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ABSTRACT

CH;NH;Pbl; (MAPbI;)-based perovskite solar cells (PSCs) with special hole and electron transport layers (HTL and ETL) were prepared to
study their light-induced degradation. Obvious degradation was observed under initial light exposure not only at the device level but also at
the film morphology and electronic structure level. Device performance parameters, such as short-circuit current (Jsc), power conversion effi-
ciency, fill factor, and hysteresis effect, were aggravated with an initial light exposure of less than ~8 h at 1 sun intensity. Meanwhile, the
deteriorated crystallinity and electronic structure of the MAPbI; film were also detected with x-ray diffraction, ultraviolet photoelectron spec-
troscopy, and UV-Visible absorption spectroscopy. The observed degradation is rationally related to the light-induced decomposition of
MAPDI;. However, the degradation can be partly recovered with the following light exposure resulting in self-healing of the devices and
MAPDI; films. The self-healing behavior should be ascribed to the conversion of decomposition products back to MAPbI;, because the inter-
mediates are wrapped tightly in the photoactive layer by the compact coverlayers of HTLs and ETLs and some reversible reactions occur con-
sequently. The mechanism of self-healing is discussed by introducing the trapped states derived from ion migration. The PSCs prepared here

imply a good optical stability and thus a good performance facilitated by tight wrapping of the active MAPbI;.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009944

CH;NH;PbI; (MAPDI;)-based perovskite solar cells (PSCs) have
attracted wide attention in recent years due to their decent optoelec-
tronic properties such as a high optical absorption coefficient, long car-
rier diffusion lengths, and narrow bandgap.'  After several years of
rapid development, the power conversion efficiency (PCE) of PSCs has
risen to 23.2% from 3.9% at the beginning, showing a potential to
replace silicon-based solar cells.””'* Unfortunately, the stability of such
hybrid perovskite solar cells over prolonged solar irradiation remains an
urgent issue to be solved before their scalable application."” '® A large
number of studies have found that many environmental factors, such as
moisture, oxygen, temperature, and even sunlight, can lead to obvious
decomposition of MAPbI; and greatly reduce the performance of
PSCs."”* The usual decomposition products include the ultimate for-
mation of NH;, CH;, Pbl,, and other possible degradation byproducts,
often accompanied by some intermediates with different stoichiometric
compositions.”** Among all kinds of degradations in PSCs, the light-
induced degradation deserves to be one of the most essentially unstable

factors, because, after all, sunlight is a prerequisite for solar cells to oper-
ate but other factors can be largely eliminated by appropriate encapsula-
tion technology.”** Some groups reported facile photobleaching of
MAPbI; in an air environment due to photo-oxidation of the iodide
species.””*” The photochemical degradation of MAPbI; was observed
by some teams even under anoxic conditions.”” ! At the same time,
many teams tried to improve the stability of PSCs by different means.
Moreover, some authors reported a self-healing behavior in PSCs after
some initial damage.”””” However, few studies have investigated the
effect of light soaking on PSCs at both the device level and the film ana-
lytic level. It remains unclear to understand the mechanism of photode-
gradation in PSCs and to find an effective way to overcome it. Our own
work on MAPDI; with surface/interfacial analysis has revealed the
microscopic process of surface degradation.” **

Here, we report our efforts in investigating light-induced degra-
dation for MAPbI;-based PSCs with a special hole transport layer
(HTL) and an electron transport layer (ETL) at both the device level
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and film analytical level. The PSCs were submitted to a short circuit to
simulate their real operating conditions as being exposed to sunlight
with an intensity of ~100 mW/cm® with different illumination dura-
tions. The characterization results showed that there were obvious
photodegradation effects for both the devices and MAPbI; films with
light exposure of less than ~8 h. Then, the degradation can be slowed
down and partly recovered with the following light exposure, which
indicates the existence of self-healing behavior in the PSCs prepared
here. This self-healing behavior enhances the stability of the PSCs and
improves their performance. The mechanism of self-healing was dis-
cussed further and some important insights were presented about the
stability and performance of PSCs.

