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Lead halide perovskite solar cells (PSCs) suffer from poor long-term stability, especially due to photo-

induced degradation, as PSCs function under continuous sunlight. However, the origins of this instability

have not been clearly explored. Herein, the photo-induced degradation of PSCs with mesoporous and

planar architectures are investigated, respectively, and the main origin is proved to be correlated with the

hole transport material (HTM)/metal (Au) electrode interface. The solar irradiation of PSCs causes

significant deterioration of device performance, with the efficiency decreasing from approximately 18%

to 2.46% for planar PSCs in 180 min. Electrical analysis of the PSCs and XPS measurements show that

the deteriorated performance is induced by retarded carrier extraction from the HTM to the Au

electrode, due to a broken interface binding. Accordingly, in situ renewal of the Au electrode was found

to cause notable recovery (approximately 80%) of the device performance of both mesoporous and

planar PSCs. In comparison, the material degradation of perovskite and the TiO2/perovskite interface

were also studied; however, these showed minor effects on the photo-induced degradation of PSCs.

These results indicate that the photo-induced degradation of PSCs is mainly caused by the HTM/Au

interface. This study provides an important insight into the photo-induced degradation of PSCs, and is

crucial for the fabrication of highly photo-stable PSCs.
Introduction

Lead halide perovskite (MAPbX3, MA ¼ CH3NH3, X ¼ I, Cl, Br)
materials and devices have enabled tremendous improvements
in the application of solar cells as active materials, especially for
their power conversion efficiency, which has increased from
3.8% to 20.1% over the last 5 years.1–6 This rapid progress
suggests that perovskite solar cells (PSCs) possess extraordinary
potential to replace traditional silicon solar cells, due to their
large absorption coefficients and high carrier mobilities.7,8

Along with the rapid increase of device efficiency, PSCs also face
great challenges in terms of long-term stability.9,10 Perovskites
have been shown to decompose in many circumstances,11–14

especially in moist atmosphere, leading to decreased photo-
voltaic performance of their related PSCs. Moreover, photo-
induced degradation is also obvious in PSCs,15–18 and it causes
the photovoltaic performance of PSCs to worsen with prolonged
irradiation time. Compared to degradation by moisture, which
can be readily prevented by encapsulating the device, photo-
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induced degradation under solar irradiation is a greater
problem, because PSCs always operate under irradiation;
however, the related degradation process and its mechanisms
have not been well investigated.

The degradation induced by irradiation has been proposed
to be caused by several factors in previous studies. The earliest
studies ascribed this degradation to UV light-induced instability
via TiO2 as the mesoporous layer of mesoporous PSCs; this can
be reduced to some extent by replacing TiO2 with Al2O3 as the
mesoporous layer or by ltering UV light during irradiation.15,18

However, PSCs containing Al2O3 still exhibit obvious degrada-
tion under light irradiation, implying that other degradation
mechanisms exist in PSCs. Some other studies attribute the
degradation under irradiation to decomposition of the perov-
skites.17 Therefore, a study was performed on individual
perovskite lms; however, the study showed that integrated
irradiation (100 suns for 60 min, equalling 1 sun for 100 h) of
perovskite lms does not cause this decomposition, except at
evaluated temperatures.14 Therefore, degradation under irradi-
ation at room temperature is probably not caused by decom-
position of the perovskites. From these investigations, it can be
observed that the mechanism of photo-degradation in PSCs is
still not clear, and urgently remains to be explored.

