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Monolithic hybrid halide perovskite/crystalline silicon (c-Si) tandem solar cells have demonstrated their great potential to
surpass the theoretical efficiency limit of single-junction devices. However, the stability of perovskite sub-cells is inferior to that
of the c-Si solar cells that have been commercialized, casting serious doubt about the lifetime of the entire device. During device
operation, light and heat are inevitable, which requires special attention. Herein, we review the current understandings of the
intrinsic stability of perovskite/c-Si tandems upon light and/or heat aging. First, we summarize the recent understandings
regarding light facilitated ion migration, materials decomposition, and phase segregation. In addition, the reverse bias effect on
the stability of tandem modules caused by uneven illumination is discussed. Second, this review also summarizes the thermal-
induced degradation and mismatch issue, which underlines the system design of perovskite/c-Si tandems. Third, recent strategies
to improve the intrinsic stability of perovskite/c-Si tandems under light and/or heat are reviewed, such as composition en-
gineering, crystallinity enhancement, interface modification, material optimization, and device structure modification. At last,
we present several potential research directions that have been overlooked, and hope those are helpful for future research on
perovskite based tandem solar cells.
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1 Introduction

Hybrid halide perovskite solar cells (PSCs) have attracted
great attentions in the research community these years.
Several impressive advantages, such as bandgap tunability
[1-3], high absorptivity [4], low exciton binding energies
[4,5], and long carrier diffusion length [6], make PSC a
promising candidate for next-generation photovoltaic de-
vices. Up to now, the certified power conversion efficiency
(PCE) of PSCs has reached 25.7% [7]. However, for a single-

junction solar cell with a fixed bandgap, the transmission of
sub-bandgap photons and thermalization loss in absorbing
high-energy photons cause major energy loss, as shown in
Figure 1(a). PSCs also suffer from radiative recombination
and other factors [8] like limited carrier mobility. As the
PCEs of both PSCs and c-Si solar cells approach their
Shockley-Queisser (SQ) PCE limit [9-14] (Figure 1(b)),
perovskite/c-Si tandems (Figure 1(c1)-(c4)) are developed to
further minimize the above-mentioned energy loss to im-
prove their PCEs [15].
In two-junction perovskite/c-Si tandem solar cells, c-Si

with a bandgap of 1.1 eV is suitable for the bottom absorber
[14], which is responsible for the long-wavelength portion of
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light. And the perovskite with a wide bandgap of 1.6-1.7 eV
is achievable for the short-wavelength portion of light [2,3],
which pairs with c-Si to yield a theoretical PCE of about 44%
[14], as indicated in Figure 1(d) and (e). This combination
benefits from mature industry and mass production of c-Si
devices, as well as the potential of low-cost perovskite
solar cells. According to the record chart of the National
Renewable Energy Laboratory (NREL), the PCE of per-
ovskite/c-Si tandem solar cells by Helmholtz Zentrum
Berlin [16] have already reached 29.8% [7], surpassing
that of any single-junction solar cells. However, for
practical applications, a long system lifetime is the basis of
cost-efficiency [17]. As shown in Figure 2(a), impressive
stability has been obtained in the commercially available
c-Si devices [18], where it meets the IEC 61215 standards
[19] and guarantees a lifetime of more than 30 years for
commercial use [17,20,21]. By contrast, the stability for
PSCs is not satisfied yet, which needs more research ef-
forts from the entire community.
Generally, hybrid halide perovskite is vulnerable to water

and oxygen [22-25], which can be solved by atmosphere
purification and/or device encapsulation [26,27] that blocks
the external stressors and provides a chemically inert fabri-
cation/operation environment. However, some other aging
stressors, like light and/or heat, in working conditions are
inevitable, and have to be treated individually. As illustrated
in Figure 2(b), sunlight is absorbed by the perovskite layer,

providing energy for carrier generation. But at the same time,
illumination could induce the decomposition of perovskite
[28] by facilitating ion migration and chemical reaction be-
tween the absorber and charge carrier transport layers. Be-
sides, anion segregation occurs easily in perovskite absorbers
under sunlight, which generates iodide-rich low-bandgap
phases to trap charge carriers. It is also related to excess
charge carriers that generated by external bias [29]. Heat is
also generated within photovoltaic devices by thermaliza-
tion, nonradiative recombination, and resistance heating,
which would induce perovskite decomposition [30], phase
transition [31], and thermal expansion mismatch [32] to re-
sult in performance failure.
In this review, we focus on the intrinsic stability of per-

ovskite/c-Si tandem solar cells working in the real world.
Specifically, light-induced instabilities, such as ion migra-
tion, decomposition, phase segregation, and shading effects
are included. We also discuss the generated heat in per-
ovskite/c-Si tandems and its effect on intrinsic stability. We
further summarize recent progress to improve device stabi-
lity, including compositional engineering, crystallinity en-
hancement, interface modification, material optimization,
and device structure modification. Through the in-depth
discussions above, we hope to provide a practical and de-
mand-driven view of the working stability of tandem solar
cells and contribute to developing robust perovskite/c-Si
tandems for commercial applications.

Figure 1 (Color online) (a) Illustration of the intrinsic energy loss of a single junction solar cell, including the thermalization of high energy photon
absorption and the transmission of low energy photon. (b) Single junction record PCE with common photovoltaic material in the year 2018. Plotted as a
function of bandgap and compared with the SQ limit. The figure is from ref. [14]. Copyright©2018 Springer Nature. Schematics of several perovskite/c-Si
tandem architectures: (c1) four-terminal mechanically stacked; (c2) two-terminal monolithically integrated; (c3) four-terminal optical spectral splitting; (c4)
four-terminal reflective tandem. The figure is from ref. [15]. Copyright©2018 John Wiley and Sons. The theoretical efficiency limit for (d) two-terminal and
(e) four-terminal tandems, calculated with different sub-cell thicknesses, each picked to optimize the performance for each bandgap combination. Grey
shading signifies anything below the SQ limit of 32% for a single junction cell with a 1.1 eV bandgap, indicating where there is no efficiency gain in building
a tandem device. The dotted white lines mark the lowest bandgap currently accessible to metal halide perovskite semiconductors. The solid symbols indicate
bandgap combinations thus far used in making all-perovskite tandems. The black dashed line marks the 1.12 eV bandgap of c-Si, while the open symbols
represent the bandgap combinations for the best-achieved two-terminal perovskite/c-Si tandems. The figure is from ref. [14]. Copyright©2018 Springer
Nature.
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2 Intrinsic stability upon illumination

Illumination is a prerequisite for photovoltaic devices to
work. Unfortunately, ion migration often occurs in hybrid
halide perovskite under sunlight [33,34], and it leads to mass
transport and composition change. Besides, illumination also
provides extra energy to promote decomposition and phase
segregation [28,29,35-40], which unfavorably increases re-
sistance in the circuits and trapped carriers within the device
to deteriorate their stable power outputs. In this section, we
discuss the illumination-related ion migration, degradation,
phase segregation, as well as other light stability issues ori-
ginating from uneven illumination and model design for
perovskite/c-Si tandem solar cells.

2.1 Illumination-related ion migration

In hybrid halide perovskites, ion migration is observed
naturally due to the nature of ionic crystals, which has been
widely reported [41]. Electric field-induced ion migration
was confirmed by Yang et al. [42] by investigating the
electrical properties of CH3NH3PbI3 (MAPbI3) with graphite
electrodes under the argon atmosphere and in the dark. With
alternated current impedance, the measured real part of the
complex permittivity is as high as 300 at 1 Hz and 30°C. It
can further increase as temperature increases and frequency
decreases, which suggests a stoichiometric polarization
process. They also set up an all-solid-state electrochemical
cell consisting of Pb|MAPbI3|AgI|Ag and applied positive
potential on the Pb side. PbI2 could be detected at the Pb|
MAPbI3 interface after charge transference, indicating that I

−

can migrate through MAPbI3 material. The influence that
illumination has on ionic conductivities was also noticed by
them. Another study by Yuan et al. [43] revealed the MA+

redistribution under an electric field of 1.6 V/μm by using
photothermal induced resonance (PTIR). They chose the

absorption signal of CH3 asymmetric deformation as the
feature of MA+, and spotted the redistribution of MA+ in the
lateral Au|MAPbI3|Au device after electrical poling. Fur-
thermore, Pb2+ was estimated to have low migration ability
due to the high activation energy of 2.31 eV by the calcu-
lation of Eames et al. [44]. While the activation energies of
MA+ and I− vacancies were only 0.84 and 0.58 eV, respec-
tively. Finally, the ion migration pathways in perovskites
were concluded by Yuan and Huang [41] and demonstrated
in Figure 3(a1)-(a7).
Interestingly, illumination is reported to reduce the acti-

vation energies of ion migration. Zhao et al. [34] discovered
that activation energy is reduced from 0.39 to 0.074 eV for
the MAPbI3 films under illumination by measuring their
ionic conductivity concerning the temperature and illumi-
nation. The utilized cryogenic galvanostatic measurements
carried out by Zhao et al. [33] on Au/MAPbI3/Au devices can
be taken as an example, as illustrated in Figure 3(b). In a
typical test, a constant current of 20 pA is switched on, then
the voltage of the device is measured as a function of time. In
the very beginning, both electric field-driven ion migration
and carrier drift contribute to the current, and the total con-
ductivity (σt) is relatively high (Figure 3(c1)). As migrated
ions accumulate at electrodes (Figure 3(c2)), the screening
effect emerges and electric field-driven ion migration
reaches an equilibrium with ion diffusion, leaving only
electron conductivity (σe) (Figure 3(c3)). Measured im-
pedance will gradually increase in this process and is finally
close to a limitation, as shown in Figure 3(d). As a result,
ionic conductivity (σion) can be extracted by subtracting σe
from σt. According to the hooping-like transport mechanism,
σion can be written as:
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Figure 2 (Color online) (a) Normalized power of the five different silicon photovoltaic module types tested at 85°C and 85% relative humidity as the
function of exposure time and fitted degradation curves. The figure is from ref. [18]. Copyright©2017 John Wiley and Sons. (b) Schematic of the effect that
encapsulation has on perovskite/c-Si tandem solar cells. Light and resulting heat will not be excluded by encapsulation.

