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ABSTRACT

The  optical  properties  of  two-dimensional  (2D)  perovskites  recently
receive numerous research focus thanks to the strong quantum and dielec-
tric confinement effects. In addition to the strong excitonic effect at room
temperature, 2D perovskites also have appealing features that their optical
properties can be flexibly tuned by alternating organic or inorganic layers.
Particularly,  2D  chiral  perovskites  and  2D  perovskites  based  heterostruc-
tures  are  emerging  as  new  platforms  to  extend  their  functionalities.  To
optimize performance of 2D perovskites-based optoelectronic devices, it is
critical to understand the fundamentals and explore the strategies to engi-
neer  their  optical  properties.  This  review  begins  with  an  introduction  to
the  excitons  and  self-trapped  excitons  of  2D  perovskites.  Subsequently,
inorganic/organic  layer  effects  on  optical  properties  and  2D  perovskites
based  heterostructures  are  discussed.  We  also  discussed  the  nonlinear
optical  properties  of  2D  perovskite.  We  are  looking  forward  to  that  this
review can stimulate more efforts to understand and optimize the optical
properties of 2D perovskites.
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 1   Introduction

Perovskites known as one of the promising optoelectronic
materials  have  attracted  intensive  attention  in  the  last
decade.  Until  now,  broad  applications  of  perovskites  in
solar  cells,  photodetectors,  light-emitting  diodes  [1]  and
lasers  have  been  demonstrated  [2–9].  Particularly,  the
power  conversion  efficiency  (PCE)  of  three-dimensional
(3D) organic–inorganic hybrid perovskite solar cells  has
been  improved  to  25.6%  due  to  the  excellent  light
absorbing  and  charge  transporting  properties  [10].  In
addition,  perovskites  based  optoelectronic  devices  are
cheap  and  easy  to  fabricate,  making  it  appealing  to
produce in large scale in industry.

3D halide perovskites have a general formula of ABX3,
where  A  is  monovalent  cation  [Cs+,  MA+ (CH3NH3

+),
FA+ (CH2(NH2)2

+)],  B  is  divalent  cation  (Pb2+,  Sn2+,
Cd2+)  and  X  is  monovalent  halide  anion  (I–,  Br–,  Cl–).
The  divalent  metal  ions  and  halide  interact  with  each
other  to  form octahedral  structure  and  the  monovalent
ions are corner-shared by four octahedra. The structure
stability can be described by tolerance factor [t = (RA +
RX)/2(RB + RX)] proposed by Goldschmidt in 1926 [11],
where RA, RB and RX are the radius of cation A+, metal
ions  B2+ and  halide  ions  X– respectively.  Stable  3D
perovskite requires a tolerance factor in the range of 0.8 ≤
t ≤ 1. Once A+ is replaced by larger organic cations, the
inter-space between the octahedra is not sufficient to fit
the  organic  cations.  Consequently,  inorganic  layers  will
be separated to form two-dimensional (2D) perovskites.

In  contrast  to  poor  environment  stabilities  of  3D
perovskites,  the  hydrophobic  organic  cations  in  2D
perovskites can serve as a “moisture shielding” layer and
thus  enhance  the  ambient  stability  significantly  [9, 12,
13].  Instead  of  the  dominant  free  carrier  effect  in  3D
perovskites,  strong  excitonic  effect  is  present  at  room
temperature for 2D counterparts due to the strong quantum
and  dielectric  confinement  effects  of  the  quantum  well
structure [14–16]. In addition, the adjacent layers in 2D
perovskites  interact  with  each  other  by  van  der  Waals
force, which makes it feasible to construct heterostructures
with other 2D layered materials to realize diverse func-
tionalities.  Meanwhile,  2D perovskites  also  exhibit  high
light  absorption  coefficient,  moderate  charge  carrier
mobility  and  appropriate  band  gap,  giving  rise  to
intriguing  potential  in  the  applications  of  environment
stable optoelectronic devices.

Although the first 2D layered perovskite was reported
by Dolzhenko et al. [17] in 1986, they have not received
decent  attention  until  recent  years.  Recently,  we  have
witnessed  a  rapid  development  of  the  research  on  2D
perovskites. Benefiting from the excellent optical proper-
ties,  2D  perovskites  have  been  widely  studied  on  solar
cells, LED and photodetectors [6, 8, 18–27]. For instance,
2D  perovskite  solar  cell  based  on  (BA)2(MA)2Pb3I10
(BA = C4H9NH3; MA = CH3NH3) film was prepared by

hot-casting methods with PCE of 12.5% and the encap-
sulated devices did not show any degradation after 2250
hours light illumination [23]. Moreover, Huang et al. [28]
reported a multi-quantum well-based LED with external
quantum efficiency as high as 11.7%. In addition to solar
cells  and  LED,  2D  perovskites  were  also  used  in
photodetectors. The (BA)2(MA)n–1PbnI3n+1 (n = 1, 2, 3)
2D  perovskites  were  used  to  fabricate  photodetector
with responsivity of 3.00 mA·W–1 (n = 1), 7.31 mA·W–1

(n =  2)  and  12.78  mA·W–1 (n =  3)  under  white  light
illumination [29].

In addition to the ambient stability, another appealing
property of 2D perovskites is that their optical properties
can be greatly tailored by controlling the organic cations,
metal  substitutions,  inorganic  layer  numbers  and  so  on
[30–34].  In  order  to  optimize  the  performance  of  2D
perovskite optoelectronic devices,  it  is critical to under-
stand  how  these  factors  affect  the  optical  properties.
Moreover,  2D  chiral  perovskites  and  2D  perovskites
based heterostructures are emerging as new research hot
spots  in  the  community.  In  this  paper,  we  will  review
the  optical  properties  of  2D  perovskites  with  various
organic  cations,  inorganic  layers,  chiral  molecules  and
van der Waals structures.