The MAPbDI;-based PSCs with a structure of indium tin
oxide (ITO)/poly(bis (4-phenyl)(2,4,6-trimethylphenyl)amine)(PTAA)/
MAPDI;/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/Bphen/
Cu were prepared following the procedure reported previously,” "’
where the PTAA layer and Bphen layer were used as HTL and ETL,
respectively, while the PCBM layer served as the passivation layer. The
MAPDI; films with a thickness of ~200 nm were fabricated using the
antisolvent method with anhydrous chlorobenzene (CB) as the antisol-
vent."" Shown in the supplementary material Fig. S1(a) is the fabrica-
tion scheme of PSCs. The degradation tests were carried out following
the steps as shown in Figs. S1(b)-S1(d). The as-grown PSCs were put
into a glovebox with both the humidity level and oxygen level below
0.1 ppm. All the aging experiments are carried out in the glovebox. The
PSCs were exposed to the illumination with an intensity of ~100 mW/
cm” for different time durations at a short circuited state. After the
characterization of photovoltaic performance, the PSCs were split to
expose the active layer of MAPbI; for further characterization of the
surface and interfacial properties.”” ** The coverlayers on the MAPbI;
layer were peeled off with an adhesive tape, and then the possible resi-
dues were washed away with CB.

Shown in Fig. 1 are the light exposure time-dependent photovol-
taic parameters of the MAPbI;-based PSCs, where the symbols denote
the experimental data and the solid lines denote the fitting curves
obtained by the polynomial fit. The data were achieved by averaging
over the parameters of 14 samples, while each parameter was the aver-
age over forward and inverse scans. Each of the photovoltaic parame-
ters, including the PCE, fill factor (FF), short-circuit current (Jsc), and
open-circuit voltage (V,,), indicates a distinct decrease during the ini-
tial illumination stage due to the light-induced degradation occurring
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FIG. 1. Evolution of the photovoltaic parameters (a) PCE and Js, (b) FF and V. of
MAPbI; based solar cells as a function of the light exposure time. The symbols
denote the experimental data and the solid lines denote the fitting curves.
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in the active layer of MAPbI;. The photochemical decomposition of
MAPDbI; inevitably leads to the damage of the structure and the migra-
tion and displacement of ions especially under the short-circuited con-
dition; thus, there is formation of more trap states, which, in turn,
deteriorates the device performance. However, the fitting curves indi-
cate that the PCE, FF, and Jsc recover unexpectedly with further light
exposure of more than ~8 h. The recovery of the parameter V. is also
distinguishable, though it is not so obvious as the other three ones are.
Therefore, we speculate rationally here that the MAPbI; films can
adjust themselves to partly recover the degradation induced by light
irradiation. This phenomenon has been described by the term self-
healing as reported in some recent studies.””*"

The other evidence of self-healing occurring in MAPbI;-based
PSCs can be presented by the light exposure time-dependent hysteresis.
It has always been known that the photocurrent hysteresis wide-
spreadly exists in many kinds of PSCs and is rationally ascribed to the
charge traps in their active layers due to the rich defects."”** The hys-
teresis phenomenon could be identified by the difference of photocur-
rents between the forward and reverse scanning directions. To quantify
this hysteresis behavior, here we introduce a variable as follows:

0X = [X, — X, (1)