217305-3T. Xu, et al. Sci. China-Phys. Mech. Astron. January (2023) Vol. 66 No. 1



T T D E
k Tln( ( ) ) = ln + ln * 1 , (2)ion 0 0
a
eff

B
where Zi stands for the ionic charge, NA is the Avogadro’s
constant, Cv0 stands for the concentration of intrinsic defects,
kB is the Boltzmann constant, Vm stands for the molar volume
of perovskite, D0 is the diffusion coefficient, Gv stands for
the formation energy for vacancy defects, and Ea

eff is the
activation energy for ionic diffusion, considering additional
energy for mobile point defect formation. The results of
measured σion under different illumination intensities and
temperatures are shown in Figure 3(e), while Figure 3(f) is
the zoomed-in view of the data in the dashed box. The slope
of ln(σion(T)T)-1/T fitting is negative and its absolute value is
reduced under illumination [33]. According to eq. (2), the
activation energy for ionic migration is proportional to the
slope of ln(σion(T)T)-1/T relation, thus it is reduced as illu-
mination intensity enhances. While the intercept of the fitting

line has not been investigated.
The mechanism of illumination reducing the activation

energy of ion migration is not been fully revealed yet. But
there already have some theories. Based on the research of
Ruan et al. [38], photons with lower energy have an inferior
ability to facilitate the degradation of perovskite than pho-
tons with higher energy. They recorded the process of phase
segregation under the same optical intensity but at different
wavelengths, and spotted slower phase segregation under
488 nm illumination, compared with that under 407 nm il-
lumination. Thus, they speculated that the excess photon
energy provided by 407 nm photons promotes vacancy-
mediated iodide migration. More deeply, the excess energy,
generated by high-energy photons, is wasted by the ther-
malization process, the relation between thermalization and
reduced energy for activating migrated ions needs more
study. Similarly, Shahivandi et al. [39] proposed a theory

Figure 3 (Color online) Illustration of the ion migration pathways enabled by (a1) Schottky defects, (a2) Frenkel defects, (a3) open space and wrong bonds
at grain boundaries, (a4)-(a6) lattice distortions due to accumulated charges (a4), dissolved impurities (a5), and nonuniform strain caused by piezoelectric
effect (a6), and (a7) soften lattice caused by the light illumination induced bond weakening. The figure is from ref. [41]. Copyright©2016 American Chemical
Society. (b) The apparatus used in the experiments of Zhao et al. with a helium cooling system. The lateral device was prepared on a silica substrate with Au
electrodes and mounted on a sample stage with a cooling system. The figure is from ref. [33]. Copyright©2017 Springer Nature. Schematic illustration of (c1)
the conductance contributions from both ions and electrons, without any ionic depletion in the perovskite film; (c2) the gradual depletion of mobile ions as
they accumulate at the two sides of the film, leading to a reduced ionic contribution to the conductance of the perovskite film; (c3) only electrons contribute to
the conductance after the mobile ions in the film have been totally depleted at a sufficiently weak current of 20 pA. The figure is from ref. [33].
Copyright©2017 Springer Nature. (d) Five typical galvanostatic curves (resistance vs. time) recorded at different temperatures under a 20 pA current and
1 mW cm−2 illumination. The temperatures from bottom to top are 295, 240, 200, 150, and 100 K, respectively. The figure is from ref. [33]. Copyright©2017
Springer Nature. (e) Ionic conductivity multiplied by temperature, σionT, as a function of 1000/T under various illumination intensities. (f) Zoomed-in view of
the data in the dashed box in (e). The dashed line indicates the phase transition temperature. Note that the ionic conductivity under 5 mW cm−2 illumination
has been multiplied by 2 to distinguish the green dots from the purple dots in the plot. The figure is from ref. [33]. Copyright©2017 Springer Nature.
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about the relation between light and ion migration. Ion va-
cancies are generally neutralized by trapped charge carriers,
and immune to electric field force without light. When ex-
posed to light, trapped carriers are excited. Then so-called
“ionized” vacancies, the “quasi-ions”, are driven by build-in
electric field and unevenly distributed on either side of the
perovskite layer, reducing effective electric field intensity by
screening effect.
It has been intensively investigated that the influence of

ion migration is correlated to interfacial ion accumulation,
material degradation, and phase segregation in perovskites.
At first, ion migration unavoidably induces interfacial ion
accumulation, which results in the hysteresis in current
density-voltage (J-V) measurements and the band bending at
the upper and lower interfaces of perovskite. Xiao et al. [45]
found that the diode property of the device with poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulphonate) (PED-
OT:PSS)/perovskite/Au structure is controllable by pre-
biasing. Because the work function of PEDOT:PSS and Au
are almost the same, the contact property of perovskite/Au
and perovskite/PEDOT:PSS interfaces are also similar at the
initial state. But after pre-biasing, the mobile ions with dif-
ferent charge accumulated at these two interfaces mentioned
above, correspondingly, the work function of perovskite
surfaces were changed. As a result, the diode property of the
two interfaces differed from each other, and charge carrier
selectivity was obtained. Thus under illumination, the device
showed current output that depends on the pre-biasing. Ca-
lado et al. [46] demonstrated that the mobile ions with a high
concentration greater than 1017 cm−3 and severe nonradiative
recombination at interfaces are necessary for the hysteresis
phenomenon. Besides, ion migration also participated in the
interfacial ion accumulation and performance losses of PSCs
under reverse bias [47,48]. According to de Bastiani et al.
[49], the daily reversible degradation of perovskite/c-Si-
tandem devices during their outdoor test was due to the ion
migration and reduced charge extraction in perovskites. The
increased hysteresis found in the aged devices strongly
supports their opinion. Also, Qian et al. [50] proposed that
ion migration could explain the prolonged hotspot effect in
perovskite/c-Si tandems after reverse bias. This bias pro-
moted ion migration, and then the short circuit current (ISC)
of devices was reduced by ion accumulation and non-
radiative recombination at interfaces. To suppress ion mi-
gration in perovskite cells, the effective passivation with
long alkyl chain organic cations [51], rubidium doping for
better crystal quality [52], and strain modulation [53] of
wide-bandgap perovskite absorber were investigated in for-
mer researches. Based on the proposed mechanics of ion
migration, down-shifting materials that limit the energy of
incident photons and efficient charge carrier extraction may
also be useful to suppress ion migration in the perovskite/c-
Si tandem solar cells.

The c-Si sub-cells actually also face the migration of ions,
for example, Na+ from the front glass [54]. However, this ion
migration is reported to be driven by an applied electric field
and facilitated by ambient temperature. Based on the re-
search of Bai et al. [55], Na+, H+, OH−, Ag+, SiO3

2−, AlO2
−,

and CH3COOH
− are possible by-products in a c-Si solar cell

with Al or Ag electrodes, which is encapsulated by soda-lime
glass and ethylene-vinyl-acetate (EVA) [55]. But this study
only considered the migration of Na+and its effect on po-
tential induced degradation, instead of the impact of light on
ion migration.

