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TOPICAL REVIEW — Emerging photovoltaic materials and devices

Could two-dimensional perovskites fundamentally solve the
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The high efficiency and low production cost enable the halide perovskite solar cells as a promising technology for
the next generation photovoltaics. Nevertheless, the relatively poor stability of the organic–inorganic halide perovskites
hinders their commercial applications. In the past few years, two-dimensional (2D) perovskite has emerged as a more stable
alternative to the three-dimensional (3D) counterparts and attracted intense research interests. Although many attempts and
advances have been made, it is still ambiguous that whether the 2D perovskites could bring closure to the stability issue.
To answer this essential question, a systematic study of the nature of 2D halide perovskites is necessary. Here, we focus
on the stability investigations of 2D perovskites from different perspectives, especially light, heat, ion migration and strain.
Several remaining challenges and opening problems are also discussed. With further material and device engineering, we
believe that the 2D perovskites would promote perovskite solar cells to a promising future.

Keywords: halide perovskite solar cells, two-dimensional perovskites, stability
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1. Introduction
The levelized cost of electricity (LCOE), describing the

average cost per unit of electricity over the lifetime of an en-
ergy system, is a convenient metric for comparing different
generating sources. In terms of a photovoltaic (PV) tech-
nology, three criteria, including cost, power conversion effi-
ciency (PCE) and lifetime determine its LCOE. As a poten-
tial game-changer to the PV market, organic-inorganic halide
perovskites (OIHP) present competition edge in both cost and
PCE. The raw materials for perovskite are widely available
and can be bought from suppliers with a reasonable price.
The typical perovskite absorber is fabricated through the sin-
gle crystal growth or polycrystalline film deposition processes,
which is generally realized in the low-temperature precursor
solution. The LCOE of perovskite solar panels is estimated to
be just about 10–20 cents per Watt, which is competitive over
the 30 cents per Watt for traditional silicon-based panels.[1,2]

Benefiting from their remarkable physical properties,
such as strong light absorption,[3,4] long carrier diffusion
length[5–7] and high tolerance to defects,[8,9] the PCE of per-
ovskite solar cells increased rapidly from 3.8% to 25.5% over
the past few years,[10–14] on par with those of commercially
available solar cells. With considerable research efforts, the
PCE of large-area (65.0 cm2) modules reached 19.54%.[15]

However, the degradation of OIHP solar cell under moisture

ambient,[16,17] thermal stress,[18,19] light illumination[20,21]

and voltage bias stimulus[22,23] leads to a relatively short de-
vice lifetime, which remains a huge obstacle to the practical
applications. The environmental stress such as the moisture
intrusion or light degradation has been mitigated by encapsu-
lation technology, whereas the ion migration within the ma-
terials under the operation condition (heat or electric field) is
still a mysterious challenge.

Emerging as the more stable photovoltaic materials, two-
dimensional (2D) perovskites have been developed rapidly in
the past few years, which yields a possible solution for the sta-
bility issue of three-dimensional (3D) perovskites.[24,25] The
hydrophobic and structure properties of the organic spacer lig-
ands provide a molecular encapsulation to prevent moisture
intrusion. The first solar cell based on 2D perovskites showed
4.73% PCE and superior moisture stability.[24] Interestingly,
the inorganic octahedral layer within the quasi-2D perovskites
is oriented to the substrate through a special method, which
facilitates the transport of light-generation charge carrier and
improves the PCE dramatically.[26,27] Such a photovoltaic de-
vice based on phase-pure thin films with microscale verti-
cally aligned grains had achieved 16.25% PCE.[28] Further-
more, the solar cells retained 93.8% original PCE after store
under ambient conditions of 65± 10% relative humidity for
4680 hours. However, the published stability tests conducted
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in non-standard conditions are still far away from the fa-
mous acceleration aging test in thin film photovoltaic industry,
which requires 1000 hours operational lifetime under 85 ◦C
and 85% relative humidity.[1]

In this review, we critically discuss one essential ques-
tion: whether 2D perovskites could fundamentally solve the
instability of perovskite photovoltaics. At first, we give a brief
introduction on the structure of the typical 2D perovskites and
discuss the preferred stability from the thermodynamic insight.
Then we discuss various operating issues which affect the sta-
bility and lifetime of OIHPs. The advantage of the 2D per-
ovskites on the operation stability is summarized and the re-
mained opening problems are also given.

2. The 2D perovskites
2.1. Structure

The stable black phase of the traditional 3D halide per-
ovskites generally takes a formular as ABX3, in which the
metal cation B2+ and halide anion X− form a BX6 octahe-
dra unit. The A+ cation locates at the interstitial site among
the octahedra and supports the 3D framework of X-sharing oc-
tahedra, which plays a critical role in affecting the associated
structure stability, as shown in Fig. 1(a). When incorporating
a large enough A+ cation that exceeding the tolerance limit of
the ABX3 structure, the 3D framework will be broken up into
the lower dimensional structures along with significant surface
recombination.