where, X, (or X_) denotes one of the photovoltaic parameters
obtained by J-V measurements in the positive (or negative) scan.
Shown in Fig. 2 are the light exposure time-dependent 0Xs, i.e.,
(@) 9Jse, (b) OV, (c)OFF, and (d) SPCE. The evolutions of 0Xs have
certain regularity as a whole, despite the irregularity in individual data
most likely caused by some accidental factors. The process of change
can be roughly divided into two stages with a turning point within the
range of about 4-6 h. In the first stage, these differences increase
approximately with the increase in the light exposure time, and then
decrease in the following stage, which indicates that the hysteresis
effect induced by light irradiation at the initial stage can be partly
recovered later. It can be reasonably inferred that the defect states in
PSCs have a trend of increasing first and then decreasing as PSCs are
exposed to a continuous illumination, which matches with the degra-
dation and self-healing process occurring in PSCs. This conclusion is
qualitatively consistent with that obtained by the light exposure time-
dependent photovoltaic parameters, although the turning point of the
former is a little ahead of the latter, which means that the recovery of
the hysteresis effect is slightly ahead of the photovoltaic parameters.
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FIG. 2. Light exposure time-dependent hysteresis of the photovoltaic parameters
(a) Jse, (b) Ve, (c) FF, and (d) PCE.
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To further study the light response of MAPDI; films, the PSCs
were split to expose the active layer of MAPbI; for further characteri-
zation after the light degradation test. Shown in Fig. 3 are the light
exposure time-dependent XRD spectra of the MAPbI; films. The XRD
pattern of the as-grown MAPbI; film confirms a dominant crystal
structure of perovskite despite a low peak at a 20 value of 12.76° [see
the hash mark in Fig. 3(a)], which is assigned to the (001) crystallo-
graphic plane of Pbl,, showing a small amount of Pbl, probably
derived from the precursor Pbl, and/or from the decomposition of
MAPbI; during the annealing process. After the aging study, the XRD
patterns keep similar characteristics except for some slight differences,
which implies a relatively stable crystal structure of MAPbI; against
light exposure. It should be noted that a new diffraction peak appears
at 38.2° after a light exposure of ~4-6 h [see the asterisk marks in
Fig. 3(a)], but it almost disappears with a light exposure of more than
8 h. This new diffraction peak can be assigned to the decomposition
products of MAPbI; or to the mesophase structure of perovskite
although its exact origin remains to be further studied. Naturally, its
disappearance indicates that the degradation in MAPbI; can be par-
tially eliminated after prolonging the illumination time.

Furthermore, a zoomed view of the (110) diffraction peak of
MAPDI; is analyzed as shown in Fig. 3(b). The diffraction peak of the
as-grown MAPbI; film is detected to locate at 14.08°, then the diffrac-
tion peak shifts toward the lower angle and locates at 13.92° with a light
exposure of 4 h. However, it shows a shift toward the higher angle with
further light exposure. The final position of the diffraction peak is
detected to be 14.22° with a light exposure of 13 h. Being directly asso-
ciated with the diffraction angle according to Bragg equation, the lattice
parameters of MAPbI; show an increase at first but then a decrease
with the following light exposure of more than ~4 h. Therefore, there
is no denying the fact that the light-induced lattice changes may play a
role in the device performance. We infer that some intermediate phases
may appear and then disappear during a continuous illumination pro-
cess, which implies the occurrence of an evolutionary process of degra-
dation and recovery in MAPDI; films. As shown in Fig. 3(c), the
intensity of the (110) diffraction peak of MAPbI; presents a similar
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FIG. 3. Light exposure time-dependent x-ray diffraction (XRD) spectra (a), the
zoomed view of the diffraction peak (110) of the MAPbI; films (b), and its intensity
evolution (c).
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dependence on the light exposure time with the position of the diffrac-
tion peak. The least intensity is obtained from the sample with a light
exposure of ~6 h, while the intensity increases gradually with the fol-
lowing light exposure. This evolution also confirms that the crystallinity
of the MAPbI; film deteriorates at first and then reverses with the pro-
longing illumination time. In addition, being similar to the conclusion
for the hysteresis effect, the evolution of lattice parameters is also ahead
of the photovoltaic parameters.