2.2 Illumination-related degradation

Composition and crystal structure are crucial for desired
material properties. However, it is reported that light often
promotes composition change and leads to the decay of de-
vice performance. In a perovskite/c-Si tandem solar cell, the
composition degradation follows three major pathways, such
as matter transportation and interface reactions [28,56-58],
or material decomposition [35,38]. Besides, the typical total
thickness of perovskite and charge transport layers used in
tandems is less than 1 μm. The thin films enable efficient
charge transport and minimize parasite absorption. But with
large specific surface areas, they are subjected to mass
transport or interface reactions. Many researchers have stu-
died the diffusion of Li+ [56], the distribution of MA+ in the
hole transport layer [58], the erosion of Ag electrode and the
destination of Ag+ [57], as well as the interdiffusion of atoms
in different perovskite/hole transport materials (HTM) [59]
by employing depth-resolved time-of-flight secondary ion
mass spectrometry (TOF-SIMS) or mapping.
Lim et al. [28] investigated the light-induced degradation

kinetics of a semi-transparent perovskite solar cell, which
resembles an actual sub-cell in a tandem device. The J-V
curves of devices were measured to extract the performance
parameters as a function of light soaking time. Clear decays
of photovoltaic parameters, like shunting resistance (Rsh),
open-circuit voltage (VOC), short-circuit current density (JSC),
fill factor (FF), and PCE, with regard to the soaking time
indicated the degradation process of the device under illu-
mination. While the series resistance (Rs) actually increased.
Based on the recorded decays, the degradation rate constant
(kD,i) of photovoltaic parameters (i) in each condition can be
extracted. To acquire thermal activation energy (Ea,i) of de-
gradations, the above analysis was also repeated under dif-
ferent temperatures. Based on the Arrhenius formula, the
relation of kD,i and Ea,i can be expressed as:

( )k A
E
k Tln = ln .i

i
D,

a,

B

The authors found a distinct difference between the Ea of
VOC and other parameters, which suggests two kinds of de-
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gradation reactions. They considered that the charge carrier
recombination of perovskites was not severely affected by
temperature, but the crystallinity of the film was reduced.
Voids in Spiro-OMeTAD layer along grain boundaries in-
dicated the ion diffusion and reactions, which were further
confirmed by TOF-SIMS. Elnaggar et al. [59] first fabricated
the devices that consist of ITO/HTM/Perovskite/[6,6]-phe-
nyl C61-butyric acid methyl ester (PCBM), then exposed
them to (35±3) mW cm−2 white light soaking. After that,
they refreshed the PCBM layer of devices as a comparison,
and finally fabricated the top contact to exclude the influence
of the electrode. In this experiment, the relation of light-
induced degradation and charge transport layers was studied.
The authors found that the devices with refreshed PCBM
showed improved PCE, which was consistent with a pre-
vious study that found MAI escaping the perovskite and
occupying cavities in the fullerenes layer [60]. Besides, they
performed the same investigation on devices with Cs0.1-
FA0.9PbI3 perovskite and found a minor but not negligible
degradation on Cs0.1FA0.9PbI3/PCBM interface. TOF-SIMS
results proved the light-induced reaction between PEDOT:
PSS and perovskite. There were obvious inter diffusion of
Pb+, I2

−, C2
−, S−, and the depletion of PbI+ near the interface,

which indicated the formation of Pb-PSS salt and I2-doped
PEDOT. In the case of NiOx, the formation of PbO and NiI2
under illumination was verified. These results highlight the
importance of material choice in perovskite/c-Si tandems,
considering the light-induced matter transportation and
chemical reaction between perovskite and charge transport
materials. Polymer HTMs without reactive functional groups
are prospective.
The perovskite absorber in tandems is designed to absorb

photons with relatively high energy. Direct decomposition of
the material is reported to happen under illumination, espe-
cially under ultraviolet (UV) light. Lee et al. [35] proved that
perovskites can degrade under 365 nm UV light in an inert
atmosphere. After 210 h of soaking by 7.6 mW cm−2 UV
light, the PCE of the device was greatly reduced from 12.2%
to 1.36%. Interestingly, 1-sun light soaking could partially
recover the PCE to 10.4% while resting the device in dark
made the performance retrogresses to the degraded state.
Further UV soaking put more limit on the recovered PCE,
finally, only 35% of the initial PCE could be recovered after
1000 h of UV soaking. The authors considered that UV light
would generate charge carriers in the TiO2 layer and in the
perovskite layer near the perovskite/TiO2 interface. Rela-
tively low ratio of electrons in the perovskite to holes in TiO2

made holes accumulate at the interface, and such trapped
holes would react with I− ions to generate PbI2. Finally, the
recovery of PCE under 1-sun soaking was due to the defect
neutralization by photogenerated carriers. In this respect, the
down-shifting material could convert UV photons to the
photons with lower energy, and protect the perovskite sub-

cells.
Metal electrode erosion and atom/ion diffusion are found

to be responsible for device instability too as reported in refs.
[57,61]. In perovskite/c-Si tandems, the promising design of
top contact is transparent conductive oxides (TCO) com-
bined with metal electrode grids, which gives some distinct
advantages in stability. On one hand, the usage of metal
electrodes in tandems is far less than that in single junction
devices, which not only had cost advantages but also reduced
the risk of metal erosion [62,63]. On the other hand, there
were some reports that condensed oxide materials could
suppress metal electrode erosion [64]. Recently, graphene
was confirmed as a good capping layer to prevent metal
degradation [65].

2.3 Illumination-related phase segregation

In front of c-Si, the wide-bandgap halide perovskite is em-
ployed in perovskite/c-Si tandem devices to harvest sunlight
with high energy. For two-terminal tandems, the desirable
bandgap for front absorber is 1.65-1.7 eV, while for four-
terminal tandems, this range enlarges to 1.6-2.1 eV [14]. To
acquire the proper wide-bandgap perovskites, iodide anions
(I−) are partially substituted by bromide anions (Br−), and the
proportion of cesium cation (Cs+), formamide cation (FA+),
methylamine cation (MA+), and other possible cations are
carefully balanced to control overall properties in the context
of PCE and stability.
In hybrid halide perovskites with mixed anions, e.g., (R)Pb-

(BrxI1−x)3 (R = MA+, FA+, Cs+ or a mixture), it was widely
reported [29,36-38,40,66,67] that light induced phase seg-
regation would cause the local composition change, and then
impact the local bandgap. In terms of this issue, the photo-
luminescence (PL) that represents the radiative recombina-
tion process is a useful characterization method. Hoke et al.
[67] firstly discovered the red-shifted PL peak and sub-
bandgap absorption at ~1.7 eV, which indicated that the
domains with lower bandgap emerged. The split character-
istic peaks in X-ray diffraction (XRD) patterns verified the
segregation of halide ions and the formation of iodide-rich
minority domains. Later, Duong et al. [29] reported the effect
of light and bias on phase segregation of Rb0.05(Cs0.1MA0.15-
FA0.75)0.95PbI2Br perovskite with a bandgap of 1.73 eV
(~720 nm). In a typical device, PL signal of the active area
under open circuit condition shifted to ~780 nm, by contrast,
that of the inactive area shifted to ~760 nm after 12 h of
simulated 1 sunlight exposure. If the cell is held at maximum
power point (MPP), only a localized shift of PL signals was
observed in the active area, which was due to the localized
defects. And negligible phase segregation was observed in
the active area under short-circuit condition. These results
suggested that remaining charge carriers could facilitate
light-induced phase segregation. As for bias, PL signals in
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the typical device under 1.2 V forward bias shifted, however,
PL signals remained intact at 1.0 V reverse bias. Based on
the observations above, they proposed the nonequilibrium
charge carrier-phonon coupling theory as a possible me-
chanism.
In addition, Bischak et al. [68] also proposed an electron-

phonon coupling model for light-induced phase segregation.
They considered that photogenerated electron-hole pairs
separate, and deform the surrounding lattice by electron-
phonon coupling, as shown in Figure 4(a). Then the charge
carrier and deformation field of the surrounding lattice form
a polaron. Lattice strain is thus influenced by polarons, and
the corresponding calculation shows that halide segregation
strongly depends on the strain. From the view of free en-
ergies per unit cell in Figure 4(b), photoexcited states show
trends of segregation. Then, iodide concentrated clusters
naturally generate and disappear in material bulk due to
fluctuation. The polaron with charge can be trapped by this
low-bandgap cluster, stabilizing it through strain-induced
segregation. Finally, as shown in Figure 4(c), the stable
phase in the ground state turns to be under the coexistence
curve in the photoexcited state, meaning that two different
phases can coexist. In this model, the lattice energy is con-
sidered, and the interaction between charge carriers and
lattice is also explained, while charge carrier energy change
is overlooked.

Moreover, Draguta et al. [69] investigated the relationship
between phase segregation and the thermodynamics of the
entire system, including mixing energy, entropy, and charge
carrier energy. They pointed out that the mixing energy (blue
line in Figure 4(d)) of MAPbI3 and MAPbBr3 is small en-
ough that mixing entropy can control mixed-phase stability
(green line in Figure 4(d)). Compared with the mixed state,
the iodide (bromide) rich domain has higher valance band
(conduction band) edges. As shown in Figure 4(e), charge
carriers tend to be trapped in the iodide-rich domains. This
difference of energy band edge together with trapped carriers
(especially the holes in iodide-rich regions) contributes to the
increase of free energy (red line in Figure 4(d)) in the uni-
form film under illumination, as compared with the segre-
gated counterpart.
Based on the above-mentioned findings, a comprehensive

view of phase segregation in perovskites is gradually es-
tablished. Phase segregation can be considered a reversible
transition between segregated or homogeneous phases, and it
is controlled by system free energy. If the free energy of the
segregated phase under certain conditions, for example, il-
luminated, is lower than that of the homogeneous phase, then
phase segregation tends to be happen. Between the segre-
gated and homogeneous phases, two distinctions, including
halide segregation and charge carrier redistribution, influ-
ence the system free energy through changing system energy