Firstly  we  will  introduce  the  fundamental  excitonic
properties  and  self-trapped  excitons  originated  from
strong  electron–phonon  coupling  in  2D  perovskites.
Secondly,  we  give  a  systematical  overview  on  optical
properties  of  2D  perovskites  with  various  inorganic
layers such as the substitutions of metal and halide ions.
Also, change of the inorganic layer number will significantly
affect  the  band  structure.  Thirdly,  the  organic  cation
species  and  length  also  have  great  influence  on  their
optical  properties.  Particularly,  chiral  perovskites  are
formed  when  chiral  molecules  are  introduced  as  the
organic layer, which show the unique chiral optical prop-
erties such as circular dichroism and circularly polarized
light  emission.  Next,  novel  optical  phenomenon  of  2D
perovskite/2D  perovskite  and  2D  perovskite/transition
metal  dichalcogenides  (TMDs)  heterostructures  will  be
introduced.  Nonlinear  optical  properties  of  2D
perovskites  such  as  second-harmonic  generation  (SHG),
third-harmonic  generation  (THG)  and  two-photon
absorption  (TPA)  are  discussed  as  well.  Lastly,  we
summarize the current development and give an outlook
regarding the high-performance 2D perovskites optoelec-
tronic  devices.  We  are  looking  forward  to  simulating
more  efforts  to  understand  and  optimize  the  optical
properties of 2D perovskites.

 2   Excitonic properties

 2.1   Excitons in 2D perovskite

 2.1.1   Fundamentals

The  alternating  organic–inorganic  layers  endow  unique
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(
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quantum  well  structure  of  2D  perovskites,  which  leads
to  strong  quantum  and  dielectric  confinement  effects
(Fig. 1). The dielectric and quantum confinement effects
increase  the  exciton  binding  energy  significantly
compared to 3D perovskites [30, 35, 36]. Charges in 2D
perovskites  are  confined  within  the  inorganic  layer  due
to  the  organic  layer  has  a  higher  energy  barrier.  This
quantum confinement effect gives rise to a larger exciton
binding energy estimated by  (where β
and Eb,bulk are  dimensionality  and  exciton  binding
energy of bulk structure) [37]. When the β is 3 or 2, the
Eb = E0 or 4E0, respectively. This equation is not suitable
for 1D and 0D materials. Consequently, exciton binding
energy  of  2D  perovskites  (β =  2)  is  almost  four  times
higher than 3D perovskites (β = 3) [38]. It is noted that
the exciton binding energy is also affected by the thickness
of  inorganic  layer.  On  the  other  hand,  the  dielectric
constant  (ε)  of  inorganic  layers  is  higher  than  organic
layers  and  thus  give  rise  to  the  dielectric  confinement
effect. The Coulomb interaction between charges in inor-
ganic  layer  increases  as  electric  field  is  screened  less
effectively in adjacent organic layers. The exciton binding
energy of 2D perovskites (n = 1) is usually around 300
meV and dominant excitonic effects are present at room
temperature  [30, 38].  Free  excitons  typically  exhibit
sharp absorption peak and very narrow photoluminescence
(PL)  with  full-width  at  half  maximum (FWHM) about
20 nm.

The quantum well structure indicates that bandgap of
2D  perovskites  is  mainly  determined  by  the  inorganic
layer [3, 27]. As a result, the replacement of metal ions,
halides and inorganic layer numbers will directly change
their bandgap [30, 31, 39, 40]. Besides, the organic layers
also  have  an  impact  on  the  optical  properties  because
the organic layers will render inorganic framework tilted
and  distorted  by  hydrogen  bonding  force  [41].  For
instance,  the  chiral  organic  layers  can  induce  optical
chirality  such  as  circular  dichroism  (CD)  and  circular
polarized light emission.

 2.1.2   Self-trapped excitons

In addition to narrowband PL of free excitons emission,

gc = 1− (2v)
−1

a broadband PL (FWHM > 100 nm) with large Stokes
shift  (>  1  eV)  can  be  normally  observed  in  2D
perovskites, which is attributed to the self-trapped exciton
(STE) emission. STE is a kind of trapped excitons origi-
nated from the strong electron–phonon coupling induced
lattice  distortion  [42–46].  Distinguished  from the  defect
and  vacancy  states,  STE  can  be  produced  even  in
perfect  crystals.  The  threshold  of  the  electron–phonon
coupling  strength  to  form  STE  depends  on  the  dimen-
sionality with the formula of  (where gc is
the threshold, v = 6 and v = 4 for 3D and 2D materials).
Therefore, STE is easier to be formed in 2D perovskites
compared to 3D counterparts. The broadband nature of
STE  emission  is  useful  in  white  light  generation  and
thus receive numerous investigations.

The mechanism of the STE origin has been investigated
by  several  research  group.  By  utilizing  the  transient
absorption (TA) spectroscopy [Fig. 2(a)], Zhu et al. [45]
confirmed that the self-trapped states are indeed caused
by  electron–phonon  coupling  and  they  are  enhanced  at
surface/interfaces where the perovskite crystal structure
is most susceptible to deform. Different from the bound
states  introduced  by  defects  and  impurities,  the  self-
trapped  states  are  transient  bound  states  generated  by
the  lattice  distortion  and  they  will  disappear  once  the
lattice  distortion  is  dismissed.  The  experiment  results
also  show  that  STE is  more  likely  to  be  formed  in  2D
perovskites  compared  to  3D  perovskites,  which  agrees
with  the  theoretical  prediction  as  discussed  above.  In
addition,  the  strength  of  self-trapped  states  declines
when  the  inorganic  thickness  (layer  number n)  of  2D
perovskites increases due to that there are more interfaces
with larger n.