To study the effect of photochemical degradation on the electronic
structure of the MAPbI; layer, we further collect the UPS data as shown
in Fig. 4, where Figs. 4(a) and 4(b) correspond to the cutoff region and
the valence band maximum (VBM) region, respectively. In order to
observe the subtle change of the valence band, we enlarge the VBM
region as shown in Fig. 4(c). Except for the work function (WF) of the 2-
h light exposure film, the WF of the film shows a decreasing trend after
light radiation of less than 6 h as shown by the dotted line arrow in Fig.
4(a). Then, it shows an increase when the light exposure time is more
than 8 h until 13 h [see the solid line arrow in Fig. 4(a)]. The residues on
the exposed surface of MAPbI; after the removal of coverlayers should
certainly impact the WF due to its surface sensitivity. However, given the
almost same test procedure in our experiments, the effect of residues on
the WF should be similar for different batches of the film. So the evolu-
tion of the WF can partly reflect some physics of the MAPbI; film itself
during the degradation process. We speculate that the return of the WF
qualitatively describes a process of degradation and recovery. The
decrease in the WF at the beginning stage can be ascribed to the degrada-
tion occurring in MAPDI; layers, and the increase in the WF at the fol-
lowing stage to the self-healing of MAPbI; films.

The UPS spectra obtained from the VBM region also qualitatively
support the existence of a reverse process from degradation to self-
healing in MAPbI; films under a continuous light exposure. The VBM
of the as-grown MAPDI; film is about 1.43 eV, which is consistent with
the results reported anywhere else. With a light exposure of less than 6
h, the VBM slightly shifts toward the high binding energy, which
means the occurrence of n-type doping in the MAPbI; film. Some
authors ascribed this kind of doping behavior to the photodegradation

I (c) Enlargement of VBM Regior
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[ (a) Cut-off Region
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C (b)VBMReglon
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FIG. 4. Light exposure time-dependent UPS spectra of the MAPblI; film showing (a)
the cutoff region, (b) the VBM region, and (c) the enlargement of the VBM region.
The short lines indicate the position of VBM, and the solid line and dotted line
arrows are used to attract attention.
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products. For example, Wang et al. believed that the n-type doping might
come from the lead (Pb) enrichment in the sample, similar to the case of
MAPbI; annealing at a high temperature. It is worth mentioning that the
VBM shifts back to a low binding energy with a further light exposure of
more than 6 h. Once again, the reversal behavior of VBM rationally con-
firms that some photodegradation effects have be recovered. From the
shape of the valence band spectrum, we can see this more intuitively. For
the control film (marked as “Film” in Fig. 4) or the light exposure of 0 h,
there is an obvious valence band peak at ~3.5¢eV [see the dotted arrow
in Fig. 4(c)]. For the 2-6 h samples, the valence band peak almost disap-
pears, but finally, for the 8 h and 13 h ones, the valence band peak reap-
pears [see the solid arrow in Fig. 4(c)]. The evolution of the valence band
peak is closely related to the distribution of the electronic density of state
in the film. Photoinduced ion migration, polarization, and other reasons
might destroy the charge distribution on the surface or interface in PSCs,
resulting in the change of the shape of the valence band peak. On the
contrary, the self-healing behavior can partially restore the charge distri-
bution, leading to the restoration of the valence band peak.

Moreover, as shown in Fig. S2, the evolution of absorption spectra
of perovskite films with the light exposure time shows a similar reversal
with the parameters of both the device and film as mentioned above.
At the longer wavelength region, absorption approximately undergoes
a change from increase to decrease with continuous light exposure.
With an intermediate duration of light exposure, the light absorption is
the strongest, which implies that the intermediate phases formed in the
MAPDbI; film have better absorption to long wave components of light.
The evolution of optical properties observed here can most likely be
ascribed to the modification of the optical bandgap of MAPbI; films
during the aging tests. Using Tauc relation,”’ we obtained the optical
bandgap of films, which is ~1.54eV for the as-grown MAPDI; film,
then with a small decrease after the initial light exposure, but finally
with an increase following further light exposure. The decrease in the
optical bandgap at the initial light exposure may be assigned with the
degradation of the lattice structure and/or the emergence of the defect
states between the valence band and conduction band.