Figure 4 (Color online) (a) Photoinduced polaron trapping and associated energy scales associated with phase separation. Yellow and blue spheres
represent I− and Br−, respectively. Red and white pill shapes represent MA. Lead atoms are represented by gray circles. The figure is from ref. [68].
Copyright©2017 American Chemical Society. (b) Free energies per unit cell for MAPb(IxBr1−x)3 with varying composition in the ground (red) and
photoexcited (blue) states, computed from molecular dynamics simulations (circles) and mean field theory (solid lines). The figure is from ref. [68].
Copyright©2017 American Chemical Society. (c) Mean field theory temperature-composition phase diagram in the ground (red) and photoexcited state (blue)
with the path through the phase diagram from the initial state (star) to the demixed state (circle) observed experimentally. Areas beneath the red and blue
coexistence curves indicate demixed states. The figure is from ref. [68]. Copyright©2017 American Chemical Society. (d) Estimated free energy of formation
as a function of bromide fraction x. The blue line/circles are generalized gradient approximation (GGA)-computed 0 K ground state formation energies,
including spin-orbit coupling. The green line/squares are free energies of mixing at 300 K, assuming ideal mixing on the halide sublattice. The red line/
inverted triangles represent the free energy difference after single photon absorption. All energies are reported per two formula units. Blue and pink shaded
areas indicate positive (phase separation favored) and negative (phase separation disfavored) free energy regions. The figure is from ref. [69]. Copy-
right©2017 Springer Nature. (e) Schematic of charge carrier diffusion and trapped by the funneling effect of iodide-rich domains. The figure is from ref. [69].
Copyright©2017 Springer Nature. (f) Schematic of system free energy relating processes during phase segregation incident. Orange arrows represent the
positive correlation, while blue arrows represent the negative correlation. The red dashed line highlights the process exclusively happens under the light.
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or entropy. At first, the concentration of halide ions changes
from even distribution to local accumulation. As a result, the
system entropy decreases (ΔSion) due to the composition of
the localized I-rich domain differs from the surroundings.
Then because of the different radii of iodide and bromide
ions, slight lattice structure distortion emerges, leading to the
change of the ion binding energy, which is a part of internal
energy (ΔUion). Charge carriers also induce the lattice strain,
which can reduce the lattice energy of the segregated phase
[68]. Secondly, as compared with the ideal homogeneous
condition, it is predicted that charge carriers tend to accu-
mulate in I-rich domains due to their lower bandgap. Con-
centrated charge carriers have less entropy (ΔSexciton) than
that under even distribution condition, but also have less
energy (ΔUexciton), because they lost some of the energy
during the funneling process [69]. From the homogeneous to
segregated phase, the Gibbs free energy change (ΔG) of the
system can be calculated as follows:

G U U T S S= + ( + ).ion exciton ion exciton

The relationships of the above processes are illustrated
in Figure 4(f). Negative ΔG under illumination makes
phase segregation favorable in the case of system free
energy.
According to the discussion shown in Figure 4(f), some

guidelines to achieve superior light stability in perovskites/c-
Si tandems are suggested. At first, the mechanisms of phase
segregation indicate that it is possible to increase the mixing
entropy and binding energy of perovskites, and obtain im-
proved light stability in a point of thermodynamic view by
composition engineering [70]. Specifically, the above stable
state means that phase segregation would not be thermo-
dynamically favorable even under conventional illumination.
Besides, promoting extraction to reduce the concentration of
charge carriers in the perovskite absorber could reduce the
driving force for phase segregation [29,69]. Also, passivating
defects are reported to effectively suppress phase segregation
by reducing the route of ion migration [71-73]. Noted that the
actual operation of photovoltaic devices could experience the
continuous day-night cycle. Therefore, by defect passivation
and enhancing charge carrier extraction, the dynamic seg-
regation-recovery equilibrium in perovskites can be reached
in day-night cycles, which means that the slight segregation
by daytime will fully recover during the night [37]. But the
continuous degradation process will introduce more defects
in the perovskite cells, gradually limiting daytime perfor-
mance against phase segregation. Considering the complex
interactions among charge carriers, lattice distortion, and
bandgap, it still requires more comprehensive investiga-
tions on the mechanisms of light-induced phase segrega-
tion from different perspectives. Efforts on suppressing
phase segregation will be discussed in the later part of this
review.

2.4 Realworld illumination and module design

In an actual working condition, the dynamic shading could
happen due to the blockage of clouds or objects, which po-
tentially damages the performance of solar modules with
series connections. As illustrated in Figure 5(a), the con-
centration of photogenerated charge carriers in a certain cell
in series module reduces, when it is shaded. However, under
sunlight, a nearly constant number of charge carriers are
collected by the adjacent cell and transferred to the shaded
cell by the series connections. In the hole transport layer
(HTL) of shaded cells, the injected electrons are more than
holes that are collected by the HTL, so electrons accumulate
in the HTL and cathode. And similarly, holes accumulate in
the electron transport layer (ETL) and anode. Accumulated
charges would induce a reverse bias that is applied on the
shaded cell, while other cells in the series are slightly for-
ward biased. The maximum reverse bias (Vrev,max) applied on
the cell is determined by the number of other solar cells (N)
in this series and the VOC of them, as demonstrated below
[74]:

V V N= × ( 1).rev,max OC

The effect of reverse bias is determined by the magnitude
of reverse bias and solar cell structure. Moderate reverse bias
has an effect on the hysteresis phenomenon, which was
confirmed by Chen et al. [75] and then by Rajagopal et al.
[47]. Bowring et al. [76] experimentally characterized the
breakdown voltages (Vbr) of PSCs by directly applying re-
verse bias on them and observing the breakdown phenom-
enon. The Vbr results range from −1 to −4 V, which indicated
an inferior stability as compared with −15 V Vbr of the c-Si
solar cells. The devices with the architecture of NiO/per-
ovskite/C60/BCP/Ag showed the highest Vbr. The actual de-
gradation occurred in the breakdown cells can be divided
into two kinds. (1) Increase in Rs and a substantial decrease in
VOC can be observed in breakdown cells, which also shows a
uniform reverse bias current distribution (see Figure 5(b1)).
(2) The locally shunting due to the defects is responsible for
the hot spot and consequent permanent damage (see Figure
5(b2)). The first phenomenon is more frequently observed in
cells without metal electrodes, which actually resembles the
semitransparent perovskite sub-cell utilized in tandems. The
reverse bias current is considered the tunneling current near
the transport layer/perovskite interface, and will be explained
in the later part [76]. And the second phenomenon often
happens in cells with metal back electrodes, and the damaged
solar cell behaves like a resistor.
Later, Razera et al. [77] studied the effect of reverse bias

on devices with the structure of ITO/NiO/perovskite/C60/
LiF/SnO2/ITO/Ag (or other metal). As shown in Figure
5(c1), a reverse bias under −1.1 V caused an abnormal S-
shape in the I-V curves. And the local shunting happened
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when the reverse bias is equal to or higher than −1.2 V. The
resistor-like behavior of the device in Figure 5(c1) drastically
increased the shunting current, as shown in Figure 5(c2),
which also supports the emergence of shunting in the device.
Then, Qian et al. [50] demonstrated the reverse bias effect on
perovskite/c-Si tandem solar cells. In general, perovskite
sub-cells could recover after a moderate reverse bias and
suffered from a temporary ISC reduction. But when a severe
ISC reduction is induced by the huge reverse bias, perovskite
sub-cells would remain at reverse biased condition, as shown
in Figure 5(d).
Bowring et al. [76] found that the reverse bias current of

PSCs first increased and then decayed, which was likely due
to an unverified electrochemical reaction. The effect could
recover, but became slower as the dark/light cycle under
MPP tracking continues. The other two mechanisms of re-
verse bias that govern the degradation of PSCs are dis-
covered by Razera et al. [77]. One is that iodide ions can be
driven into the organic transport layer, which leads to the
observed changes of J-V curves after reverse bias. This

phenomenon is recoverable. Another is that the reverse bias
beyond Vbr can introduce enough charge carriers in the de-
vice, which greatly facilitates the phase segregation. The
composition of the degraded perovskite under reverse bias
showed the iodide and bromide rich sub-layers. It is noted
that this effect is irreversible. Recently, the relationship be-
tween ion drift-diffusion and electrochemical oxidation is
analyzed by Bertoluzzi et al. [48]. Under reverse bias, more
positive charges accumulate in the ETL, and vise versa in
HTL. The authors considered that if most mobile point de-
fects are halide vacancies, they would drift to HTL under
reverse bias, in which the built-in electric field points to
HTL. These halide vacancies screened the negative charge in
the HTL, so the electric field was more concentrated near the
ETL, which narrowed the barrier to the tunneling effect that
happened near ETL [62]. As a result, electrons were injected
from the valance band of the perovskite to the ETL, leaving
more holes in the perovskite. Then accumulated holes re-
acted with halides, which produced the neutral halogens as
recombination centers. If halogens escaped from the per-

Figure 5 (Color online) (a) Schematic of partial shading caused reverse bias condition. Blue and Red spheres represent holes and electrons. Infrared (IR)
images of cells at −5 V showing (b1) uniform breakdown across the whole cell. The slight deviation from uniformity is due to the electrode pattern and the
voltage drop across the fairly resistive top ITO electrode (b2) shunting due to local defects. The figure is from ref. [76]. Copyright©2018 John Wiley and
Sons. (c1) I-V curves taken immediately after biasing the cell at progressively higher (in absolute value) reverse voltages. (c2) Reverse current measured
during the 3 min of each reverse biasing step. The figure is from ref. [77]. Copyright©2020 Royal Society of Chemistry. (d) Voltages over time of the
perovskite cell, Si cell, and the tandem device during the realistic test in a safe case and a failed case. The figure is from ref. [50]. Copyright©2020 Royal
Society of Chemistry.
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ovskite layer, together with other side reactions with adjacent
functional layers, the permanent degradation happened.
To solve this issue, Qian et al. [50] predicted that the by-

pass diodes and high shunt resistance c-Si sub-cells in 2-
terminal tandems can protect the perovskite sub-cells. In
addition, the suppression of ion migration could also mini-
mize the risk of reverse bias pinning [50]. Further module
design aims at preventing the damage of reverse bias will be
discussed in the outlook section.