Conceptually, 2D perovskites arise from cutting 3D
perovskites along the specific crystallographic plane, the
inorganic BX6 nanosheet in the form of corner-sharing

metal halide octahedral and separated by the organic spacer
layer. The category of the organic groups and the in-
organic layer number n separated by the organic groups
yield a flexible degree of freedom on structure and elec-
tronic properties. The typical 2D perovskites are usually
categorized into Ruddlesden–Popper (RP)[29,30] and Dion–
Jacobson (DJ).[31,32] The formula of RP and DJ phase is
R2(A)n−1BnX3n+1 and R′(A)n−1BnX3n+1, in which R and R′

is organic spacer cation with monamine and diamine, respec-
tively, as shown in Fig. 1(b). One of the hydrogen atoms be-
longing to the amine forms a hydrogen bond with the nearest
X atom. The layer number n in the formula can be understood
as the thickness of the inorganic layer. In most cases of the
PV applications, the quasi-2D perovskites with layer number
n greater than one were selected to balance the stability and
performance.

2.2. Thermodynamic stability

Due to the larger interstitial surrounded by the octahedra,
the interaction between A+ cation and octahedra is constituted
by hydrogen bond and van der Walls (vdW). Taking MAPbI3

as a typical OIHP material, the formation energy is calculated
as the energy difference between MAPbI3 and corresponding
iodides. The more negative value indicates the better ther-
modynamic stability. The first-principles calculations reveal
that the formation energy of MAPbI3 is about −0.27 eV.[8] In
Fig. 1(c), the thermodynamic stable range is narrow for the
equilibrium growth of MAPbI3, which indicates the synthesis
process should be carefully controlled to obtain stoichiometric
MAPbI3 perovskite phase.

(a) (b) (c)

(d) (e) (f)

Fig. 1. Schematic illustration of (a) 3D and (b) RP or DJ phase 2D perovskites.[41] Reproduced with permission from Ref. [41]. (c) Thermodynamic
stable range for equilibrium growth of MAPbI3. Outside this region, the compound will decompose into PbI2 and MAI.[8] Reproduced with
permission from Ref. [8]. (d) Formation energy of 2D perovskites.[36] Reproduced with permission from Ref. [36]. (e) Relationship between
stability and formation energy.[42] Reproduced with permission from Ref. [42]. (f) Formation energy as function of the thickness. Side view of
orthorhombic and tetragonal BA2PbI4. The tilting angles are marked.[36] Reproduced with permission from Ref. [36].
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The breakdown of the 3D framework due to the larger
organic group in the 2D perovskites enables the extra re-
laxation or distortion of octahedra and reliefs the internal
strain. Although the α-phase with Cs+ or FA+ cations is a
high-temperature metastable phase, the surface energy of such
metastable phase is often lower than that of the thermodynam-
ically stable phase.[33] Therefore, perovskite phase of the 2D
categories is much more stable due to the significant surface
contribution. Especially, long-chain alkyl or aromatic ammo-
nium cations are used to separate the BX6 octahedral layer,
which could further decrease the surface energy. With the de-
creasing of the number of the BX6 nanosheet layers between
the two layers of the organic chains, the surface contribution is
far more dominant.[34] Both the experimental results and first-
principles calculations[35] indicate that the formation energy
of the 2D perovskite is much more negative than the 3D one
(n = ∞), as shown in Fig. 1(d). Interesting, the hydrophobicity
of the 2D perovskite is also significantly improved due to the
lower surface energy. In addition, the dominant surface envi-
ronment allows flexible distortion and relaxation of the octahe-
dra, which is the main reason for the lower surface energy.[36]

Comparing with the composition engineering, the phase purity
and environmental stability of the 2D perovskites are usually
more outstanding, and the processing conditions are more con-
trollable. Nevertheless, the adjacent organic groups in the 2D
RP perovskites are weakly interacted through the vdW force
between the ammonium groups. Such a vdW force could be
eliminated in the DJ phase since the diamine in the DJ phases
can directly bridge the adjacent inorganic nanosheets with two
hydrogen bonds. Therefore, the thermodynamic stability of
the DJ phase is expected to be better than that of the RP
phase.[37] The unencapsulated quasi-2D DJ perovskites were
reported to sustain over 95% of its initial PCE after storage
in N2 for 1655 hours at 80 ◦C.[38] Although a better balance
between photovoltaic efficiency and stability is expected to be
realized on the 2D/3D mixture perovskites or layered 2D/3D
perovskites,[39,40] the thermodynamic stability is really domi-
nated by the surface functionalization of the 2D components,
which yields a strong interlock between the stability and effi-
ciency.

3. Stability under operation
Under direct sunlight, the temperature of perovskite ma-

terials inside the solar cell can reach above 70 ◦C, which in-
creases the risk of thermal decomposition of the OIHPs.[43]

The perovskite materials and the transport layers are also vul-
nerable to the sunlight and moisture. The ion migration driven
by the inner electric field or strain is a far more intractable and

fundamental problem that must be confronted for a feasible so-
lution of perovskite photovoltaic. Firstly, the degradation orig-
inating from the moisture will be given briefly since it has been
understood well both theoretically and experimentally. Next,
we aim to give a detailed description on migration mechanism,
characterization method and several remarking developments
for the ion migration. Finally, several operation stresses re-
lated to ion migration are discussed. The advantages and cer-
tain opening questions on the 2D perovskites are elaborately
listed in each subsection.