Furthermore,  Kanatzidis et  al. [47]  investigated  the
lattice distortion quantitatively by using various bifunc-
tional  ammonium  such  as  DMEN  (2-(dimethylamino)
ethylamine),  DMAPA  (3-(dimethylamino)-1-propy-
lamine) and DMABA (4-dimethylaminobutylamine). All
of  (DMEN)PbBr4,  (DMAPA)PbBr4 and  (DMABA)
PbBr4 show a broadband STE emission [Fig. 2(b)]. More
importantly,  bandwidth  of  PL  is  proportional  to  the
octahedral distortion of the inorganic layers. To quantify

 
Fig. 1  (a) Schematic of 3D and 2D perovskite structure. (b) Characteristic band-alignment in 2D perovskites.
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the  degree  of  the  distortion,  the  octahedral  distortion
based on Pb–X bond length is defined as following equa-
tion:

∆d =
1
6
∑(

dn − d

d

)2

,

∆d

where d is  the mean distance of  Pb-X bond and dn are
the  distance  of  six  individual  Pb-X  bond  (X  =  Br).
Experimentally, (DMEN)PbBr4 exhibits broadest exciton
emission,  which  is  consistent  with  that  of  (DMEN)
PbBr4 is largest. The relationship of structure distortion
and PL was also studied with (NBT)2PbI4 and (EDBE)
PbI4 perovskites (NBT = n-butylammonium, EDBE = 2,
2-(ethylenedioxy)bis(ethylammonium))  in Fig.  2(c)  [43].
Both the  Pb–X length and X–Pb–X angle  have  impact
on  the  distortion  (EDBE)PbI4 perovskite,  leading  to
larger lattice distortion and a broader PL.

Apart  from  the  organic  layer,  lattice  distortion  and

STE  can  also  be  tailored  by  engineering  the  inorganic
layer.  The  structure  distortion  of  (EA)4Pb3Br10–xClx
perovskite  have  also  been  explored  by  Kanatzidis’s
group  [Figs.  2(d)–(f)]  [48].  For  three-layered
(EA)4Pb3Cl10 2D  perovskites,  outer-layer  presents  a
larger  distortion  (Δd)  than  inner-layer  up  to  45.09  ×
10–4. It was also demonstrated that the PL of STE could
be  regulated  by  changing  the  ratio  of  halide  ion  of
(EA)4Pb3Br10–xClx.  With  Cl– content  increasing,  the
inner-layer  PbX6 octahedra  will  transit  from  “undis-
torted” to  “distorted”,  generating  more  transient  self-
trapped states and exhibiting longer PL lifetime.

Because  STE  emission  is  closely  related  to  crystal
structure,  exerting  high  pressure  is  an  effective  method
to change structure and optoelectronic properties of 2D
perovskites.  As  reported  by  Zou’s  group  [49],  the
(BA)4AgBiBr8 2D  double  perovskites  exhibit  a  broad
emission and large Stokes shift under 2.5 GPa pressure,

 
Fig. 2  (a) 2D  plot  of  TA  spectra  of  (BA)2PbI4 film  [45]. (b) PL  spectra  of  α-(DMEN)PbBr4,  (DMAPA)PbBr4 and
(DMABA)PbBr4 [47]. (c) Absorption and PL of (NBT)2PbI4 and (EDBE)PbI4 [43]. (d) Structure fragment of three-layered
(EA)4Pb3Cl10, (EA)4Pb3Br10 and hydrogen bonding network in (EA)4Pb3Br10. (e) Comparison of the distortion level of outer
layer and inner layer of (EA)4Pb3Cl10 and (EA)4Pb3Br10. (f) PL of (EA)4Pb3Br10–xClx (x = 0, 2, 4, 6, 8, 9.5 and 10). (d–f)
Reproduced from Ref. [48].
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while it is non-fluorescent initially (Fig. 3). The pressure
also  make  the  bandgap  narrowed  from  initial  2.61  to
2.19  eV  at  25.0  GPa.  They  attributed  the  pressure
induced  STE  to  the  distortion  and  compression  of  the
inorganic layer. The inorganic layers undergo two-stages
changes. In the first stage, the inorganic Bi–Br–Ag bond
angle decreases and the structure distortion is enhanced
with increased pressure.  While,  under a higher pressure
condition, the BiBr6 and AgBr6 octahedra shrink to form
a  new  crystalline  phase  and  lead  to  the  luminescence
quenching.

 2.2   Effect of inorganic layer

 2.2.1   Effect of inorganic layer thickness

One of the most appealing features of 2D perovskites is
that  the  bandgap  and  exciton  binding  energy  can  be
actively  tuned  by  changing  the n value  defined  as  the
number  of  inorganic  layers  between  organic  spacer.
Because the quantum and dielectric  confinement effects
become  weaker  with  increased n,  the  optical  properties
of 2D perovskites gradually approach to 3D perovskites.

The  electronic  structure  and  optical  properties  of  a
series  of  (BA)2(MA)n–1PbnI3n+1 and  (BA)2(MA)n–1Gen-
I3n+1 (n = 1–5 and n = ∞) 2D perovskites are studied
by  DFT  calculations.  Both  Pb-  and  Ge-based  2D
Ruddlesden–Popper  (RP)  perovskites  share  the  same
trend that the bandgap decreases with n.  The bandgap
of  (BA)2(MA)n–1PbnI3n+1 perovskites  decreases  from
2.37  eV  (n =  1)  to  1.79  eV  (n =  5)  and  it  decreases
from  1.92  eV  (n =  1)  to  1.56  (n =  5)  for
(BA)2(MA)n–1GenI3n+1 [Figs. 4(a) and (b)] [50]. In addi-
tion,  the theoretical  calculation indicates  that  the ther-
modynamic  stability  of  2D  perovskites  is  notably
enhanced than their 3D analogues.

Eb =
E0

(1+α−3
2 )

2 α = 3− γe−
LW
2a0

Experimentally,  red-shift  of  exciton  absorption  and
emission  can  be  observed  with  increased n.  For
instance,  the  optical  absorption  band  energy  of
(BA)2(MA)n–1PbnI3n+1 perovskites  are  2.43,  2.17,  2.03,
1.91  eV  for n =  1,  2,  3,  4  and  it  finally  approach  to
1.50 eV for n = ∞, namely, the bandgap of 3D MAPbI3
[Fig. 4(d)] [30]. PL red shifts from 2.35 to 1.90 eV when
n  changes  from  1  to  4  [Fig.  4(e)].  In  addition,  the
reduced  quantum  and  dielectric  confinement  effects
render  the  exciton  binding  energy  decreases  when n
increases.  The  exciton  binding  energy  of  (CH3(CH2)5
NH3)2(CH3NH3)n–1PbnI3n+1 declines from 361 meV (n =
1) to 100 meV (n = 4) [51]. Mohite et al. [35] developed
a generic formulation to determinate the excitons binding
energy  in  low-dimension  perovskite  system  with

,  where , E0 is  the  Rydberg
energy, a0 is  Bohr  radius  of  perovskite  and LW is  the
physical width of the quantum well for an infinite quantum
well  potential  barrier.  It  predicates  that  excitons  will
change  to  free  carrier  when  the  thickness  of  inorganic
layer is larger than 12 nm (n~20).