3 Intrinsic stability against thermal aging

Since solar cells are not ideal devices, the generation of heat
is inevitable in the light-electricity conversion process. The
direct heat radiation from the sun, the thermalization of high
energy exciton, and the resistance heat can easily heat solar
cells under sunlight to over 65°C. The energy output of
photovoltaic modules as a function of temperature is pre-
sented by Dupré et al. [78] in Figure 6(a). It is widely re-
ported that the hybrid halide perovskite absorbers are
seriously suffered from the heat decomposition, which is
attributed to the volatile organic molecules [79,80]. Besides,
the high temperature could also facilitate ion migration or
diffusion into adjacent layers [61,81]. Finally, sunlight as the
heat source is not constant, and it varies during the day,
which causes a temperature cycle following the day-night or
seasonal cycle during device operation. And the physico-
chemical and optoelectronic properties of c-Si and per-
ovskite absorbers vary as temperature changes, putting
further requirement on current matching and stress-induced
structural stability of perovskite/c-Si tandems in temperature
cycle [82-85]. In this section, we discuss the causes of device
performance decay regarding materials degradation and heat
induced mismatch in terms of bandgaps and thermal ex-
pansion coefficients (CTEs) within the device.

3.1 Material thermal change

Hybrid perovskite is vulnerable to immense heat. Direct
decomposition is often related to organic ions, especially
methylammonium that has relatively low molecular weight.
Tan et al. [30] have studied the thermal decomposition pro-
cess of mixed cation perovskite, including Cs0.17FA0.83Pb-
(I0.83Br0.17)3 and Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 in air.
The decomposition of triple cation perovskites exhibited two
decay stages, whereas that of double cation perovskites has
only one stage, when the aging temperature is lower than
150°C. This was attributed to the difference of MA+ and FA+

cations. Turren-Cruz et al. [86] have reported MA and Br-
free perovskites. By using inorganic Rb and Cs ions, they
fabricated highly crystalline FACsRb-based perovskites with
drastically improved stability. Further removing organic ca-

tion ensures the extreme thermal stability of perovskite, for
example, CsPbBr3 single crystal can be synthesized by
mixing and reacting equimolar amounts of CsBr and PbBr2
in the ampule at 600°C [87]. Beal et al. [3] confirmed a
superior thermal stability of CsPbBrI2 than that of MAPbI3
after heating both materials to 180°C. Merely no change of
absorbance showed in the UV-vis spectra of CsPbBrI2.
Carrier transport layers are also critical for the thermal

stability of PSCs, which can be changed by high temperature.
For widely adopted Spiro-OMeTAD, its glass transition
temperature (TG) is ~124°C, enough for the thermal stability
requisition of photovoltaic devices [88]. However, the dop-
ing by bis(trifluoromethane) sulfonimide lithium salt (Li-
TFSI) and 4-tert-butylpyridine (tBP) is commonly used to
improve its conductivity [89]. And importantly, the doping
can further reduce the TG of Spiro-OMeTADlayer to about
72°C-91°C [88,90], closing to the operation temperature of
solar cells. As shown in Figure 6(b), the crystallization of the
Spiro-OMeTAD layer happens inevitably when the device
temperature is higher than the TG. And the crystallized Spiro-
OMeTAD can induce pores at the interface, which affects the
contact between the perovskite and HTL [31]. These un-
favorable change leaves the device more vulnerable to the
thermal stress as discussed below. Seo et al. [90] found that
substituting Li-TFSI with Zn-TFSI2 actually raised the TG of
the Spiro-OMeTAD layer by 8°C and improved the T80 of the
solar cells from ~40 to ~100 h under 1 sun illumination and
at 50°C, where the T80 is defined as the time when the device
retains 80% of its initial PCE. The T80 of perovskite devices
with the employment of Spiro-OMeTAD material in other
researches are still under 100 h when 60°C is applied
[88,91].
Similarly to Spiro-OMeTAD, the doping is also conven-

tional when using poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA), due to its low conductivity [92-94]. The
intrinsic PTAA was found to be more stable than the Li+

doped PTAA, when the devices without encapsulation were
aged under 85°C and 85% relative humidity [94]. Even so,
Nia et al. [93] demonstrated that their devices with doped
PTAA with high molecular weight could retain more than
90% of initial PCE after 1080 h of thermal stress at 85°C.
Wang et al. [95] reported that the formation of p-type bulk
heterojunction (PCBM doped PTAA) did not affect the sta-
bility of the PSCs, but did improve their PCE. Besides,
Spalla et al. [96] considered that the perovskites layer is
instable under thermal aging, and its decomposition product,
HI, was harmful to PTAA layer, which thus reduced the
stability of the system.
As for the PEDOT:PSS, it is reported that its acidic

functional groups and hygroscopic nature lead to the inferior
stability. Lin et al. [97] have investigated the surface mod-
ification of glycerol monostearate (GMS) on the PEDOT:
PSS. They successfully improved the T80 of the device to
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~500 h at room temperature in N2, as compared with ~300 h
of the untreated PEDOT:PSS. And the solar cells with
PEDOT:PSS are even more vulnerable in air and elevated
temperature [98]. Actually PSDOT:PSS is usually found to
have the inferior stability compared with other HTLs, such as
NiOx [99,100], PTAA [98] or other materials [101] during
the stability characterization of PSCs.
Most inorganic semiconductors are more resistant to heat

decomposition. NiOx is a typical example of inorganic HTL.
Zhao et al. [102] discovered that NiOx based inverted devices
almost retained the JSC and VOC, but lost 26% of the initial
PCE due to reduced FF after the 80th thermal cycle. Other
reports showed that the encapsulated PSCs with ITO/NiOx/
perovskite/LiF/C60/SnO2/ITO/Ag were capable to pass the
IEC 61646 damp heat test and thermal cycling test. Ten
devices retained an average 99% of their initial PCE in these
tests [26]. Though NiOx is usually considered to be stable, it
is also reported to react with MAI (or HI) at a temperature
higher than 100°C [103]. And the reaction of NiOx with HI is
more enthalpy favorable than that of SnO2 and TiO2 [104].
Therefore, a proper interface passivation is needed to further
improve the stability of PSCs with NiOx. In addition, another
stable HTL is sp2 hybridized carbon layers, namely graphite
with work function near 5.4 eV [105]. Carbon based PSCs
have a superior stability and have met IEC61215:2016
standards without apparent degradation [106]. Un-
fortunately, carbon is not transparent, thus not suitable for
perovskite/silicon tandems.

Fullerenes and their derivates are commonly used in PSCs
[26,30,59,65] or perovskite/c-Si tandems as ETL
[49,85,107,108]. Unfortunately, fullerenes are reported to
easily aggregate under thermal stress [109-111]. The
monograph of Amabilino [112] reported that C60 was highly
mobile in many cases, such as migrating between voids
formed by the supramolecular structures on Si (111) surface.
And the researchers can easily control the migration of C60

by varying the tunneling current of scanning tunneling mi-
croscopy, which indicates a low energetic barrier to C60

motion. Cheacharoen et al. [113] discovered the low fracture
energy of the PCBM layer, which suggested that the inter-
action between these molecules is weak, so the relatively
high mobility of the PCBM molecule was predictable. As
shown in Figure 6(c1)-(c3), the PCBM layer aggregated
under continues illumination and 55°C, which was consistent
with previous studies. In order to suppress this effect, Tian et
al. [114] synthesized the [6,6]-phenyl-C61-butyric acid
benzyl ester (PCBB) molecule, which contained more p-p
interactions and thus exhibited superior stability than PCBM
films under thermal stress. Still, there are examples that
fullerenes based ETLs can withstand 85°C heat aging, and
showed the potential of these materials [115,116].
By contrast, the inorganic oxide electron transport mate-

rials are much better in thermal stability. There is no doubt in
the intrinsic stability of SnO2 and TiO2, since their melting
points are generally higher than 1500°C. And previous re-
search have proved that SnO2 and TiO2 based devices could

Figure 6 (Color online) (a) The energy output distribution in Agder (Norway), Denver (USA), and a desert in the southwest USA and conversion
efficiencies of the single junction and tandem devices as a function of module temperature. The figure is from ref. [78]. Copyright©2018 American Chemical
Society. (b) Microscope pictures (dark field crossed polarizers) of the solid-state dye-sensitized solar cell containing Spiro-OMeTAD heated at 100°C.
The figure is from ref. [88]. Copyright©2015 American Chemical Society. (c1)-(c3) PCBM films on the perovskite substrates, which were aged under
continuous illumination without cooling (surface temperature: 55°C). The scale bar represents 1 μm. The figure is from ref. [114]. Copyright©2021 Science
China Press.