3.1. Moisture

The first-principles calculations reveal that the water ab-
sorption energy is as low as 0.30 eV and the water molecular
can penetrate the inner inorganic layers through the frame-
work of MA+ easily.[44] In Fig. 2(a), the migration barrier
of the water molecular through the MA+ group is as low
as 0.04 eV. When the MA+ on the surface is replaced with
BA+, the migration barrier increases to 0.72 eV, as shown in
Fig. 2(b). Shi et al. discussed the influence of various typical
organic spacer ligands on the water migration barrier of quasi-
2D perovskites.[36] From Fig. 2(c), we can find that the MA+

shows the lowest migration barrier, whereas the others’ migra-
tion barrier is at least 0.5 eV higher than that of the MA+. The
hydrophobic of the organic group in quasi-2D perovskites is
beneficial to enhance the moisture stability of solar cell and
protects the octahedral framework from the invasion of water
molecular.[36,45] Generally, the grain boundary in the 3D poly-
crystalline film often orients randomly, as shown in Fig. 2(d).
The primitive structure is combined by the vdW force between
organic groups of quasi-2D perovskites, which increases the
structure order and often shows a better crystal quality. Ren et
al. applied a tailored organic ended with the sulfur (herein la-
beled as MTEA) to fabricate a quasi-2D RP phase perovskite,
which enables a strong interaction between the sulfur atoms in
addition to the weak vdW interaction.[46] Such a specific in-
terlayer enhances the charge transport and stabilization, along
with moisture tolerance for up to 1512 hours under 70% hu-
midity. From Figs. 2(e)–2(h), the popular BA+ group can
sustain 840 hours before the appearance of the PbI2 phase,
whereas the 3D analog survives less than 120 hours.[47] In fact,
the properties of the MTEA group would be much more sim-
ilar with the DJ phase if the S–S interaction is much stronger.
It is affirmative that the reported lifetime is more than 23 days
for the DJ phase, as shown in Fig. 2(i).[38] The thorough study
on the DJ phase layer perovskites in the future will greatly
push forward the commercial application of OIHP due to their
unique structure and properties.
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(a) (b) (c) (i)

(d) (e)

(g) (h)                   

(f)

Fig. 2. Energy profile of different states during the penetration of water molecular through (a) MA+ [44] and (b) BA+.[36] Reproduced with permission
from Refs. [36,44], respectively. (c) Water molecular migration barrier of quasi-2D perovskites.[36] Reproduced with permission from Ref. [36]. Green/red
background color is corresponding to favorable/unfavorable barrier as compared to the best experimental material. (d) Schematics from random orientation
to vertical orientation of 3D, (BA)2(MA)4Pb5I16 and (MTEA)2(MA)4Pb5I16 perovskite films.[46] Reproduced with permission from Ref. [46]. XRD patterns
of (e) MAPbI3 and (f) NpMA-Pb films exposed in ambient air with an RH of 40%–50% for 0 hour, 240 hours, and 480 hours.[47] Reproduced with permission
from Ref. [47]. Air stability of (g) (BA)2(MA)4Pb5I16 and (h) (MTEA)2(MA)4Pb5I16 perovskite films fabricated and tested in a room-temperature and 80%
(±7%) relative humidity ambient atmosphere, completely without encapsulation.[46] Reproduced with permission from Ref. [46]. (i) XRD of 3D and 2D DJ
perovskite films stored in air (RH = 45±5%) at 100 ◦C.[38] Reproduced with permission from Ref. [38].

3.2. Ion migration

Ion migration driven by the electric field in perovskite ab-
sorbers has been generally recognized as one of the most detri-
mental pathways to degrade the OIHP devices. Due to the soft
ionic bond and weak van der Waals interaction, the constitut-
ing ions (such as I−, Pb2+, MA+) can easily escape from the
lattice site and form various native point defects during the tra-
ditional process techniques. In addition, the surface and grain
boundaries open another feasible pathway for the ion migra-
tion in the polycrystalline perovskite films.[48] It is reported
that the photocurrent hysteresis is related with the ion migra-
tion and sensitive to the grain size and crystallinity of the 3D
MAPbI3.[22] Therefore, the ion migration is a more intrinsic
problem that cannot be alleviated by encapsulation.

The ion migration in the solids is often realized by two
steps: overcoming the bonding barrier of lattice site and occur-
rence of certain concentration vacancies or other open struc-
tures. Through the first-principles calculations of migration
barrier for the preexistent defect, the vacancy and interstitial
of I− or MA+ are revealed with high mobility. The calculated
vacancy migration barrier is about 0.32 eV–0.45 eV for VI and
0.57 eV–0.89 eV for VMA.[49] As shown in Fig. 3(a), the mi-
gration barrier of VI is similar with that of Ii, whereas the mi-
gration barrier of MAi is much lower than that of VMA.[50]

Therefore, the VI, Ii and MAi could be the possible mobile
ions in the MAPbI3 perovskite.[51] The defect concentration
dependent on the temperature can be evaluated via the forma-

tion energy, which is sensitive to the growth conditions. The
formation energy of the typical intrinsic defects in Fig. 3(b) is
listed as below:[8] VMA = 0.81–2.01 eV, VPb = 0.29–2.68 eV,
VI = 0.67–1.87 eV; Ii = 0.23–1.42 eV, MAi = 0.20–1.39 eV,
Pbi = 1.85–4.24 eV. The wide range of defect formation en-
ergy can be perceived with the distinct different observations
on the experimental studies of ion migration. The deep level
of the intrinsic defects is difficult to form due to significantly
higher formation energy, which is the origin of the defect tol-
erance of perovskites.