In this context, the photo-induced degradation of PSCs
and its mechanism are investigated. Signicant decay in the
J. Mater. Chem. A, 2016, 4, 1991–1998 | 1991
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photocurrents and efficiency of PSCs with both mesoporous
and planar architectures are observed under continuous irra-
diation, and a novel degradationmechanism driving this photo-
induced deterioration, correlated with the hole transport
material (HTM)/metal electrode interface, is proposed. The
electrical and chemical changes in the characteristics of the
interface aer irradiation are proved to be the main reasons for
photo-induced degradation. Furthermore, it is shown that in
situ refreshing of the metal electrode could eliminate the photo-
induced degradation of PSCs to a great extent.
Experimental
Fabrication of CH3NH3PbI3 lms and PSCs

CH3NH3PbI3 lms were fabricated using a modied sequential
deposition process.19,20 PbI2 was rstly loaded by spin-coating
onto a compact TiO2 layer (planar architecture) or a scaffold
TiO2 layer (mesoporous architecture), and then dipped into
a solution of CH3NH3I in ultra-dry isopropanol for 5 min; this
was followed by formation of the CH3NH3PbI3 lms by
annealing at 150 �C. All the procedures were carried out in
a glove box lled with high purity N2. For the planar structure,
a compact TiO2 layer was fabricated on FTO by TiCl4 treatment.
For the mesoporous structure, a compact TiO2 layer and a scaf-
fold TiO2 layer were spin-coated in sequence, then annealed at
500 �C for 30 min.21 The HTM layer was obtained by spin-
coating 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-
spirobiuorene(spiro-MeOTAD) solution (dissolved in chloro-
benzene) with standard additives, including tert-butylpyridine
and lithium bis(triuoromethanesulfonyl) imide in a glove box,
followed by oxidation in clean air for 4 h. Subsequently, the Au
electrode was applied by sputtering.
Fig. 1 (a) Schematic of typical PSCs with planar and mesoporous
architectures. (b and c) Best-performance J–V curves of (b) planar and

�2
Characterization and simulation

Current–voltage curves were measured using a source meter
(Keithley 2400) under AM 1.5G irradiation with a power density
of 100 mW cm�2 from a solar simulator (XES-301S + EL-100).
KPFM was carried out using an Agilent SPM 5500 microscope
and measured in the tapping mode. Device simulation was
carried out using wxAMPS soware, based on the planar
architecture of an FTO/compact TiO2 (30 nm)/perovskite (350
nm)/HTM (150 nm)/Au electrode.
(c) mesoporous PSC measured under an irradiation of 100 mW cm
with a scan rate of 150 mV s�1.
Results and discussion

The photo-induced degradation of mesoporous PSCs has been
studied in previous reports,15–18 whereas for planar PSCs,
detailed investigation is scarce; therefore, herein, the photo-
induced degradation of PSCs with both architectures are
investigated. The schematic of the PSCs with planar or meso-
porous architectures are shown in Fig. 1a. The light irradiates
from the FTO/glass side and is absorbed by the perovskite lm.
The residual light travels across the organic HTM and is re-
ected by the metal (typically Au) electrode to the perovskite
lm for secondary absorption. Therefore, the degradation
caused by irradiated light may occur at any of the components
1992 | J. Mater. Chem. A, 2016, 4, 1991–1998
in the PSCs. Fig. 1b shows the photocurrent–voltage (J–V) curve
of the fresh, best-performing planar PSC, which yields a short
circuit current (JSC), an open circuit voltage (VOC) and a ll factor
(FF) of 22.15 mA cm�2, 1.05 V, and 76%, respectively, and a nal
power conversion efficiency (PCE) of 17.76%. Fig. 1c presents
the J–V curve of the fresh, best-performing mesoporous PSC,
which shows a PCE of 14.67%. The average values of the
photovoltaic parameters were also calculated for multiple
identical PSCs and are listed in Table 1. The PCEs of the mes-
oporous PSCs are slightly lower than those of the planar PSCs,
This journal is © The Royal Society of Chemistry 2016



Table 1 The photovoltaic parameters of PSCs with planar and mesoporous architecturesa

Solar cells JSC (mA cm�2) VOC (V) FF (%) PCE (%)

Planar Best 22.15 1.05 76 17.76
Average 21.51 � 0.77 1.05 � 0.01 72 � 2 16.39 � 0.74