217305-11T. Xu, et al. Sci. China-Phys. Mech. Astron. January (2023) Vol. 66 No. 1



pass IEC 61646 damp heat test [26], IEC 61646 damp heat
test [80,117], even endure worse condition [118]. However,
when in contact with perovskite, some light or thermal in-
duced reaction may happen. The photocatalytic activity of
TiO2 has been discussed in the former section. In this regard,
SnO2 has higher bandgap and lower photocatalytic activity as
compared with TiO2, but is also more reactive with HI, which
is believed to be the by-product of perovskite under thermal
stress. Because the enthalpy of the reaction between HI and
SnO2 (−161 kJ/mol) is lower than that of the equivalent re-
action with TiO2 (−45 kJ/mol) [104].
In c-Si sub-cells, heat does induce the change of material

properties. The negative fixed charge density in aluminum
oxide (AlOx) film on the nanostructured silicon was found to
decrease after a damp heat test and then limited the passi-
vating effect of AlOx film [119]. Phua et al. [120] and Karas
et al. [121] found that Cu in the finger electrode could diffuse
into silicon and cause the nonradiative recombination,
though the stability of the cells was still beyond the IEC
61215 standard. Although the internal mechanisms of light-
and elevated temperature-induced degradation are not com-
pletely revealed, the influence of hydrogen is confirmed
[122]. And the moisture-induced degradation is common in
c-Si solar cells [123-125]. Therefore, considering the hy-
drogen-rich nature of organic-inorganic hybrid perovskite
and the corrosivity of hydrogen halide, which are even
higher than that of water, the synergy between the decom-
position of perovskite and the degradation of c-Si sub-cells
worth further investigation.

3.2 Bandgaps and CTEs mismatch

The physiochemical and optoelectronic properties of semi-
conductor materials change as temperature change. When
solar cells operate at different temperatures in the day/night,
a mismatch happens due to the change of materials proper-
ties. As reported by Dupré et al. [78], the actual operating
temperature of perovskite/c-Si tandems varies from −5°C to
70°C. And the performance of a perovskite/c-Si solar cell is
not essentially stable. Aydin et al. [85] found that the tem-
perature dependent external quantum efficiency (EQE) tests
showed a narrowing of the bandgap for c-Si, and a widening
of the bandgap for perovskite as the temperature rises, as
illustrated in Figure 7(a). And the photovoltaic parameters of
perovskite and c-Si sub-cells changed following opposing
trends. Thus, the current mismatched and JSC dropped at
75°C in an actual tandem cell. And the match modeling re-
sults led them to a conclusion that the optimal bandgap of
perovskite fell below 1.68 eV, considering the temperature
coefficient of the bandgap. However, Dupré et al. [78]
pointed out that due to the Rayleigh scattering of sunlight in
the atmosphere, the incident spectrum undergoes a blue shift
as the sun rises up, and also as the solar cell heats up. In some

cases, the different trend of bandgap shifting for c-Si and
perovskite actually conforms with the actual current
matching requirements. For example, there is a larger pro-
portion of incoming high energy photons in the noon, which
increases the JSC of perovskite sub-cells. Meanwhile, the
high energy photons with excess energy can heat perovskite
and enlarge its bandgap, so the JSC of c-Si sub-cell is in-
creased simultaneously.
The mismatch of CTE and resulting stress will further

cause delamination and fracture in the perovskite/c-Si tan-
dems after the temperature cycle, which is harmful to the
stability of devices. As shown in Figure 7(b), clearly that the
CTE of perovskite is distinct from that of c-Si. When tem-
perature changes, the expansion of c-Si and perovskite are
different. Importantly, the c-Si sub-cell is much thicker than
the perovskite sub-cell, so the perovskite sub-cell is com-
pressed at higher temperature or stretched under lower
temperature, as illustrated in Figure 7(c). The fracture of
resultant devices was observed after the temperature cycle in
refs. [84,113]. Such behaviors highlight the importance of
the temperature effect and its influence on bandgaps or CTEs
mismatch in tandem design. And taking real-world situations
into account is beneficial for pursuing the ultimate com-
mercialization of perovskite/c-Si tandems.

4 Improving of intrinsic stability in perovskite/
c-Si tandems

There are plenty of reported strategies to improve the in-
trinsic stability of perovskite/c-Si tandems, especially per-
ovskite sub-cells, which are targeted at different issues, such
as ion migration, phase segregation, decomposition or
structural damage in perovskite absorber, carrier transport
layers, and electrodes. Importantly, the interplay between
two sub-cells concerning their degradation behavior should
be taken into account to achieve the desirable lifetime of the
entire tandem solar cells. The next section will classify and
discuss these strategies by presenting actual examples that
are worth considering when developing perovskite/c-Si
tandems.

4.1 Composition engineering

The intrinsic stability of perovskite is closely bonded to its
composition. To improve its resistance to decomposition,
many scientists have deeply investigated the composition
engineering of perovskite. FACs-based perovskites are
widely used in perovskite/c-Si tamed solar cells. As an ex-
ample, FAPbI3 and CsPbI3 perovskites both have unfavor-
able tolerance factors, and the α-phase of them are not stable
at room temperature. Yi et al. [126] reported that the struc-
tural difference between the δ-phase of FAPbI3 and CsPbI3

217305-12T. Xu, et al. Sci. China-Phys. Mech. Astron. January (2023) Vol. 66 No. 1



made the δ-phase of FACs-mixed cation perovskite energy
unfavorable, which explained the improved stability and it
was further confirmed by first principal calculations. Bush et
al. [36] explored the composition change of FA(1−x)CsxPb-
(BryI(1−y))3. PL results proved that Cs should be incorporated
with Br to achieve an optimization of the bandgap. Slightly
higher content of Cs than Br in perovskite could lead to an
improved resistance to halide phase segregation. Wang et al.
[127] reported a pure iodide perovskite CsxFA1−x−yDMAyPbI3
(x > 0.5; y < 0.01) with the assistance of dimethylammonium
(DMA) in fabrication, which indicated a wide bandgap of
1.65 eV. This perovskite not only showed a superior thermal
stability due to its MA-free nature but also inhibited halide
phase segregation from the very beginning.
Apart from the common FA(1−x)CsxPb(BryI(1−y))3, introdu-

cing trace chlorine could also be beneficial to their intrinsic
stability. Xu et al. [128] reported a triple halide wide bandgap
perovskite. It was found that Br could effectively reduce
lattice constant and enable a higher concentration of Cl in the
perovskites before the formation of double-phase. As shown
in Figure 8(a), the light-induced phase segregation was
suppressed in triple-halide perovskites even under 100-sun
illumination. The semi-transparent perovskite top cell re-
tained 96% of its initial PCE after 1000 h of MPP tracking in
a nitrogen environment. Moreover, introducing other metal
ions may also improve the stability of perovskite. Wang et al.
[129] confirmed that the K introduced into perovskite pre-
cursor could not only get into the lattice as the interstitial ion

but also block ion migration pathways. The optimized per-
ovskite film could withstand illumination without the split-
ting of PL peak, which also presented the reduced defects
density and improved storage stability. Duong et al. [52]
explored the effect of rubidium (Rb) in perovskite by adding
5% of Rb into FA0.75(MA0.6Cs0.4)0.25PbI2Br. This quadruple
cation perovskite showed an improved crystallinity and re-
duced halide phase segregation, which ensured only a 5%
reduction of the initial PCE of corresponding devices after
12 h operation.
In addition, by substituting A-site ion with the bulky or-

ganic cations, the common three-dimensional (3D) per-
ovskite is split into the cation layer and the lead-halide layer.
A so called two-dimensional (2D) or quasi-2D perovskite
emerges. Kim et al. [130] introduced two kinds of phe-
nethylammonium (PEA) salts with thiocyanate (SCN) or
iodide anions into the perovskite to form a 2D phase. The
PEA-based additives with various SCN/(SCN+I) ratios
showed different effects on the device performance, and
PEA(I0.25SCN0.75) devices showed the highest PCE, which
retrained 80% of their initial PCE after 1000 h of continues
illumination in a nitrogen environment. Quasi-2D perovskite
usually possesses great stability, but inferior conductivity
due to the spacing organic cation layer. Tsai et al. [131] have
overcome this issue by hot-casting, which ensures an out-of-
plane alignment of the inorganic lead halide layer. The au-
thors underlined superior stability for this quasi-2D per-
ovskite ((BA)2(MA)3Pb4I13), where no obvious degradation

Figure 7 (Color online) (a) Temperature-dependent performance of the perovskite/c-Si tandem solar cells. (a1) Temperature-dependent J-V (R, reverse
scan; F, forwards scan) and (a2) EQE and 1 − R (R is reflectance) characteristics of perovskite/c-Si tandem devices. The bottom of (a2) shows a magnification
into the region of the band edge for both sub-cells. (a3) Temperature-dependent change of EQE measured current density (JSC,EQE) values for both sub-cells
together with the J-V measured current density (JSC) of a tandem solar cell, showing current limiting conditions. The figure is from ref. [85]. Copyright©2020
Springer Nature. (b) CTE vs. thermal conductivity for various materials. The figure is from ref. [32]. Copyright©2020 Royal Society of Chemistry. (c)
Schematic of CTE mismatch caused strain. Perovskite material is compressed under high temperature while stretched under low temperature.
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was found in the encapsulated device after constant illumi-
nation of 2250 h. Notably, it has a bandgap of 1.66 eV, which
presents a new way to get a wide-bandgap perovskite ab-
sorber while eliminating the possibility of halide phase
segregation. The enhanced intrinsic stability of quasi-2D
perovskites originated from multiple aspects. First, the light-
induced ion migration is found to be suppressed in quasi-2D
perovskites, especially across the plane of the inorganic layer
[132-134]. And the corresponding degradation processes
such as composition change [135] and phase segregation
[136] are thus suppressed. This is because the ordered
structure of the large cation layer is distinct from the lead
halide layer in the terms of lattice structure and chemical
environment, so it could hinder the matter transport
[134,137]. Besides, the 2D structure was widely employed at
grain boundaries in 2D/3D perovskite, and 2D structure was
reported to passivate interface defects and block the migra-
tion pathways at the same time [138,139].
These examples above indicate that a broad composition

space awaits exploration, and halide perovskites can in-
corporate with a variety of dopants. However, in composition
engineering, the overall influence that anion and cation have
on the properties of perovskite worth consideration. And at
the same time, utilizing the interaction of ions may broaden
the range of practical composition tuning.