Many researchers are aiming at finding out a di-
rect evidence of ion migration in the MAPbI3 perovskite.
Temperature-dependent conductivity has always been a preva-
lent and achievable approach to characterize the activation
energy of free carriers and different conductive mechanisms
(in Fig. 4(a)), which is analyzed with the Nernst−Einstein
equation.[48,52,53] The researchers tend to relate the activa-
tion energy at the higher temperature with ion migration.[54,55]

Nevertheless, the halide perovskites have been recognized to
be a mixed electronic–ionic character,[56–58] which hinders the
direct analysis of ionic conductivity. Moreover, the mobil-
ity and diffusivity of the ions are far slower than that of the
electrons or holes due to the large atomic mass and strong lat-
tice bonding. Delicate and species-sensitive characterization
method is required to confirm and quantify the details of ion
migration.
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(a) (b)

Fig. 3. (a) Schematic diagrams to show the diffusion paths through vacancies or interstitials as well as the corresponding migration energy profile.[50]

Reproduced with permission from Ref. [50]. (b) The formation energies of intrinsic point defects in MAPbI3 at chemical potentials A, B, and C
shown in Fig. 1(c).[8] The corresponding transition energy level is also given. Reproduced with permission from Ref. [8].

Most first-principles calculations indicate that the iodine
ions (vacancies or interstitials) are the most possible mobi-
lizable species with the lowest migration energy.[49–51] The
high mobility of iodine ions is qualitatively verified with
the dynamic migrating of “PbI2 thread”[59] along the elec-
tric field (in Fig. 4(b)) and the weight increase or formation
of iodine-compounds at anode with the Tubandt method (in
Fig. 4(c)).[56,58] The spectrometry method such as time-of-
flight secondary ion mass spectrometry[60] (in Fig. 4(d)) or
glow discharge optical emission spectroscopy[61] (in Fig. 4(e))
further confirms the migration of iodine ions under illumi-
nation or bias. Considering the sensitivity of bandgap on
the mixed ratio of halides, the absorption and the emission
spectra can directly monitor the halide ion diffusivity through
the mixed halide perovskites.[62] In addition, the alternating-
current (AC) impedance spectra is usually used to character-
ize the distinct ion-diffusion at low frequency and quantify the
ion diffusivity.[57,58] Interestingly, the first experimentally ver-
ified migration specie is MA+ vacancy rather than I− vacancy,
which is observed by the change of the Kelvin probe force
microscopy (KPFM) potential images between two electrodes
of MAPbI3 thin film before and after 100 s electrical poling
(Fig. 4(f)).[63] Due to the migration of MA+ vacancy, the sur-
face potential distribution of the MAPbI3 film gradually in-
creases from the region near the cathode (right) to the region
near the anode (left), confirming the formation of a p–i–n junc-
tion near the cathode.

Plenty of evidences indicate that the perovskite-type
halides exhibit a mixed conductive behavior including both

the electronic conductivity and ionic conductivity, especially
under the illumination.[56–58] A more accurate method is re-
quired to separate the ionic conductivity from the electronic
conductivity. The ion transport property is often compre-
hended as the Warburg impedance in the low frequency re-
gion of the AC impedance spectra.[57] The electronic con-
ductivity could be extracted as the high frequency limit from
the AC impedance spectra at various temperature.[56,58] The
temperature-dependent electronic conductivity shows an ac-
tivation energy about 0.40 eV at the higher temperature,[58]

which is similar with the value extracted from the conduc-
tivity curve without differentiating the specific conductiv-
ity mechanism.[48,52–55,63] The Tubandt method in Fig. 4(c)
reveals that the halogen ion vacancies in the MAPbI3

perovskite are highly mobile but limited by the vacancy
concentration,[56,58] which indicates that both the electronic
and ionic conductivities at the higher temperature are deter-
mined by the vacancy formation energy. Although the ion mi-
gration requires to overcome the migration barrier (∼ 0.32 eV)
of the preexistent defect, the actual barrier could be much
lower due to the surface and grain boundaries inside the poly-
crystalline films or powders. Therefore, it is reasonable to
observe similar activation energy for the electronic and ionic
conductivities unless in a high-quality single crystal. The ion-
blocking method is an efficient approach to extract the direct-
current electronic and ionic conductivities respectively by an-
alyzing the start voltage and the steady voltage with the elec-
tronic electrodes. The measurement on the MAPbI3 powders
shows σe = 1.9× 10−9 S·cm−1 and σi = 7.7× 10−9 S·cm−1
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at the dark condition.[58] The electronic conductivity is much
more sensitive to the illumination conditions than the ionic
conductivity. Nevertheless, the electronic and ionic conduc-

tivities could be significantly different in the actual samples
due to the complex defect configurations under the operating
and measuring conditions.