 2.2.2   Metal and halogen atoms substitution

As  discussed  above,  the  optical  properties  of  2D
perovskites  are  primarily  determined  by  the  inorganic
layers. In 2D perovskites, valence band (VB) consists of
hybridization  between  p  orbitals  of  halogens  and  s
orbitals  of  metals,  while  conduction  band  (CB)  is
emphatically  made  of  p  orbital  of  metals  [30, 50].  For
example,  VB  of  the  lead  iodide-based  perovskites
consists  of  hybridized orbitals  of  I  5p and Pb 6s,  while
CB  is  composed  of  Pb  6p  orbitals.  Therefore,  it  is
promising to regulate the optoelectronic properties of 2D
perovskites by replacing metal or halogen atoms.

(PEA)2PbZ4(1–x)Y4x (PEA  =  Phenylethylamine)  was

 
Fig. 3  (a) PL  spectra  of  (BA)4AgBiBr8 under  high  pressure. (b) Pressure  dependent  PL. (c) Mechanism  of  pressure-
induced emission associated with exciton self-trapping at ambient conditions and upon compression. Bi–Br–Ag bond angle is
in bc plane of (BA)4AgBiBr8 under compression. Reproduced from Ref. [49].
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synthesized  by  Lauret’ group  [31],  where  Z  and  Y  are
halogen ions such as I, Br and Cl. The bandgap can be
tuned within the range from 3.1 to 3.7 eV by changing
the  ratio  of  Br/Cl  of  (PEA)2PbBr4(1–x)Cl4x [Figs.  5(a)
and (b)]. The absorption of the mixed perovskites comes
from the hybridization of the Pb(6s), Z(np) and Y(mp)
atomic  orbitals.  Similarly,  Zhang et  al.  [31]  synthesized

few-layer  (PEA)2PbX4 (X  =  I,  Br,  Cl)  perovskite
nanosheets,  and  the  PL  peaks  blue  shift  from  524  nm
((PEA)2PbI4) to 445 nm ((PEA)2PbBr3I) with increased
Br ratio.

The bandgap of 2D perovskites can also be significantly
changed by metal atoms substitution. Theoretical calcu-
lations have been employed to obtain the bandgap of 2D

 
Fig. 4  (a) and (b) are energy level diagram of 2D RP perovskites (BA)2(MA)n–1PbnI3n+1 and (BA)2(MA)n–1GenI3n+1 (n =
1–5 and n = ∞) [50]. (c) Crystalline structures of the 2D lead iodide perovskites (BA)2(MA)n–1PbnI3n+1 (n = 1–4), the L-
value  denotes  the  thickness  of  the  inorganic  layer  in  each  compound. (d) and (e) are  optical  absorption  and  PL  of  2D
perovskites with different thickness (n = 1–4 and n = ∞). (c–e) Reproduced from Ref. [49].

FRONTIERS OF PHYSICS TOPICAL REVIEW

33602-6   Junchao Hu, et al., Front. Phys. 18(3), 33602 (2023)

 



perovskites  with  various  metal  atom substitution  [Figs.
5(c) and (d)]. (BA)2SnI4, (BA)2GeI4 and (BA)2PbI4 have
the bandgap of 1.45, 1.74 and 1.96 eV, respectively. The
coordination  symmetry  reduction  around  the  cations
gives rise to largest MI6 octahedra distortion of BA2GeI4,
leading  to  the  lowest  bandgap  energy.  Experimentally,
Han et al. [52]  synthesized a series of  2D mixed Ge–Sn
perovskites  (PEA)2Ge1–xSnxI4 [Fig.  5(e)]  and  it  was
found  that  the  bandgap  declined  linearly  with  the
increase  of  Sn  contents.  The  tunable  bandgap  of  Sn-
based and Ge-based perovskites offers additional freedom
to  broaden  the  operation  wavelength  range.  The  Sn
incorporation can not only reduce the bandgaps but also
improve the moisture stability. Apart from the bandgap
engineering, Pb atoms can also be replaced to accomplish
lattice  distortion.  Sn  was  also  introduced  by  Chen’s
group  [53]  to  generate  broadband  red-to-near-infrared-
emission  at  room  temperature  due  to  strong  exciton-
phonon  coupling  with  PEA2PbI4:Sn(x)  perovskite  [Fig.
5(f)],  in  which  Sn  dopants  initiate  the  localization  of
excitons and further induce the lattice distortion around
the  impurities  to  obtain  STE  [54].  In  addition,  the
change of M–X length and M–X–M angle have significant
influence on the optical properties. The in-plane and out-
of-plane  title  angle  of  the  inorganic  frameworks  make

the  octahedral  structure  deviate  from  ideal  geometry.
The larger title angle will make the orbitals overlapping
between metal and halide ions less and less, causing the
blue shift of PL [55].

 2.3   Effect of organic spacer

 2.3.1   Various organic layers

Although  the  optical  bandgap  is  mainly  determined  by
the  components  and  thickness  of  inorganic  layer  2D
perovskites, the organic spacer has nonnegligible influence
on  the  optical  properties.  Firstly,  organic  layer  as  the
energy  barrier  of  inorganic  layer,  the  exciton  binding
energy  will  be  changed  by  choice  of  different  organic
molecules  due  to  their  different  dielectric  constant.
Secondly,  the  chain  length  of  organic  spacer  will  affect
the distance between adjacent inorganic layers. Thirdly,
the inorganic frameworks interact with organic layer by
hydrogen  bond,  and  thus  the  organic  layer  will  induce
distortion inorganic frameworks.

