 mol% which endows the corresponding device with the best
performance against thermal aging at 85 °C (Table 2).

To elucidate the mechanism of BMIMBF, for enhancing the
thermal stability of the devices, we carried out thermal stability
test to the perovskite films without (as control) and with
BMIMBF, addition for 100 h under 85 °C heating, and the XRD
patterns of the corresponding perovskite films are recorded
shown in Fig. 4a and b. From the XRD pattern of the control
film, a strong peak at 14.2° appeared which is indexed as the
peak of Pbl,. The appearance of Pbl, typically originates from
the decomposition of perovskite MAPbI; caused by the long-
term heating pressure according to previous studies.**** The
MAPDI; perovskites can decompose to form PbI, at elevated
temperatures even without exposure to oxygen and water
consequently resulting in the PCE decline of the MAPbI; based
PSCs. However, the Pbl, peak of the perovskite film with
BMIMBF, addition is quite small which demonstrates that the
BMIMBF, can effectively suppress the decomposition of MAPbI;
perovskites at high temperatures accountable for the improved
thermal stability of the devices with BMIMBF, addition.

18404 | RSC Adv, 2020, 10, 18400-18406

2.7 x 10*
1.4 x 10°*

7.46
6.75

We employed a modified detailed balance mode'®**** to
understand the PCE loss mechanism of the devices caused by
the decomposition of MAPbI; perovskites under long-term
thermal aging from the point view of device physics. This
model is governed by the formula below:

V —JR;

J =
Rsh

+Jo(V —JR) + J.(V —JR,) — J,

in which, V is the applied voltage of a solar cell. J, is the
photocurrent. J, and J,, are the current losses resulting from
radiative and nonradiative recombination. More details about
the formula and physical meanings can be found elsewhere.
Given a J-V curve, the curve can be modeled to retrieve three
primary parameters including the nonradiative recombination
rate v, the series resistance Ry and the shunt resistance Rg;,. R is
related to the ohmic loss at the contact, carrier transport layers,
as well as the heterojunction interfaces between the perovskite
and carrier transport layers. Ry is an indication of the defects
and pinhole-induced current leakage. Fig. 4c and d shows the
modeled and experimentally measured J-V curves of PSCs with
and without 0.4% BMIMBEF, after thermal aging of 400 h under
85 °C heating. Table 3 shows the retrieved characteristic
parameters from measured J-V curves. It can be seen that the
nonradiative recombination rate vy for device with BMIMBF, is
350 times lower than that of device without BMIMBF, which
indicates much lower carrier recombination rate for the whole
device including not only the perovskite bulk but also the
interfaces between perovskite and carrier transport layers. In
addition, the much larger Ry, of device with BMIMBF, mani-
fests lower interfacial ohmic loss and defect-induced current
leakage. These results are in good accordance with the less
degree of perovskite decomposition by the assist of BMIMBF,
after long time thermal aging directly revealed by the small
intensity of Pbl, peak in the XRD patterns.

Conclusions

In summary, we have experimentally demonstrated that the
BCP buffer commonly used in inverted PSCs undergoes mole-
cule clustering and aggregation rapidly under thermal aging at
85 °C leading to a fast degradation of device performance which
are impossible to fulfill the requirement of long-term thermal
stability. But simply removing the BCP layer results in an infe-
rior PCE of the solar cells. We have found that the PCEs of the
devices without BCP buffer layer gradually improves as the
thickness increase of electron transport layer (Cq used in our
case), which is possibly due to extended migration path of
carriers from Cgo to metal electrode Ag consequently reducing
the carrier accumulation at the interface. The PCE of champion

This journal is © The Royal Society of Chemistry 2020
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device without BCP layer is comparable with the standard
device with BCP layer. An optimal amount of BMIMBEF, is added
into perovskite precursor to further improve the device thermal
stability due to its effective inhibition of MAPbI; perovskite
decomposition evidenced from the suppressed Pbl, XRD peak
as a typical decomposition byproduct. Finally, the device with
0.4 mol% BMIMBF, retains 80% of its initial efficiency after
400 h of thermal aging at 85 °C, which is one of the best results
for inverted PSCs in terms of thermal stability. This work
represents promising guidelines for commercialization of PSCs
in thermal stability test at protocol temperature 85 °C in light of
device structure modification and perovskite additive strategy.
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