Mesoporous Best 21.71 1.02 65 14.67
Average 21.29 � 0.45 1.02 � 0.01 64 � 1 14.21 � 0.45

a The best values are obtained from the PSC with the highest PCE. The average values and the standard deviations are obtained from ten identical
solar cells.
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which is mainly caused by the relatively low FF. In addition to
the different fabrication methods for these two types of PSCs,
their efficiency difference is probably induced by the relatively
low conductivity of the TiO2 layer compared to that of the
perovskite layer.22

With continuous irradiation, i.e., under the actual working
conditions of solar cells, the PSCs were observed to degrade, as
shown in Fig. 2a–d. With the irradiation time from 0 to 180min,
it is clear that all the photovoltaic parameters, especially JSC and
FF, decrease with increasing time. As a result, the PCE decreases
by more than 80% of its initial value. These decreases can be
partially recovered by placing the PSC in the dark for a period of
90 min. The recovery of the photovoltaic parameters by storing
in the dark corresponds to the reversible changes of the PSC
under irradiation. However, most of the photo-induced degra-
dation is irreversible, leading to degraded performance of the
PSCs. As the PSCs were measured in ambient air, it was spec-
ulated that the degradation derives from the moisture effect
rather than photo-induced degradation. Therefore, a series of
PSCs, which were placed in the same ambient air but stored in
the dark instead of under continuous irradiation, were moni-
tored. As shown in Fig. 2a–d, the PSC without continuous irra-
diation shows little degradation, proving the stability of PSCs in
Fig. 2 Photovoltaic parameters of the planar PSCs without encapsu-
lation with and without irradiation as a function of irradiation time in
ambient air (50% to 60% humidity at room temperature). (a) Normal-
ized JSC. (b) Normalized VOC. (c) Normalized FF. (d) Normalized PCE.

This journal is © The Royal Society of Chemistry 2016
ambient air. Therefore, the degradation of the PSCs under
irradiation is indeed caused by irradiation rather than by
moisture in ambient air.

Photo-induced degradation does not solely occur in planar
PSCs, but also in mesoporous PSCs. As shown in Fig. 3, all the
photovoltaic parameters, including JSC, VOC, FF and PCE, of the
mesoporous PSCs decrease with increasing irradiation time;
these results are consistent with those for the planar PSCs.
Among these parameters, JSC and FF also decrease more obvi-
ously than VOC, which is in accordance with the results for the
planar PSCs. Therefore, the photo-induced degradation of PSCs
is a common and fundamental phenomenon in both types of
PSCs, which arouses our interest in exploring the intrinsic
mechanisms. The degradationmagnitude is less inmesoporous
PSCs than in planar PSCs. For example, aer irradiation for 90
min, the PCE of a mesoporous PSC retains over 60% of its initial
value, whereas the PCE of a planar PSC decreases to 20% of its
initial value. This difference caused by the architecture of the
PSCs is not induced by the different initial efficiency values, as it
is found that the planar PSCs with different initial efficiencies
(14.7% to 17.7%) show similar degrees of degradation in device
efficiency. The difference is correlated with the photo-induced
degradation mechanism, which will be discussed later.

To obtain insight into the mechanism of the photo-induced
degradation, the UV-Vis absorption spectra of the perovskite
lms were characterized to test if the perovskite lms
Fig. 3 Photovoltaic parameters of mesoporous PSCs without
encapsulation as a function of irradiation time in ambient air (50% to
60% humidity at room temperature). The renewal of the Au electrode
was carried out by removal of the irradiated Au electrode and subse-
quent deposition of the new one.