The  effect  of  molecule  species  and  chain  length  on
optical properties of 2D perovskites have been explored.
Ishihara et  al. [38]  reported  (CnH2n+1NH3)2PbI4 2D
perovskite with different organic chain length (n = 4, 6,

 
Fig. 5  (a) UV-Vis absorption and (b) PL spectra of (PEA)2PbX4 nanosheets (X = Cl, Br, I) with different compositions
[31]. (c) Electronic band structure of the polar configuration of (BA)2(MA)n–1PbnI3n+1 (n = 1, 3, 4) [30]. (d) The computed
electronic bandgaps of (BA)2(MA)n–1MnI3n+1 (M = Ge, Sn and Pb; n = 1–4 and n = ∞) based on the hybrid functional plus
SOC schemes. The light-green horizontal bar denotes the optimal bandgap range (0.9 to 1.6 eV) for solar cells [33]. (e) Tauc
plots of (PEA)2Ge1–xSnxI4 perovskite with different Sn content [52]. (f) PL spectra of bulk crystal of PEA2PbI4,  PEA2SnI4
and PEA2PbI4:Sn (0.36%) at room temperature [54].
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Fig. 6  (a) Photoluminescence spectra in single crystal of (CnH2n+1NH3)2PbI4 with n = 4, 8, 9, 10 and 12 at 1.6 K and optical
density spectra in a cleaved thin crystal of (C10H21NH3)2PbI4 at several temperatures [38]. (b) Absorption spectra at 300 K
and 10  K for  (C10H21NH3)2PbI4,  (PEA)2PbI4 and (PEA)2(MA)Pb2I7 [57]. (c) 3-AMP and 4-AMP molecular  structure  and
general crystal structure of the two series of DJ perovskite from n = 1 to 4. (d) The absorption band energy of n = 1 to 5.
(e) Average equatorial Pb–I–Pb angles for 3-AMP and 4-AMP series from n = 1 to 4. (c–e) Reproduced from Ref. [58]. (f)
Plot  of  absorbance  peak  positions  verse  A-site  cation  size  of  (HA)2(A)Pb2I7 perovskite,  and  octahedral  structure  model  of
different A cation size [60].
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8, 9, 10 and 12) and found the bandgap was no obvious
different despite the different spacing [Fig. 6(a)]. Zhang
et  al. [56]  reported  (F-PEA)2MA4Pb5I16 with  shorter
chain than (PEA)2MA4Pb5I16 perovskite and they exhib-
ited enhanced charge transport across adjacent inorganic
layers  as  well  as  increased  carrier  lifetime  due  to  the
enhanced orbital interactions. Later, dielectric confinement
effects  of  organic  layer  were  explored  by  Nurmikko’s
group  [Fig.  6(b)].  Although  (C10H23NH3)2PbI4 and
(PEA)2PbI4 exhibit  same  bandgap  of  2.4  eV,  stronger
dielectric confinement effect will cause a smaller exciton
binding energy. The exciton binding energy are 320, 220
and 170  meV  for  (C10H23NH3)2PbI4,  (PEA)2PbI4 and
(PEA)2(MA)Pb2I7, respectively [57].

Different  from  RP  phase  perovskite  with  bi-layer
organic  ligands  between  Pb-halide  octahedral,  only  a
single  organic  layer  in  Dion-Jacobson  (DJ)  phase
perovskite  will  shorten  the  distance  between  inorganic
layers and reduce the barrier of interlayer charge trans-
port.  The  influence  is  ignorable  of  changing  organic
molecules in PR phase 2D perovskites; however, optical
properties  of  DJ  phase  2D  perovskites  can  be  greatly
adjusted via choosing asymmetric  diammonium cations.
The (A′)(MA)n–1PbnI3n+1 DJ perovskites were synthesized
by Kanatzidis’s group [Fig. 6(c)], where A′ is 3AMP (3-
(aminomethyl)piperidinium) or 4AMP ((4-aminomethyl)
piperidinium).  The  3AMP  perovskites  show  a  smaller
bandgap than 4AMP perovskite at the same n value [Fig.
6(d)]. The bandgap of 3AMP perovskites are 2.23, 2.02,
1.92  and  1.87  eV for n = 1–4,  while  the  corresponding
bandgap of 4AMP are 2.38, 2.17, 1.99, 1.89 eV for n =
1–4  [58].  Analysis  on  the  crystal  structure  and  DFT
calculation show the cations cause different optical prop-
erties  by  affecting  the  Pb–I–Pb  angles  in  equatorial
direction.  The  3AMP  series  exhibit  a  larger  Pb–I–Pb
angles  and  induce  smaller  bandgap  than  4AMP  [Fig.
6(e)].  Furthermore,  DJ phase  perovskites  with  different
exciton  binding  energy  were  synthesized  by  choosing
BDA  (1,4-diammonium)  and  DMPD  (N,N-dimethyl-
propane  diammonium)  as  organic  molecules  by  Kahn’s
group  [59].  (BDA)PbI4 and  (DMPD)PbI4 show  exciton
binding  energy  of  390  and  270  meV,  respectively.  In  a
word, the small Pb–I–Pb bond angle between lead halide
octahedral in the 2D plane is the main reason for larger
bandgap  and  exciton  binding  energy,  which  reduces
overlap of the Pb 6s and I 5p orbitals.

Beside  of  organic  spacer,  the  optical  bandgap  is  also
influenced by A cation surrounded by octahedral in n ≥
2  perovskite.  (BA)2(FA)2Pb3I10 perovskite  film  was
synthesized by replacing MA with FA and the bandgap
(1.51  eV)  is  much  smaller  than  that  of  (BA)2(MA)2
Pb3I10 (2.03 eV) [61]. Recently, a series of 2D (HA)2(A)
Pb2I7 perovskite  nanoplates  have  been  synthesized  by
Jin’s  group  with  different  A  cations  such  as  Cs,  MA
(methylammonium),  DMA  (dimethylammonium)  and
EA  (ethylammonium)  to  investigate  the  impact  of  A

cation [60]. As shown in Fig. 6(f), the absorbance of 2D
perovskites  show  the  correlation  with  A  cation  size.
Perovskites  with  AA (acetamidinium)  as  A-sites  cation
have the largest optical bandgap because larger A cation
size will generate larger chemical pressure inside the A-
site  cavity  and  the  Pb-I  bond  distance  increases.  In
addition,  the  smaller  Cs  cation  also  leads  to  a  larger
optical  bandgap,  which  is  attributed  to  the  tilted  PbI6
octahedral.