(a) (b)

(d)

(f)

(e)

(c)

Fig. 4. (a) Arrhenius plot of the conductivity of the MAPbI3 film under dark (blue) and illumination (red).[63] Reproduced with permission
from Ref. [63]. (b) SEM image of a typical PbI2 thread and corresponding concentration mapping of iodine element in a lateral device with a PbI2
thread.[59] Reproduced with permission from Ref. [59]. (c) Flow directions of the charged species in cell with Tubandt method.[56] Reproduced with
permission from Ref. [56]. I− depth profile under (d) maximum power point (mpp) illumination[60] and (e) bias.[61] Reproduced with permission
from Refs. [60,61], respectively. (f) KPFM potential images between two electrodes of MAPbI3 thin film before and after 100 s electrical poling.
The energy level diagrams of MAPbI3 thin film before and after electrical poling are also given.[63] Reproduced with permission from Ref. [63].

As Yuan et al. suggested, the chemical structures of the
traditional 3D perovskites would have to be modified if the
bulk ion migration dominated under illumination.[48] In ad-
dition, large-size and high-quality single crystal is demanded
for the traditional perovskites to eliminate the surface or grain
boundaries. Recently, the development of 2D perovskites pro-
vides the extra freedoms to optimize the crystalline quality
and defect modulation. An exciting result is reported that the
ion migration is suppressed along both the in-plane and out-
plane in the quasi-2D perovskite with BA+-based RP struc-
tures (Fig. 5(a)),[54,55] even under the illumination conditions
and up to 350 K. The ion migration along the out-plane is ef-

fectively prevented by the relative larger size of the long-chain
organic ligands, while the diffusion along the in-plane is sup-
pressed by the higher vacancy formation energy in the 2D per-
ovskites. Nevertheless, it is difficult to determine the actual
migration pathway and species through the conductivity mea-
surement. The depth profile of Au2I− using the TOF-SIMS
clearly illustrates the suppression of I− immigration through
the quasi-2D perovskite (n = 40) operating at the maximum
power point.[60] As shown in Fig. 5(b), Cho et al. tracked
the temperature-dependent absorption and emission spectra to
monitor halide compositional variation during the ion migra-
tion in 2D perovskites with various layer numbers (n = 1–

117803-6



Chin. Phys. B 31, 117803 (2022)

10).[62] The activation energy characterizing the halide ion
mobility decreases rapidly with the decrease of the layer num-
ber, which provides a direct evidence for the suppression of
halide ion migration in 2D perovskites. First-principles cal-
culation indicates that the elimination of organic molecules
(i.e., BA+, PEA+) requires more energy than the MA+ and
the formation energy of the same defect in the 2D perovskites
is much higher than that in the 3D counterparts.[64] The 2D
perovskite (PEA2PbI4) is also applied at the grain boundaries
of the 3D perovskites to suppress the ion migration and sta-
bilize the perovskite phase of the matrix, which enhances the
device stability with less than 1% relative efficiency loss in

over 80 hours. More results have been reported to improve the

device lifetime with the addition of 2D perovskites to passi-

vate the grain boundaries. As mentioned in the above section,

the normally metastable perovskite phase in the room temper-

ature is more stable in the 2D perovskites due to significant

surface contribution and structure relaxation as the decrease of

the layer number. Therefore, the crystalline quality of 2D per-

ovskites is often better controlled under the usually processing

conditions than that of the traditional perovskites. In summary,

the development of the 2D perovskites is a promising solution

to resolve the intrinsic instability of the OIHP solar cells.

(a) (b)

Fig. 5. (a) Temperature dependent conductivity measurement of 3D and 2D perovskite single crystals for in-plane.[55] Reproduced with permission
from Ref. [55]. Temperature dependent conductivity measurement of 3D and 2D perovskite polycrystalline films for out-plane.[54] Reproduced
with permission from Ref. [54]. (b) Absorption spectra of the two separated 2D lead halide (X = Br and I) perovskite films with different layers of
n = 10 and n = 1 before and after homogenization at 140 ◦C. Arrhenius plots of ln(k) versus 1/T obtained from the 2D lead halide perovskite films
with different layers. Activation energy versus number of layers.[62] Reproduced with permission from Ref. [62].

3.3. Thermal decomposition

In contrast with the traditional semiconductors used in the
photovoltaics, the degradation temperature of the OIHPs (in
particular MAPbI3) is excessive low. Under direct sunlight,
the temperature of perovskite materials can reach above 70 ◦C,
which could lead to the phase transition and thermal decom-
position of the OIHPs.

For a thermodynamically open system, the MAPbI3 is
facilely degraded into the PbI2 yellow reactants and volatile
components such as MAI at a rather low operation temperature
within the solar cell.[43] The ionic bonding between A+ and
I− is weakened when A+ is an organic cation. Composition
engineering generally uses the mixed cations or halides to sta-
bilize the desired high-temperature perovskite phase at the op-
eration temperature and achieve a balance between perovskite
phase and thermal stability.[65] Lee et al. replaced 10% of
FA+ with the Cs+ in FAPbI3 perovskite and substantially im-
proved stability along with photovoltaic performance.[66] The
interaction between organic cation and octahedra is enhanced
and the trap density is reduced. Jeon et al. demonstrated that

mixing of MA+ and FA+ can stabilize the perovskite phase
of FAPbI3 and achieve more than 18% PCE under a standard
illumination.[67] Saliba et al. showed that the “triple cation”
(Cs+/MA+/FA+) perovskite compositions are thermally more
stable with the purer phase.[68] The resulting triple cation per-
ovskite composition is less sensitive to processing conditions
and reaches a stabilized power output of 21.1% and ∼ 18%
after 250 hours under operational conditions. The optical den-
sity is stable when the sample is annealed at 130 ◦C for 3 hours
in dry air. Most attention about composition engineering is
concentrated on the improvement of the crystalline quality and
intrinsic thermal stability, whereas the humidity issues are left
with the encapsulation technology.