Overall, it is suggested that a partial recovery of this photodegrada-
tion does occur in our aging measurements of MAPbI; based devices.
To understand the mechanism of photodegradation and self-healing in
PSCs, shown in Fig. 5 is the schematic of the process. Under the light
radiation, MAPDI; should partly decompose into intermediates of Pbl,
and CH;NH;I at first,””" then some volatile products of CH;1, HI, and
NHj, and even the final products of molecular hydrogen (H,), iodine
(I,), and metal lead (Pb) according to different reaction levels, as shown
Fig. 5(a). With the photodegradation process and the ensuing defects or
ion migrations, there will be some photosensitive metastable states that
emerge in the MAPbI; layer, which can trap the photogenerated carriers
for a relatively long time, and cause the hysteresis effect in PSCs, and
eventually reduce the photovoltaic performance.”

However, in this work, the volatile products of photodegradation
cannot escape easily from the active layer of MAPbI; due to its thickness
of more than ~200 nm and the compact cover of the charge transport
layers of PTAA and Bphen, as well as the relatively inert Cu electrode.
As reported by some authors, the self-healing occurring in the MAPbI;
layer is a typical bulk behavior and strongly depends on the localization
of degradation products not far from the site of the damage. The special
device structure and optimized fabrication process here facilitate the for-
mation of a relatively isolated space from the unfriendly environment.

scitation.org/journal/apl

Being tightly confined in the MAPbI; layer, as shown Fig. 5(b), the
decomposition products should synthesize MAPbI; again with a high
probability according to the reaction equation

Thus, the MAPDI; layer can recover to its original state to some extent
as shown in Fig. 5(c). Moreover, the inert Cu electrode can effectively
improve the device stability by restraining the migration of I ions.

The self-healing behavior of photodegradation based on the band
energy diagram is shown in the bottom half of Fig. 5. With the photo-
degradation process, some carriers in the valence band and conduction
band of the active layer of MAPbI; will be trapped in the trapped states
at the first stage of photodegradation. But at the following stage of light
exposure, according to the reaction shown in Eq. (2), the carriers
trapped in metastable states will relax partly back to the valence band
and conduction band. The accumulation under the initial illumination
and dissipation away under the further illumination of the metastable
trapped states is responsible for the deterioration and recovery of the
perovskite solar cells, respectively. The performance of the device
depends on the competition between the two opposite processes. The
gradual recovery of the chemical structure and crystal structure of
MAPbI; should make the photodegradation occurring in PSCs to slow
down and partially recover.

In a word, we systematically studied the photodegradation effect of
MAPbI;-based PSCs with a structure of ITO/PTAA/MAPbI;/PCBM/
Bphen/Cu. After being exposed to artificial sunlight with an intensity of
~100 mW/cm? for different times, the devices were tested to collect
their photovoltaic parameters including J-V characteristics and hystere-
sis. To accelerate the degradation, the PSCs are limited to work in a
short circuit state as exposed to sunlight. Then, the overlayers of the
PSCs are peeled off to expose the active layers of the MAPDI; layer for
further characterization. It is found that the photodegradation does
occur under the light exposure, but, most importantly, the initial photo-
degradation can be partially recovered with a prolonged light exposure.
The characterization of both the MAPbI; film and the photovoltaic
parameters of the MAPbI;-based devices shows a self-healing behavior.
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FIG. 5. Schematic of the photodegradation and self-healing in PSCs showing (a)
photoinduced degradation and carrier trapping in trap states, (b) self-healing, and
(c) recovery.
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Owing to the special device structure along with the optimized prepara-
tion process here, the compact coverlayers on the MAPbI; layer inhibit
the escape of degradation products, thus the decomposition products
should synthesize MAPDI; again in the subsequent process of optical
radiation. The repaired structure of MAPbI; makes the carriers trapped
in the trap states relax back to the conduction band and valence band.
The degradation effect produced in the early stage can be partially elimi-
nated, so, the devices prepared by us show a relatively good photochem-
ical stability. Of course, further explorations with a light exposure of
longer time are crucial to further elaborate these issues, but our study
can provide a part understanding of the degradation and recovery
mechanisms in MAPDbI; based solar cells.

See the supplementary material for the schematic of fabrication
and degradation of the PSCs and the UV-Visible absorption spectra of
MAPDI; films.
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