 2.3.2   Chiral 2D perovskite

As  discussed  in  last  chapter,  various  organic  molecule
species  are  available  to  serve  as  the  spacer  of  2D
perovskites.  Specially,  chiral  2D  perovskites  are  formed
when  the  achiral  molecules  are  replaced  by  chiral
molecules,  exhibiting  unique  chiral  optical  features
except  the  fundamental  optical  properties  of  2D
perovskite.  Thanks  to  the  artificial  optical  chirality,
chiral perovskites are of great importance in application
of  CD,  circularly  polarized  photoluminescence  (CPL),
circularly polarized detection and spintronics [22, 62–70].

Chiral 1D and 2D perovskites were firstly synthesized
in 2003 and 2006, respectively [74, 75]. Chiral functional
groups (R- and S-MBA) were introduced as the templating
cations and it  was found that the crystalline structures
depended  on  the  composition  of  lead  halide  unites  and
intermolecular interactions. For instance, face-sharing or
corner-sharing 1D chains could be formed for lead chloride
and  lead  bromide,  while  corner-sharing  2D  layers  were
most likely formed for lead iodide. The optical chirality
was  firstly  reported  in  2017  with  the  demonstration  of
circularly  polarized  light  absorption  (chiroptical  activ-
ity),  which  indicates  the  chirality  transfer  from  chiral
organic  molecules  to  achiral  inorganic  units.  Because
circularly polarized light carries  the information of  spin
angular momentum and spin-dependent optical selection
rule  has  to  be  satisfied  in  optical  transitions,  chiral
perovskites are promising in circularly polarized absorp-
tion, detection and emission.

CD,  refers  to  the  absorption  difference  between  left-
handed  and  right-handed  circularly  polarized  light,  is
one of the most prominent features of chiral perovskites.
CD is not only used to characterize the chiroptical activity
quantitatively,  but also utilized to realize the circularly
polarized light detection due to the absorption difference
[63, 76–78].  Peaks  of  CD  spectra  usually  occur  around
the bandgap energy of perovskites because CD response
originates  from  the  inorganic  sublattice  after  chirality
transfer. The CD properties of 2D chiral perovskite film
were studies by Moon’s group as shown in Fig. 7(a) [71].
(S-/R-MBA)2PbI4 film exhibit opposite CD peaks at 501,
489,  408  and 367  nm.  Whereas,  CD signal  is  absent  in
the  racemic  configuration  perovskite  film.  In  addition,
intensity of CD signal can be adjusted by changing the
precursor concentration and coating conditions.
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CD  signal  can  be  engineered  by  changing  the  chiral
spacer cations. The chiral perovskite of mixed cations of
chiral  aryl  molecules  and  achiral  alkyl  chain  molecule
was  synthesized  by  You et  al. [72],  which  exhibits  a
remarkably  different  CD  signal  from  the  purely  chiral
cation analogues. In addition, the CD signal shows opposite
polarity and higher amplitude compared with the corre-
sponding  pure  chiral  perovskite  [Fig.  7(b)],  which  may
be  related  to  the  spin-splitting  in  the  inorganic  layers.
Besides,  the  fact  that  CD  is  related  to  the  inorganic
sublattice  makes  it  possible  to  tune  CD  signals  by
replacing the lead or halide ions. The mixed halide chiral
perovskite  (S-/R-C6H5CH2(CH3)NH3)2PbI4(1–x)Br4x were
synthesized by Jooho’s group [73]. The CD signal shifts
from 495 to 474 nm with increased Br ion contents due
to that the bandgap of perovskite is determined by the
halide composite-dependent electron energy states [Figs.
7(c)  and  (d)].  Because  the  energy  of  Br  4p  orbitals  is
lower than that of I 5p orbitals in VB, the bandgap can
be  broadened  as  Br  replace  I  ions.  Furthermore,  CD

response  wavelength  range  also  can  be  regulated  by
replacing the metal ions with Sn2+, Cu2+, Bi3+, etc. [68,
79–82].

P = IL−IR
IL+IR

CPL  is  another  important  property  of  chiral  2D
perovskites,  which  refers  to  different  intensity  between
the  emitted  left-  and  right-handed  circularly  polarized
light  under  the  same  excitation  condition.  CPL  stems
from the spin-dependent optical selection rule in optical
transitions. Sargent et al. [70] realized a 3% spin-polarized
PL at 2 K in the absence of an external magnetic field
[Figs.  8(a)–(c)]  [70].  They  also  found  that  the  chiral
response  decreased  with  increased  inorganic  layer  n,
which  is  mainly  due  to  the  mole  fraction  decreasing  of
chiral molecules. Our group reported a high CPL degree
( )  of  17.6%  at  77  K  with  (S-/R-MBA)2PbI4
chiral  perovskite  [Figs.  8(d)  and  9(e)],  where  IL and  IR
represent  the  intensity  of  the  left-  and  right-handed
circularly  polarized PL,  respectively  [83].  The degree  of
CPL decreases  dramatically  with increased temperature
because  thermal  vibrations  will  destroy  the  helical