Decoupling of various environmental stress is one of the
major difficulties on the study of thermal stability since the
photodegradation and humidity are usually more detrimental
than the thermal stress in the OIHP solar cells.[69] Therefore,
the meaningful thermal stability experiments should be exe-
cuted in the moisture-free and anaerobic setup under dark con-
ditions. Moreover, the investigation of ion migration is always
conducted under temperature-dependent conditions. Herein,
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we shall concentrate on the thermal decomposition under the
operation temperature (40–80 ◦C), which is more intrinsic and
independent of the other environmental issues.

Although the repaid development of the advanced sealing
techniques, the OIHP devices often show significant degra-
dation after aging test with heat.[16] Conings et al. gave the
first direct evidence that significant structural changes and de-
compositions already emerge within the MAPbI3 perovskite
even in the inert gas, while are further accelerated by the oxy-
gen and humidity.[70] Even though the reported PCE maintains
about 90% of the initial performance after 1000 hours under
60 ◦ in N2 with the reasonable encapsulation,[71] the device
is still far from the operation requirement for commercial ap-
plication of solar cells . The thermal degradation process is
characterized as the solid products PbI2 and volatile compo-
nents MAI. Thermal gravimetric and differential thermal anal-
ysis coupled with quadrupole mass spectrometry indicates that
the MAI could further decompose into MA + HI or CH3I +
NH3 pair gases under the heat stress.[69,72] The former is a re-
versible process that would be self-healed under the dark con-
ditions if the device is well encapsulated as a close system. In
contrast, the latter process is an irreversible process that would
result in short lifetime of the MAPbI3-based devices even if the
system is isolated from the environment.[69] Such a degrada-
tion could be further accelerated if the absorber is exposed to
the iodine vapor that is nearly inevitable during the sunlight or
dark conditions during mild heating (40–80 ◦C).[73] Although
the transformation between MAPbI3 and PbI2 is reported to
be reversible, the recover reaction rate is much slower than the
decomposition rate at the higher temperatures.[63] The above
demonstrations suggest that the traditional MAPbI3 perovskite
may not be suitable for long-term stable solar cells and it is
imperative to develop new structures of perovskite absorber to
realize the commercialized OIHP devices.

The irreversible degradation pathway of the traditional
perovskites demands careful selection of the stable organic
cations at the A site. Fortunately, the perovskite layers are
not homogeneously degraded, and the degradation paths usu-
ally nucleate at the free surface or grain boundary.[70] Abun-
dant efforts are devoted to achieving large-size single crystal
perovskites with uniform morphology and low density of de-
fects or passivating the physical or chemical activated grain
boundaries or surface.[3,67,71,74,75] For instance, the prepared
perovskite solar cells maintain 90% of their initial efficiency
of 21% after operation at the maximum power point under AM
1.5 G solar light at 60 ◦C for 1000 hours in N2.[71] The recently
developed 2D perovskites provide a versatile approach to en-
capsulate the BX6 frameworks at the atomic or molecular scale
with incorporating the larger organic cations (i.e., PEA, BA,
AMP, PDA or ThDMA),[25,34,38,76] which could further de-
crease the surface energy. First-principles calculations of the
desorption energy for the PEAI layer is about 0.36 eV greater
than that of the MAI layer, which is independent of the number

of layers in the slab.[42] The spacer organic cations in 2D per-
ovskites are usually consisted of branched-chain, benzene, or
phenol, which exhibits better hydrophobicity and higher des-
orption energy. The replacement of the more stable organic
ligands at the surface or grain boundary suppresses the de-
composition of MAI fundamentally as well as the irreversible
reactive path. The surface energy of the metastable perovskite
phase is often lower than that of the thermodynamically sta-
ble phase, which facilitates the high crystalline quality of the
2D perovskites.[33] Therefore, the reduce of grain density and
the blocking of inorganic octahedron layer together could also
suppress the migration of the detrimental species (such as io-
dine) and prolong the lifetime of the OIHP devices.

The improvement of thermal stability on the OIHP cells
is rather impressive with the newly development 2D per-
ovskites. Tsai et al. revealed that the quasi-2D RP phase
(BA)2(MA)n−1PbnI3n+1 series are more stable under heat
stress of 80 ◦C than their 3D counterparts for the first time.[26]

The degradation of the 3D perovskite thin film was observed
by the emergency of the PbI2 phase after 1 hour, whereas
the (BA)2(MA)3Pb4I13 perovskite phase remained dominant
in the 2D perovskites after 30 hours. As shown in Fig. 6(a), the
DJ phase (PDA)(MA)3Pb4I13 solar cell device retained about
95% PCE of the original value after 168 hours under harsh
condition of 85 ◦C and 85% relative humidity, whereas the
RP phase and 3D one decreased to almost 20% and 5% of the
initial PCE, respectively.[41] Lu et al. achieved high efficient
(> 15%) and thermal stable (maintaining 90% of the initial
PCE after 350 hours at 80 ◦C) quasi-2D DJ perovskite with im-
proved crystallinity, preferred vertical orientation and enlarged
spatially resolved carrier lifetime.[38] The excellent thermal
stability of the 2D perovskites is further applied to joint the
grain boundaries within the 3D counterparts, which aims to
achieve a better balance between photovoltaic efficiency and
stability.[77,78]