4.2 Crystallinity enhancement

The better crystallinity of perovskites naturally leads to the
less over-all defect states and less grain boundaries. Many

corresponding strategies have been reported to improve
stability and facilitate charge carrier diffusion of wide-
bandgap perovskite. Lau et al. [140] added the half or equal
molar ratio of MAI in CsPbI3 precursor. The α-MAPbI3
phase first formed during annealing, and then was substituted
by a more thermal stable γ-CsPbI3 phase under higher tem-
perature. This growth process provides a template for γ-
CsPbI3 phase, so the better crystallinity and intrinsic stability
are achieved. Besides, Li et al. [141] reported that the excess
PbBr2 in CsPbBr2I precursor could form the Pb(I,Br)2·
DMSO and CsPb2(I,Br)5 intermediate phases during an-
nealing. The intermate phases could enhance Ostward ri-
pening, so the corresponding film with a much larger grain
size was acquired. And the light-induced phase segregation
in the optimized perovskite was also inhibited according to
the PL results. Kim et al. [72] introduced a highly polar
additive, formamide (CH3NO), to increase the solubilization
of cesium salt in the precursor. The FA0.83Cs0.17Pb(I0.6Br0.4)3
perovskite with α-phase directly formed bypassing the yel-
low phase, and it also showed reduced defects. The light
stability of the perovskite absorber and the long-term storage
stability of the corresponding device were apparently im-
proved.

4.3 Interface modification

The charge carrier extraction happens on interfaces between
perovskite and functional films in perovskite/c-Si tandems,
in which some unwanted processes, such as interface re-
combination or chemical reactions might be suppressed by

Figure 8 (Color online) (a1), (a2) The PL spectra of 1.67-eV triple-halide perovskites FA0.78Cs0.22PbI2.4Br0.6 with (MAPbCl3)0.03 under 10-sun and 100-sun
illumination for 20 min, respectively. (a3) The shift of the spectral centroids of triple-halide perovskites over time. The blue shift becomes more obvious
under higher injection level. The figure is from ref. [128]. Copyright©2020 The American Association of the Advancement of Science. (b) Film formation
processes of PTTh using method 1 in a beaker and method 2 in an evaporation chamber, reaction showing the formation of poly(terthiophene). The figure is
from ref. [143]. Copyright©2020 American Chemical Society. (c) Schematic illustration of the influence of fullerene’s intermolecular interaction on device
stability. The figure is from ref. [114]. Copyright©2021 Science China Press.
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the interface modification. Zhumagali et al. [142] applied a
ruthenium-based metal-organic dye molecule on the inter-
face between NiOx and perovskite in PSCs. It was found that
this interface modification could improve the light and
thermal stability of devices, which were attributed to less
interface trap assisted degradation, deprotonation of cationic
amines, and oxidization of iodide species. Hou et al. [73]
reported an anchored self-limiting passivator, 1-butanethiol,
to passivate the perovskite absorber on textured c-Si. The
vapor process of passivation deals no harm to the perovskite,
while the nature of self-limiting for the thiol passivation
ensures the precision without the need of careful time con-
trol. As surface traps were passivated, carrier trapping and
accumulation were reduced, thus, phase segregation in this
optimized film was also reduced. This improved the intrinsic
stability of perovskite/c-Si tandems.
Introducing additives into perovskites precursor may

modify the interfaces, as additives cannot enter the lattice
during crystallization and end up between grains. Lin et al.
[116] added [BMP]+[BF4]− into perovskite precursor, and
confirmed this ionic liquid is mainly located as the isolated
aggregates between perovskite domains. And small amounts
of ionic liquid could penetrate the film and occur at the
bottom interface. The authors have found a suppressed re-
lease of I2 in the modified perovskite film under light, which
was originated from the passivated or immobilized iodide
defects. Instead, Isikgor et al. [107] have reported a molecule
(phenformin hydrochloride (PhenHCl)) with both electron-
rich and electron-poor moieties, which could passivate defect
states and suppress light-induced phase segregation at the
same time. And it was also confirmed that the optimized
devices exhibited improved PCE and light/thermal stability.

4.4 Material optimization

Due to the chemical activity or other factors, some functional
materials in perovskite sub-cell actually induce instability.
Apart from the modification, directly replacing them with
alternate materials is another solution. Elnaggar et al. [59]
made a comparison between the conventional HTLs, such as
NiOx, PTAA, and PEDOT:PSS. They found that the PSCs
with PTAA as HTL presents better light stability under
continuous illumination, especially after the aged PCBM
layer is refreshed. Besides, the micrometer scale silicon
pyramids on textured c-Si sub-cell demand conformality of
overlying layers. The vapor phase fabrication could meet this
demand, but is limited by the molecular weight of raw ma-
terials. As shown in Figure 8(b), Suwa et al. [143] have
overcome the restriction of polymer evaporation and re-
ported a conformal poly-TTh layer through evaporating
terthiophene monomer (TTh) and oxidizing agent iodide.
The optimized PSCs demonstrated improved stability as
compared with the other evaporable HTL.

For PCBM, this fullerene derivate still suffers from their
self-aggregation behavior as discussed above. Changing
PCBM with PCBB, which has a more complicated molecule
structure and stronger non-covalent intermolecular interac-
tions, could stabilize the ETL under illumination [114]. After
the same light-heat aging test, the devices with PCBB as ETL
presented a smoother surface, when compared with the dis-
tinct aggregation of the PCBM layer in Figure 8(c). More-
over, Neophytou et al. [144] found that the strontium titanate
(SrTiO3, ETL) could be synthesized by directly reacting
equimolar strontium nitrate (Sr(NO3)2) and titanium diiso-
propoxidebis(acetylacetonate) (C16H28O6Ti) at 150°C. It is
noted that the SrTiO3 has a higher bandgap, lower fabrication
requirement, and less mismatch with perovskites, which
makes itself become a promising candidate to conventional
TiO2. The corresponding PSCs with SrTiO3 as ETL showed
apparently superior stability during constant illumination.

4.5 Device structure modification

Adding protective layer is a commonly used strategy to
stabilize the perovskite sub-cells. The carefully designed
protective layer can prevent the ingression of the detrimental
atmosphere, the egression of the volatile component, and
interface reactions in perovskite sub-cells. Bush et al. [145]
reported a protective layer, which consisted of the aluminum
doped zinc oxide (AZO) nanoparticle layer and the ITO
electrode sputtered on it. They found this layer could ef-
fectively prevent the change of PSCs under thermal aging of
100°C, and their XRD patterns could keep the same for
80 min. They considered that the egress of methylammo-
nium iodide was prevented. Besides, the atomic layer de-
position (ALD) or chemical vapor deposition (CVD) is a
conformal process, which is less likely to form pinholes
when the substrate is rough or contaminated by dust. Bush et
al. [146] introduced an ALD SnO2/zinc-tin oxide bilayer as a
sputter buffer layer of the ITO electrode into the semi-
transparent perovskite sub-cells. They successfully elimi-
nated the pinhole-based degradation in ambient conditions.
Their encapsulated devices also passed the IEC 61215 damp
heat test. Jeong et al. [65] developed a kind of Cu grid-
embedded polyimide film as the substrate and introduced a
graphene sheet on it, as shown in Figure 9(a). This graphene
sheet effectively suppressed the reaction between perovskite
and Cu grid, which was confirmed by TOF-SIMS and aging
test. And the results also informed that be aware of metal
electrode corrosion when it is not protected. In addition,
some other functional layers possess the ability of absorbing
UV light. Zheng et al. [147] reported a textured poly-
dimethylsiloxane (PDMS) film with (Ba,Sr)2SiO4:Eu

2+,
which is a kind of down-shifting material, and its crystal
structure is illustrated in Figure 9(b). As the sunlight come
in, the UV light is converted to visible light by this topmost
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layer. And the higher concentration of (Ba,Sr)2SiO4:Eu
2+ in