J. Mater. Chem. A, 2016, 4, 1991–1998 | 1993
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decompose upon irradiation. As shown in Fig. 4a, the absorp-
tion spectra of the fresh and the degraded perovskite lms both
exhibit typical absorption character of the absorption band-
edge at 1.63 eV. The absorption intensity is lower in irradiated
perovskite lms, demonstrating the degradation of the
Fig. 4 (a) UV-Vis absorption spectra of perovskite film before and after
irradiation. Insets in the UV-Vis absorption spectra (a) show digital
images of the planar PSCs before irradiation (i) and after irradiation (ii).
(b and c) Scanning electronmicroscopy (SEM) images of the perovskite
films (b) and the PSCs (c). (d) XRD spectra of the PSCs after removing
the Au electrode.

1994 | J. Mater. Chem. A, 2016, 4, 1991–1998
perovskite lms. However, the degradation degree of the
absorption intensity (about 20% at 500 nm) is much lower than
that of the JSC (80%). As the generation of photocurrent corre-
lates with the light harvesting efficiency of the perovskite, which
is determined by the absorption intensity of the perovskite;
therefore, it is speculated that the degradation of the absorption
intensity is not the main origin of the degraded JSC and device
performance of the PSCs. The digital images of the PSCs before
and aer degradation (Fig. 4a insets) also demonstrate that the
perovskite lms show little change in appearance aer irradi-
ation. Moreover, the morphologies of the perovskite lms and
the devices present minor changes with irradiation, as shown in
Fig. 4b and c, respectively. X-ray diffraction spectra of the fresh
(without irradiation) and photo-degraded (with irradiation)
PSCs without Au electrodes are presented in Fig. 4d. The XRD
patterns of both the fresh and degraded PSCs can be indexed to
the diffraction peaks of perovskite and FTO, revealing no
change in the crystal structure of the perovskite during irradi-
ation. No diffraction peaks from PbI2, typically represented by
an intense peak located at 14.2�, can be observed. Moreover, no
diffraction peaks from perovskite hydrate23 are observed. These
observations reveal that the photo-induced degradation of the
PSCs is not similar to moisture-induced degradation, as the
latter is typically correlated with the decomposition of perov-
skite to PbI2 or perovskite hydrate. Therefore, the photo-
induced degradation of the PSCs is not mainly caused by the
change in the perovskite lms, but can be correlated with other
parts of the PSCs.

The photo-induced degradation of mesoporous PSCs has
previously been ascribed to UV-induced degradation of the TiO2

in the mesoporous layer.15 Our results show that the planar
PSCs with smaller TiO2/perovskite interfaces (no mesoporous
TiO2 layer) yield more severe degradation; this suggests that this
interface is probably not the main origin of this degradation in
the as-fabricated PSCs. Considering the good material stability
of the materials utilized in PSCs, including TiO2 and spiro-
OMeTAD (HTM), which are widely used in other types of solar
cells,24–26 the degradation thus may occur at the perovskite/HTM
or HTM/Au interfaces. To check the change in the HTM/Au
interface, the Au electrode was renewed by removing it from the
degraded PSC and depositing a new one. The removal of the Au
electrode was carried out by a tape peeling method with Scotch
tape, which can perfectly remove the Au electrode from the
organic HTM due to the weak bonding between metal and
organic materials.27 Subsequently, a fresh Au electrode was
deposited on the degraded stacks to create a fresh HTM/Au
interface. Interestingly, the performance of the mesoporous
PSC with the new Au electrode recovered signicantly. As shown
in Fig. 3, the PCE of the degraded PSC with the renewed Au
electrode is 14.42%, which reaches 98.29% of the PCE of the
fresh PSC.

The planar PSCs also exhibited signicant recovery in
photovoltaic performance aer the Au electrode was refreshed,
as shown in Fig. 5a, demonstrating that the photo-induced
degradation mainly occurs at the HTM/Au interface. As can be
observed from Fig. 5a, the photo-induced degradation
decreases the PCE of the PSC more than 80%, from 17.76% to
This journal is © The Royal Society of Chemistry 2016



Fig. 5 (a) Photo J–V curves and (b) dark J–V curves of fresh and
degraded planar PSCs. The renewal of the Au electrode was carried
out by removal of the irradiated Au electrode and subsequent depo-
sition of a new electrode.