3.4. Light stability

For photovoltaic applications that illuminated by sunlight
for most of the daytime, light-induced degradation is a serious
issue. To promote the commercialization of OIHP solar cell,
the profound understanding of the light-induced degradation
mechanism is necessary.[20,79–81] The light-induced degrada-
tion mechanism of conventional 3D perovskites is a complex
dynamic process, accompanied by the photo-generated super-
oxide O−2 to promote the deprotonation of methyl-ammonium
as well as the migration of the halide ions. Recently,
Anaya et al. clearly revealed that the electrostatic repulsion
of the superoxide O−2 negatively charge layer on the surface of
OIHP created under illumination provides a driving force for
halide ions to migrate toward bulk from illuminated areas, and
the reaction between O−2 anions and perovskite causes further
degradation by formation of volatile methylamine.[82] More-
over, Hock et al. reported that phase segregation would oc-
cur in the mixed-halide hybrid perovskites after light-soaking
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in the nitrogen environment. The light induced halide mi-
gration reduced the stability of the mixed-halide photovoltaic
device.[83] In the field of silicon-based tandem solar cell, the
material of top cell requires a bandgap of about 1.75 eV to
achieve current-match both junctions,[84] which can be at-
tained by using mixed halide perovskites. However, phase
segregation caused by light-soaking is an intrinsic problem
as discussed above, which limits the application of 3D per-
ovskite materials. Different from 3D perovskite materials, 2D
perovskites can realize the wide range of bandgap via apply-
ing different organic ligands and changing the number of in-
organic layer, which holds great potential in silicon-based tan-
dem solar cell.

The research interest in light induced degradation mech-
anism of 2D perovskites is growing at the same time. The
early work of Mohite et al. revealed the preeminent pho-
tostability of the vertically orientation near single crystalline
(BA)2(MA)3Pb4I13 unsealed device by hot-casting method.
The device maintained 80% initial PCE after 200 hours un-
der AM 1.5 G illumination and slowly degenerated to about
70% after 2250 hours, whereas the 3D MAPbI3 retained less
than 10% initial PCE under the same condition.[26] However,
the mechanism behind light induced degradation of 2D per-
ovskites is rarely reported. Fang et al. reported that laser in-
duced degradation of 2D perovskites originates from the re-
lease of organic ligands and HI from the edge and surface of
the sample, following the distortion of inorganic octahedron
promotes the collapse of framework and leaves 3D PbI2 alone

as shown in Fig. 6(c).[85] The reports about MAPbI3 have
demonstrated that above band gap photoexcitation induced de-
formation relates to the changes of the Pb–I bond angles.[86]

In 3D perovskites, only one type Pb–I bond can be identified.
However, there are two types of Pb–I bonds in 2D perovskites
due to the difference of the organic–inorganic stacking pat-
tern, including the Pb–I bonds in the plane of the inorganic
framework, as well as the dangling Pb–I bonds along the out-
plane that I− anions interact with organic ligands by hydrogen
bond. The significantly longer dangling Pb–I bonds along the
out-plane lead to the more vulnerable degradation along the c
axis due to the lower interaction of covalent bonding.[85] The
light induced degradation of 2D perovskites may relate to the
intensity of the incident light and photon energy, the further re-
search about one sun illumination degradation mechanism of
2D perovskites is needed. The DJ phase 2D perovskites elimi-
nate van de Waals gap in RP phase via diamine organic ligands
alternately forming hydrogen bonds with the inorganic layer,
which is expected to be more robust under light illumination.
Ahmad et al. reported that the DJ phase (PDA)(MA)3Pb4I13

unencapsulated solar cell retained more than 95% initial PCE
after 3000 hours continuous light soaking, under AM 1.5G
illumination inside the glove box (Fig. 6(b)).[41] Moreover,
the light stability of low dimensional DJ phase tin perovskites
is also impressive.[87] The unencapsulated 4AMP-15 device
with 10.25% PCE maintained about 77% initial PCE after
500 hours, testing under continuous 1-sun illumination in N2

atmosphere at 40 ◦C.[88]

(a) (c)(b)

(d) (f) (g)(e)

(h) (j)(i)

Fig. 6. Stability test of MAPbI3, (PA)2(MA)3Pb4I13, and (PDA)(MA)3Pb4I13-based devices[41] under (a) damp heat stress (85 ◦C and 85% RH)
and (b) light illumination. Reproduced with permission from Ref. [41]. (c) Schematic illustration of the structural evolution from (PEA)2PbI4 to
PbI2 under resonant excitation.[85] Reproduced with permission from Ref. [85]. The temperature-dependent conductivity[89] of the (d) convex film,
(e) flat film and (f) concave film. (g) Variation of the activation energy of ion migration versus the strain in the MAPbI3 films.[89] Reproduced
with permission from Ref. [89]. (h) Schematic describing the residual stress relaxation with soft and stiff structural subunits.[93] (i) The long-term
stability test of the perovskite solar cells stored in air with humidity 16%–50% for over 1000 h without encapsulation.[93] (j) Normalized devices’
PCE after thermal stresses cycling between 85 ◦C and −40 ◦C arrangement.[93] Reproduced with permission from Ref. [93].
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3.5. Strain stability