 
Fig. 7  (a) CD spectra and normalized extinction spectra of (S-MBA)2PbI4, (R-MBA)2PbI4 and (rac-MBA)2PbI4 film [71].
(b) CD spectra of pure S-MePEA, pure achiral (C4A) and mixed-cation perovskite film [72]. (c) Normalized extinction spectra
and (d) CD spectra of (S-MBA)2PbI4(1–x)Br4x and (R-MBA)2PbI4(1–x)Br4x (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) film [73].
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Fig. 8  Degree of polarization for (a) racemic-RDCP, (b) R-RDCP and (c) S-RDCP of low-dimensional perovskites with
magnetic field varied from –7 T to 7 T [70]. Circularly polarized PL spectra of (d) (R-MBA)2PbI4 and (e) (S-MBA)2PbI4
excited  by  a  473  nm  laser  at  77  K  [83]. (f) In-plane  views  of  [PbBr4]2– layers  in  R-NPB,  S-NPB  and  racemic-NPB.
(g) Hydrogen bonding interactions between the equatorial Br atoms and NEA+ cations in R-NPB, S-NPB and racemic-NPB
[92].
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distortion  induced  chiral  molecules.  Later,  the  (S-/R-
MBA)2PbI4 chiral perovskites were synthesized by aqueous
methods with average CPL degree up to 11.4% and 13.7%
for  S-  and  R-hybrids  at  room  temperature  respectively
[84].  Recently,  CPL  was  achieved  in  chiral  2D
perovskites based LED and it provide a promising strategy
to generate circularly polarized light source [85–87]. It is
worthy to note that the presence of CD cannot guarantee
the  observation  of  CPL.  CPL  is  closely  related  to  the
radiative  and  nonradiative  recombination  kinetics  and
large  CPL  degree  can  be  expected  only  if  excitons
recombine radiatively prior to spin flipping.

Revealing the mechanism of optical chirality generation
is essential for device design and performance optimiza-
tion.  Up to  now,  four  different  chiral  mechanisms have
been  proposed  to  explain  chirality  generation,  which
includes: i) chiral structure induced by chiral molecules;
ii) electronic interactions between the chiral ligands and
inorganic  frameworks;  iii)  chiral  surface  distortions
induced by chiral organic layer; iv) surface enantiomeric
chiral distortions [83, 88–91].
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Although  the  mechanism  is  still  in  debate,  most
reports  tend  to  indicate  that  the  structure  change
induced  by  chiral  molecules  incorporation  is  primarily
responsible to the emergence of chirality [22, 69, 71, 83].
Different  from the  centrosymmetric  structure  of  achiral
perovskites, the chiral organic layers render the inorganic
octahedral layer title and break the inversion symmetry.
Consequently,  chirality  can  transfer  from  chiral
molecules  to  inorganic  layers.  It  was  reported  that  R-
and  S-NPB  (NPB  =  1-(1-naphthyl)ethylammonium)
chiral  spacer  cations  exhibited  asymmetric  hydrogen
bonding interaction with [PbBr4]2– layers, causing out-of-
plane  helical  distortions  in  the  inorganic  layers  with
Pb–Br–Pb angles of 143° and 157° respectively [Figs. 8(f)
and  (g)]  [70, 92].  However,  the  racemic-NPB  achiral
spacer  does  not  show  out-of-plane  helical  distortions  in
the inorganic layers with Pb–Br–Pb angles of 152°. First
principles  calculations  indicate  that  the  combination  of
out-of-plane  helical  distortion  and  strong  spin-orbit
coupling  in  [PbBr4]2– layers  give  rise  to  the  Rashba-
Dresselhaus spin-splitting in conduction band with oppo-
site spin textures between R- and S-NPB. It is the opposite
spin  textures  that  cause  the  chiroptical  activities  of
chiral  2D  perovskites.  Furthermore,  the  chiral  transfer
depth  was  also  explored  by  Luther’s  group  [93],  the  S-
MBA  molecular  transfers  chirality  to  perovskite
nanocrystals  by  structure  distortion.  The  theoretical
simulations show that the interface layer have a maximum
in-plane  Pb–Br–Pb  angle  distortion,  and  the  effextive
depth of monolayer chiral molecule is up to five outermost
layers  of  surface  octahedral.  It  also  indicated  that  the
chirality is gradually decreasing with increasing n value.
In  addition,  the  distortion  index  (D)  and  bond  angle
variance ( ) were used to quantify the degree of octahedral
distortion: , ,  where 
represents  the  individual  Pb–X  bond  lengths,  is  the

θi
σ2

mean  Pb–X  bond  angle,  is  the  octahedral  X–Pb–X
bond  angles.  The D and  should  be  exactly  0  in  an
ideal  octahedron  [68].  The  chiral  perovskite  shows  a
larger  distortion  index  than  achiral  perovskite  due  to
chiral molecules induced structure distortion.

1
2 ⟩

1
2 ⟩

Moreover,  the  generacy  of  energy  states  is  broken  in
chiral perovskite and, the total angular moment quantum
number j remains same. However, the magnetic quantum
number ms are  different,  which  makes  the  spin  down
energy state |j,–  is different to the spin up energy state
|j,+  [66, 73].  Thus,  the  spin-polarized  carriers  can  be
generated with circularly polarized light excitation.

Electronic  interactions  have  a  significant  influence  to
chiro-optical  response  of  chiral  perovskite. Figure  9(a)
shows that the CD signal are related with the concentration
and temperature of the R-/S-PEA perovskite nanoplate
solution [94]. The chiroptical response is generated from
quantum-confined  perovskite  electronic  states  of  chiral
ligands,  and  affected  by  chiral  ligand  arrangement  on
the perovskite surface as well.

The  chirality  was  also  affected  by  surface  distortions
induced by chiral organic layer. Zhang et al. [89] used 1-,
2-diaminocyclohexane  (DACH)  as  chiral  molecular  to
induce chiroptical activity in CsPbBr3 nanocrystal [Fig.
9(b)]. The chiroptical properties of CsPbBr3 nanocrystal
strongly on the amount of chiral ligands, indicating the
chiral  surface  distortion  and  electronic  interactions
between  DACH and  perovskite  are  the  main  reason  to
chirality  origin  [89].  Furthermore,  the  effect  of  chiral
ligand  ratio  on  chirality  of  2D  perovskite  also  studied
by  Waldeck’s  group.  The  chiral  signal  of  (R-/S-PEA)2
MAPb2I7 nanoflakes  are  strong depends  on the  ratio  of
chiral molecular [Fig. 9(c)]. In addition, a chirality satu-
ration phenomenon occurs, which is related to the size of
ligand molecular [90].