Paper Journal of Materials Chemistry A
2.46%. Aer storage in the dark for 90 min, the PCE recovered
slightly to 2.95%. In contrast, the PCE was obviously recovered
through refreshing the Au electrode by close to 80%, reaching
13.99%. Therefore, the photo-induced degradation mainly
occurs at the HTM/Au electrode interface. As the photo-induced
degradation at this interface depends on the light traveling
through the PSCs, the mesoporous PSCs, which are thicker
(�600 nm for the mesoporous layer and the perovskite capping
layer), with less light reaching the HTM/Au interface, show less
degradation than the planar PSCs, which have a thinner
perovskite layer (�350 nm). The unrecovered degradation of the
PSCs by renewal of the Au electrode is caused by the partially
recovered JSC, due to the degradation of the perovskite lm with
low absorption intensity.

To study the change in the HTM/Au electrode interface and
its correlation with the device performance, the electrical
parameters, including the series resistance (Rs), the shunt
resistance (Rsh), the reverse saturation current (J0) and the diode
ideality factor (m) of the solar cells without degradation (fresh),
irradiated for 90 min, stored in the dark for 90 min aer irra-
diation and recovered by renewal of the Au electrode, were
This journal is © The Royal Society of Chemistry 2016
calculated by tting J–V curves (shown in Fig. 5a) with the
equation as follows:

J ¼ JSC � J0

�
exp

�qðV þ AJRsÞ
mkBT

� 1

�
� V þ AJRs

ARsh

where A and m represent the device area and the diode ideality
factor, respectively. The calculated values are listed in Table 2. It
is clear that all the electrical parameters are diminished in the
PSCs that were irradiated for 90 min. Increased Rs reects
increased bulk resistance, leading to lowered JSC and FF for the
irradiated PSCs. Rsh is sufficiently large for both the degraded
and fresh PSCs; thus, they have similar VOC values. J0 correlates
with carrier recombination in the p-region and n-region;
therefore, the higher J0 value for the irradiated PSC corresponds
to higher carrier recombination in these regions than in those
of the fresh PSC. Aer storage in dark for 90 min, Rs changed
little, whereas J0 was reduced to some extent. By refreshing the
Au electrode, both Rs and J0 were reduced, and were similar to
those of fresh PSCs. Therefore, the degradation of the PSCs and
their recovery by renewal of the Au electrode are caused by
variations in Rs and J0, which cause the changes in JSC, FF and
the resultant PCE.

The dark J–V curves were characterized and are shown in
Fig. 5b. The dark current at a low voltage scale reects the
carrier recombination in the space charge region of the PSCs
(i.e., the perovskite layer sandwiched between the TiO2 and
HTM layers), whereas the current aer the threshold voltage is
determined by the Rs of the PSCs. From the dark J–V curves, it is
clear that carrier recombination in the space charge region is
higher in the degraded PSCs and can be reduced by subsequent
storage of the PSCs in the dark, corresponding to the reduced
dark current of PSCs stored in the dark for 90 min. This implies
that the photo-induced degradation occurs at regions other
than the space charge region. However, Rs irreversibly increases
aer irradiation, according to the reduced dark current at the
high voltage scale, and can only be decreased by renewal of the
Au electrode. This indicates that the effect of the irradiation
process on Rs mainly increases at the HTM/metal electrode
interface and can be reduced with renewal of the HTM/Au
interface. The increased Rs at the HTM/Au electrode interface
with irradiation decreases hole transport from the HTM to the
Au electrode, and thus increases the carrier recombination at
this region, leading to the large J0 in the irradiated PSCs.