In addition to the typical degradation pathways discussed
above, the lattice strain induce decomposition is another in-
trinsic instability of 3D halide perovskites. Such an issue
was only studied by very few researchers and should attract
enough attention from peers. Zhao et al. revealed that the mis-
matched thermal expansion between halide perovskites and
substrate during the thermal annealing process leads to the
compressive strain in the out-plane direction and the tensile
strain in the in-plane. The lattice strain provides the addi-
tional driving force for the ion migration, accelerating the var-
ious degradation pathways in the former sections.[89] Lately,
Wu et al. introduced a polystyrene between SnO2 and per-
ovskite as the buffer layer to release the residual stress dur-
ing annealing.[90] The stress-free perovskite showed lower
ion migration tendency and exhibited better device stability,
which retained almost 97% of its initial PCE (21.89%) after 5
days of day–night loop. Moreover, Sargent’s group reported
that the compressive-strain (in-plane) perovskite by introduc-
ing a high thermal expansive coefficient hole-transport layer
and elevating the processing temperature of hole-transport
layer shows diminished ion migration to improve intrinsic
stability.[91] Therefore, the photostability and thermal stabil-
ity of compressive-strain perovskite are better than those of
tensile-strain and non-strain ones.

The results of synchrotron x-ray powder diffraction
and first principles calculation indicate that 2D perovskite
(BA)2PbBr4 with lower Young’s modulus is softer than most
3D perovskites.[92] The soft nature of 2D perovskites provides
additional structural flexibility in terms of space to resist lat-
tice distortion, thereby promoting stress relaxation. The stress
relaxation mitigates the extra driving force for ion migration.
In addition, stress relaxation also reduces the crystal imper-
fection that forms the paths of ion migration and therefore the
overall stability is greatly improved. Wang et al. reported that
two kinds of A-site cations octylammonium iodide (OAI) and
phenethylammonium iodide (PEAI) incorporated into the sur-
face of FA0.85MA0.15Pb(I0.85Br0.15)3 films could effectively
release the surface residual stress.[93] The large organic cation
OAI and PEAI treatment induced 2D perovskite component
dwell at the surface of the perovskite thin film to construct soft
structural subunits, providing more flexibility to reduce resid-
ual stress (Fig. 6(h)). The optimize device not only maintained
95% of the initial PCE (21.48%) after 1000 hours stored in air
with 16%–50% humidity (Fig. 6(i)), but also retained about
90% initial PCE after 5 cycles thermal cycling test (Fig. 6(j)).

4. Conclusion and outlook
In this work, we have reviewed the major stability is-

sues limiting the commercial application of organic–inorganic

halide perovskites, as well as the prominent advantages of the
2D perovskites developed in the recent years. The structure
and function of the 2D perovskites are much more feasible
as the incorporation of large-size organic group between the
[BX6] layer, which breaks down the 3D inorganic octahedral
framework. Firstly, the notorious moisture and oxygen inva-
sion is naturally shielded by the hydrophobicity of large-size
organic group at the surface or grain boundary of 2D per-
ovskites. The prerequisite encapsulation of the traditional per-
ovskites can be ignored so that the device cost can be further
decreased. Secondly, the suspension of the 3D framework due
to the decorated organic group enables the extra freedom of
twist and rearrangement for the [BX6] layer, which decreases
the total energy of the perovskites and enhances the thermal
stability intrinsically. Moreover, the [BX6] layer determining
the excellent electronic properties is protected on the atomic
or molecular scale, which is dependent on the number of the
constituted [BX6] layers for one pair of organic groups. On the
one hand, the atomic encapsulation of organic group in the 2D
perovskites could prevent the leakage of volatile by-products
and the reversible decomposition could be controlled or recov-
ered during the environmental operation. On the other hand,
the irreversible decomposition originated from the surface or
grain boundary is dramatically suppressed due to the replace-
ment for MA+. Thirdly, the light-induced phase separation
of 3D mixed-halide perovskites can be avoided in the 2D per-
ovskites to apply in tandem solar cell since the bandgap can
be modulated by the number of constituted layers. In addi-
tion, the degradation pathway due to the combination of light
and oxygen is excluded with the isolation of oxygen by the
organic group. However, the intrinsic decomposition pathway
due to illumination is still not fully understood and needs more
research efforts to clarify. Moreover, the soft nature of 2D per-
ovskites provides additional flexibility to resist lattice distor-
tion, thereby promoting stress relaxation. Finally, the suppres-
sion of ion migration has been revealed experimentally by var-
ious characterization methods for the 2D perovskites. Never-
theless, some results are still questionable due to the problem
of separating the ion conductivity from the total conductiv-
ity. In summary, the development of the 2D perovskites seems
to be a promising solution to resolve the intrinsic instability
of the OIHP solar cells although several fundamental mecha-
nisms such as light instability and ion migration require to be
further solved.
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