PDMS film provides apparently much better resistances to
UV light induced degradation.
Apart from protection, the special structure design is also

beneficial to the stability of devices. The poly(methyl me-
thacrylate)/reduced graphene oxide composite buffer layer
and Al2O3 nanoparticles infiltrated HTL were investigated
by Choi et al. [148] and Han et al. [149], respectively. Both
reports above claimed that the heat dissipation in their de-
vices is enhanced. Besides, employing the selective-spectral
strategy could reduce the heat absorption in PSCs, which
means getting rid of a large number of photons that below the
bandgap [150]. Enhancing thermal radiation from perovskite
modules to the environment is also effective [150]. More-
over, Lin et al. [151] prepared the hierarchically photonic
architectures (Figure 9(c)) on PDMS film. This film is
transparent to the visible and near infrared light, but shows a
better absorption/emittance than bare glass at wavelengths
from 8 to 13 μm, which guarantees the direct heat dissipation
through atmospheric transmittance window to the universe.
Applying these designs could effectively improve the ther-
mal stability of PSCs and perovskite/c-Si tandems.
As for the hotspot problem and reverse bias applied on the

cells, they are closely related to photovoltaic module design.
Wolf et al. [74] proposed that the series-parallel connection
could reduce the number of cells in a string as compared with
all series connections. As shown in Figure 9(d), the hor-
izontally connected cells can avoid some shading effects,
since debris and the shadow of adjacent module row usually
distribute horizontally. The maximum cells number in a
string (Nstring,max) to prevent the breakdown due to reverse
bias was calculated according to the cell VOC and Vbr. And
they found that due to much higher Vbr of the c-Si sub-cells,
the Nstring,max for monolithic perovskite/c-Si tandems is
around 9, which is higher than the Nstring,max for PSCs. Con-
sidering the uneven distribution of defect states, some cells

may have lower Vbr, so the number of perovskite/c-Si tan-
dems put in parallel with a bypass diode should be lower than
the assumption made on ideal cells. Qian et al. [152] con-
sidered that four terminal (4T) perovskite/c-Si tandems
combined with more bypass diodes and interdigitated back-
contact silicon cells could reduce the temperature of the hot
spot when the fault operating condition finally happens.

5 Summary and outlook

To commercialize perovskite/c-Si tandem solar cells, it re-
quires the lifetime of perovskite sub-cells being comparable
to that of c-Si sub-cells, and the over-all device stability for
real-world implementation should be satisfied. Considering
current achievements in encapsulation, the effects of en-
vironmental oxygen and water on perovskite are primarily
solved in principle. By contrast, the intrinsic stability issues
in perovskite sub-cells and perovskite/c-Si tandem solar
cells, e.g., their resistance against light and/or heat, are not
fully addressed and need novel and effective solutions.
In this review, we discussed the intrinsic stability of per-

ovskite/c-Si tandems against light and/or heat aging with a
focus on their effects and the underlying mechanisms.
Mainly, illumination-induced ion migration, material de-
composition, phase segregation, and reverse bias effects are
reviewed. And current understandings point out that the first
three issues are largely driven by the excess energy of pho-
tons and the interaction between charge carriers and per-
ovskite lattice, while the reverse bias is mostly related to the
current mismatch between devices in a photovoltaic module.
Moreover, we reviewed heat induced degradation in per-
ovskite/c-Si tandems, where the high temperature could in-
duce the change of material properties or trigger the
decomposition of vulnerable components. Besides, the
temperature cycle in a day or a year could bring mismatch

Figure 9 (Color online) (a) Structure of the perovskite device with graphene protection sheet and corresponding cross-sectional scanning electron
microscopy image. The figure is from ref. [65]. Copyright©2020 American Chemical Society. (b) Crystal structure of (Ba,Sr)2SiO4: view of the (Ba,Sr)2SiO4
along the b-axis. The figure is from ref. [147]. Copyright©2019 American Chemical Society. (c) Conceptual description of flexible photonic architectures
inspired by silver ants with corrugated triangular hairs and a gap between hairs and cuticle. The figure is from ref. [151]. Copyright©2019 Elsevier. (d)
Schematic of series-parallel connection (left) and all series connection (right) under partial shading. As dust and shades of adjacent objects often distribute
horizontally, the series-parallel connection can reduce the chance of reverse bias in some of the modules.
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problems, like current density, and thermal expansion in
perovskite/c-Si tandems. In the last part, this review focused
on the effective strategies to improve the light and/or heat
stability of perovskite/c-Si tandems, including composition
engineering, crystallinity enhancement, interface modifica-
tion, material optimization, and device structure modifica-
tion.
As a commercially available product, the c-Si solar cells

have guaranteed 30 years of lifetime, which have surpassed
tests according to the IEC standards. For example, the T80 of
c-Si solar cells have reached 2000 h [18,120] and 4000 h
[121] under 85°C and 85% relative humidity damp heat
stress. Even with a bias of 1500 V applied between en-
capsulated solar cells and the module aluminum frame, the
T80 of the assembled c-Si photovoltaic module was still
proved to be ~600 h under damp heat stress [153]. Recent
reports show that PSCs can endure damp heat tests as
mentioned above, but the light stability of PSCs remains
unsatisfactory [93,127,128,130]. Intuitively, the lifetime of
perovskite/c-Si tandems is mainly restrained by the per-
ovskite sub cells. As the light stability of perovskite sub-cells
keeps going on, which is even comparable to the solar cells
based on 2D perovskite and carbon electrode [106], we be-
lieve that a lifetime of 8-10 years is a reasonable assumption
for perovskite/c-Si tandems in the near future.
At last, our review calls for a deep understanding of sta-

bility in some specific aspects. For example, the interactions
among photons, charge carriers, and crystal lattice are likely
the origin of instability upon illumination. However, it is
difficult to decouple simultaneous processes under illumi-
nation and materials degradation behavior, which thus hin-
ders the comprehensive understanding of the above
interactions. At the same time, the working environments of
solar cells are different. An overall consideration to match
the two sub cells in perovskite/c-Si tandems by taking these
environmental variables into account is just the first step,
which requires the actual implementation to prove the ef-
fectiveness of the corresponding concepts. To share our
limited understandings for further improvement on the in-
trinsic stability of perovskite/c-Si tandem solar cells, we
briefly discuss some challenges that could possibly inspire
future research.
(1) Mechanisms of ion migration upon illumination
Light-induced ion migration in perovskites is found to be

strongly influenced by the properties of perovskite and the
characteristics of incident light. The quantitative analysis of
ion migration activation energy was carried out, and the
mobile ions in perovskite were confirmed by the experiment.
Recent studies have pointed out that illumination intensity
and photon energy impact ion migration significantly, but the
relation among photon absorption, charge carriers, and ion
migration is not fully revealed yet. It is challenging to unveil
how photons and charge carriers interact with the crystal

lattice of perovskite and ultimately activate ion migration.
Besides, the deeper insight into the mechanisms may

provide guidance for future research to enhance the light
stability of perovskites and corresponding devices. Accord-
ing to the literatures, two perspectives worth special con-
sideration. The first one is about the photon energy. As
higher energy photons are absorbed, the excess energy of
generated charge carriers is mostly wasted through therma-
lization. During this process, the energy is dissipated in the
local crystal lattice. Considering ion migration is based on
the vibration energy of the lattice, the detailed exploration in
the relation of thermalization and ion migration is promising
to probe the mechanisms that governs the ion migration upon
illumination. The second one is with respect to electron-
phonon coupling, wherein charge carriers interact with the
surrounding crystal lattice. Bischak et al. [68] reported that
the free charges can deform the perovskite lattice. And ion
migration actually requires mobile point defects. The for-
mation and movement of point defects are closely related to
lattice distortion. In this regard, the reduction of activation
energy for ion migration under illumination might be well
explained.
(2) Mechanisms of light induced phase segregation
Phase segregation of mix-halide perovskites under light

has already been investigated and found to be partially
caused by non-equilibrium charge carriers [29]. Un-
fortunately, current theories mainly focus on the interplay
between charge carrier and crystal lattice, while the com-
prehensive understanding is largely neglected, which may
take into account of the system free energy that depends on
lattice energy, lattice entropy, charge carrier distribution, and
electron-phonon coupling in the phase segregation process.
Since these factors add on the complexity of phase segre-
gation in the investigation, the decoupled mechanisms
should be clearly illuminated before we obtain the entire map
in this field. Therefore, we call for a future study that takes as
more factors as possible into account, and then combines the
theoretical insights with current achievement in fabricating
highly efficient and stable perovskite/c-Si tandems without
phase segregation. In addition, if the phase segregation of
mix-halide perovskites is found to be thermodynamically
inevitable, the dynamic equilibrium between slight segre-
gation at daytime and recovery at night is worth serious
consideration.
(3) Module design
Because of the different reverse bias tolerance and heat

response in perovskite and c-Si sub-cells, the module design
for perovskite/c-Si tandems is urgently required. At first, due
to the low breakdown voltage of perovskite sub cells, the cell
number of tandems in a series connection has to be reduced,
as compared with that in pure c-Si modules [74]. Moreover,
the extra bypass diodes and series-parallel connection could
reduce the reverse bias albeit of the extra cost. Therefore, its
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promising to improve the tolerance of PSCs against reverse
bias [154,155], especially semitransparent perovskite sub
cells in tandems. Meanwhile, the temperature-spectrum-
bandgap correlation for perovskite is suggested in the above
discussion. For example, the incident light spectrum blue-
shift, temperature rising, and bandgap thermal-shift occurs
from morning to the noon during a day. Given the variable
bandgap, we suggest the full consideration of module design
with the data obtained by carrying out field test to maximize
power output.
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