To nd out the inuence of irradiation on the electrical
properties of the HTM/Au interface, Kelvin probe force
microscopy (KPFM) was employed to detect the electrical
properties of HTM near the HTM/electrode interface. To detect
this information at the interface, ultra-thin HTM lms were
deposited on Au and FTO electrodes followed by irradiation for
90 min. Topographic images of the HTM lms on the Au elec-
trodes before and aer irradiation are shown in Fig. 6a and b. It
is clear that the morphology and roughness of the HTM are
changed only slightly aer irradiation, apart from their possible
effect on device performance. In the potential images shown in
Fig. 6e and f, the surface potential of the HTM varies dramati-
cally with irradiation (i.e., the mean potential is lowered by 150
mV with irradiation). In comparison, HTM lms on FTO
J. Mater. Chem. A, 2016, 4, 1991–1998 | 1995



Table 2 Fitted electrical parameters of fresh and degraded PSCs

Solar cells Rs (U) Rsh (kU) J0 (mA cm�2) m JSC (mA cm�2)

Fresh 102.9 446 2.54 � 10�6 2.54 22.15
Irradiated for 90 min 349.2 133 6.64 � 10�3 5.51 5.89
Stored in the dark for 90 min 358.8 191 6.05 � 10�4 4.47 5.51
Renewal of Au electrode 182.1 418 1.82 � 10�5 2.89 17.79

Journal of Materials Chemistry A Paper
(Fig. 6c, d, g and h) seem to be insensitive to sustained irradi-
ation; they show similar morphologies and potentials (differ-
ence less than 50 mV). As the surface potential of the HTM is
determined by the Fermi level of the HTM and the work func-
tion of the tip, a lowered potential corresponds to the loss of
electrons or the gain of holes in the HTM. Considering the p-
type feature of the HTM, the reduced potential can be ascribed
to a gain of holes in the HTM. At the Au/HTM interface or the
FTO/HTM interface, holes diffuse from the HTM to Au or FTO,
establishing the thermal equilibrium of the carriers. Therefore,
the reduced potential of the HTM on Au aer irradiation indi-
cates decreased hole diffusion from the HTM to Au. This is in
accordance with the increased Rs, which decreases hole trans-
port from the HTM to the Au electrode in the PSCs aer irra-
diation. The minor change in the HTM on FTO reveals that the
HTM itself shows little change by irradiation; moreover, the
HTM/FTO interface is very stable to irradiation.

To study the effect of irradiation on the chemical properties
of the HTM/Au interface, X-ray photoelectron spectroscopy
(XPS) was employed to characterize the surface energy levels of
the HTM/Au interface. Fig. 7a shows the survey spectra of
ultrathin HTM lms deposited on Au electrodes without
Fig. 6 Topography and potential images of ultrathin HTM films coated on
the potential images from the HTM films without irradiation or irradiated

1996 | J. Mater. Chem. A, 2016, 4, 1991–1998
irradiation and with irradiation for 90 min. In addition to the
peaks of C, N and F from the HTM, a group of peaks corre-
sponding to Au 4f binding energies are also observed (Fig. 7a
inset). This indicates that the HTM is thin enough to detect
changes in the HTM/Au interface. By comparing the peak
locations of the Au 4f spectra before and aer irradiation, a shi
of 1 eV to a lower binding energy is observed for the irradiated
sample. The binding energy for Au 4f5/2 is 83.08 eV for the
irradiated sample; this is close to that of elemental Au. The
binding of Au with other elements typically causes a positive
shi in its binding energy. Therefore, the higher binding energy
of Au in the HTM/Au sample without irradiation implies the
binding of Au with the atoms from the HTM; these bonds are
broken by irradiation. The O1s spectra, as shown in Fig. 7b,
reveals a positive shi of the binding energy from 531.6 eV to
532.1 eV for O 1s by irradiation. This trend is in accordance with
the negative shi of the Au binding energy aer irradiation,
indicating chemical contact between Au/HTM though an Au–O
bond, which is broken upon irradiation. These ndings are
similar to observations in organic light emitting diodes
(OLEDs), in which metal electrode (Ag and Al)/organic material
interfaces are also changed by light irradiation.27,28 It is worth
Au and FTO glass, respectively. (a–d) The topography images and (e–f)
for 90 min.

This journal is © The Royal Society of Chemistry 2016



Fig. 7 (a) XPS spectra from HTM/Au stacks without or with irradiation
for 1 h and the inset graph represents the peaks of Au 4f binding
energies without and with irradiation. (b) O 1s electron binding energy
spectra from the same samples. The O 1s curves were fitted by
Gaussian fitting. The binding energy located at 533.1 eV derives from
the adsorbed oxygen on the sample.

Fig. 8 Spatial distribution of free holes in the HTM of the planar PSCs.
The surface HOMO level was adjusted from 5.12 eV to 5.32 eV to
evaluate the surface potential change of the HTM. The HOMO level of
the bulk HTM is 5.22 eV.

Paper Journal of Materials Chemistry A
noting that the damaged HTM/Au interface does not correlate
with the fabrication method of the Au electrode. In thermally
evaporated Au electrodes (i.e., the typically used method for
depositing Au electrodes), the degradation of the PSCs is similar
to that in the as-fabricated PSCs with sputtered Au electrodes
(data is not shown here in the interest of saving space).

The damaged contact at the organic/metal interface under
continuous irradiation decreases the surface potential due to
shis of the binding energy. Therefore, the surface potential
measured by KPFM is lower aer continuous irradiation. This
low surface potential is expected to lead to insufficient hole
extraction from the HTM to the Au electrode. To verify this
effect, the variations of free hole density of the HTM surface (3
nm) with the surface potential of the HTM (the highest unoc-
cupied molecular orbital, HOMO) in planar PSCs was simulated
using wxAMPS,29 which is reliable soware to simulate thin lm
solar cells. As shown in Fig. 8, the surface HOMO level was
adjusted from 5.12 eV to 5.32 eV to evaluate the surface
potential change of the HTM. It can be observed that the free
hole density at the HTM surface is deeply inuenced by the
surface HOMO level of the HTM, indicating that the surface
potential of the HTM plays a critical role in the charge
This journal is © The Royal Society of Chemistry 2016
extraction. When the surface HOMO level shis to the vacuum
level by 50 meV, corresponding to a 50 mV increase in the
surface potential, the free hole density at the HTM surface
dramatically increases. In the degraded HTM, which corre-
sponds to a low surface potential (a low HOMO level), fewer
holes can be extracted to the HTM surface. Therefore, the
carrier collection will be less efficient in the degraded HTM,
which is in accordance with the experimental results.

On the basis of the abovementioned results, it is clear that
the organic/metal interface plays a critical role in carrier
collection, and thus is very important for the photo-stability of
PSCs. Therefore, suitable materials that can improve the
contact between the HTM and the Au electrode, such as LiF30

and thiols,31 can enhance the stability of PSCs. In addition, the
utilization of inorganic HTMs is also a solution for photo-
induced degradation. Further exploration of methods to
improve the organic HTM/Au electrode interface is crucial.
Conclusions

In conclusion, the photo-induced degradation of PSCs is proved
to be caused by the organic HTM/Au electrode interface, which
is a fundamental issue in PSCs with either mesoporous or
planar architectures. In contrast, the degradation of the perov-
skite itself or other parts of the PSCs is minor. It is found that
the chemical bonding between HTM and Au is deteriorated by
continuous irradiation, causing insufficient hole extraction at
this interface. Consequently, the series resistance and carrier
recombination of the PSCs are increased, leading to their
degraded photovoltaic performance. Renewal of the Au elec-
trode can effectively recover the performance of the degraded
PSCs with mesoporous and planar architectures. Moreover,
suggestions for the elimination of photo-induced degradation
are also proposed. These results provide a new photo-induced
degradation mechanism beyond that ascribed to the presence
of TiO2 in mesoporous PSCs, and are important for developing
photo-stable and highly efficient PSCs.
J. Mater. Chem. A, 2016, 4, 1991–1998 | 1997
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