Beside, the chirality also could be achieved by stacking
a  liquid  crystal  (LC)  cholesteric  superstructure  on  the
perovskite surface [Fig. 9(d)], in which the LC was used
as filter and convert unpolarized light to circular polarized
light [91]. A 100% circular polarization conversion efficiency
could  be  achieve  by  selective  reflection  of  the  LC film.
The CPL could be modulated by shifting the overlap of
reflection band and the emission band.

In all of the proposed mechanisms, the chiral molecular
induce structure distortion have been accepted as one of
the main mechanisms of chiral origin of chiral perovskite
by most of researchers, considering the chiral molecular
layer  is  the  only  chiral  source  to  induce  distortion  of
inorganic frameworks in pure chiral perovskite. However,
there  need  more  exploration  to  completely  understand
the chirality origin of chiral perovskites.

 2.4   2D perovskites based heterostructure

 2.4.1   2D perovskite/2D perovskite

Similar to TMDs, the van der Waals (vdW) interaction
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between  adjacent  layers  of  2D  perovskites  gives  rise  to
the flexibility of integrating with various layered materials
to build heterostructures,  which is  an appealing feature
of 2D perovskites compared to 3D counterparts. Formation
of  heterostructures  not  only  offers  the  opportunities  to
study the physics of energy and charge transfer, but also
can  enrich  optical  properties  to  broaden  their  applica-
tions.  Up  to  now,  various  2D  perovskites  based
heterostructures  have  been  demonstrated  including  2D

perovskite/2D  perovskite,  2D  perovskite/TMDs,  2D
perovskite/graphene  and  2D  perovskite/black  phospho-
rous heterostructures [95–105].

The chemical synthesis and mechanical exfoliation are
the  main  methods  to  fabricate  perovskites  heterostruc-
tures. Normally, chemical synthesis methods are usually
used  for  perovskite-perovskite  heterostructure  fabrica-
tion.  Chemically  synthesized  heterostructures  exhibit
strong  interlayer  coupling  and  efficient  carriers  transfer

 
Fig. 9  (a) Dependence  of  the  circular  dichroism  (CD)  signal  on  the  concentration  and  temperature  of  the  nanoplatelet
(NP) solution [94]. (b) Ligand exchange on an OA-capped perovskite NC using pure enantiomers of DACH and CD spectra
of low concentrations of DACH [89]. (c) Schematic representation of CD ligand ratio and CD strength of chiral perovskite
nanoplates  [90]. (d) Working  principle  of  the  circularly  polarized  light  (CPL)  system with  the  handedness  superstructure
stack [91].
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can be attained at the interface. Nonetheless, successful
synthesis can be only achieved for some specific materials
and  the  synthesis  condition  is  critical  as  well.  The
(PEA)2PbI4/(PEA)2(MA)Pb2I7 vertical  heterostructure
was firstly synthesized by a solution growth method [97].
The  type  I  band  alignment  makes  the  internal  energy
transfer  from  (PEA)2PbI4 layer  to  (PEA)2(MA)Pb2I7
under  the  time  scale  of  hundreds  of  picoseconds  [Figs.
10(a)  and  (b)].  Our  group  also  successfully  synthesized
(BA)2PbI4/(BA)2(MA)Pb2I7 vertical  heterostructure
with a  solution synthesis  method by making use  of  the
different  solubility  of n =  1  and n =  2  crystals  [Fig.
10(c)]  [96].  The  thickness  and  junction  depth  can  be
controlled by controlling concentration, temperature and
reaction time. Photodetector based on such heterostructure
exhibit dual-band spectral response with a full-width at
half-maximum  of  20  nm  at  540  nm  and  34  nm  at
610  nm.  This  synthesis  strategy  is  also  applicable  to
synthesize  other  perovskite  heterostructures,  and  the
band  alignments  of  heterostructures  can  be  tailored  by

changing metal and halide components.
Alignment transfer of the mechanical exfoliated flakes

is  another  typical  method to  fabricate  heterostructures,
in  which  the  atomic  thin  layer  with  thickness  down  to
monolayer  can  be  obtained.  Moreover,  the  stacking
material,  order,  thickness  and  angles  are  adjustable,
offering more flexibility to optimize the optical response
of heterostructures. The highly quality exfoliated vertical
perovskite  heterostructures  (BA)2PbBr4/(BA)2(MA)2
Pb3I10 were  reported  at  2021  by  Dou’ group  [99].
Apart  from  the  charge  transfer,  they  found  the
(BA)2PbBr4xI4(1–x) alloy were formed at the interface due
to  I– ions  diffusion  from n =  3  to n =  1  layer,  which
exhibited a new PL peak around 512 nm [Figs. 10(f) and
(g)].  The  ion  diffusion  also  could  be  observed  in  other
2D  perovskite  heterostructures  and  it  provide  a  new
insight for studies of complex superlattices and devices.
Unlike  the  vertical  heterostructures,  the  lateral
heterostructures  are  more  difficult  to  fabricate  and  it
can  be  only  prepared  by  chemical  synthesis  methods

 
Fig. 10  (a) PL of (PEA)2PbI4/(PEA)2(MA)Pb2I7 2D perovskite heterostructures. (b) PL of the 532 nm (n = 1) and 576
nm (n = 2) peaks as a function of excitation power. The β indicates the slope of the relation. (a, b) Reproduced from Ref.
[97]. (c) Schematic illustration of the synthesis of (BA)2PbI4/(BA)2(MA)Pb2I7 heterostructures. (d) Normalized PL of (BA)
2PbI4/(BA)2(MA)Pb2I7 heterostructures with different mass ratios of BAI/MAI. (e) Normalized PL of (BA)2PbI4/(BA)2(MA)
Pb2I7 heterostructures with different maintaining times for a fixed MAI concentration. (c–e) Reproduced from Ref. [96]. (f)
PL images of the vertical heterostructures (BA)2PbBr4-(BA)2(MA)2Pb3I10 under the heating treatment process. (g) Evolution
of PL of the vertical heterostructures upon heating at 60 ℃. (f, g) Reproduced from Ref. [99]. (h) Schematic illustrations and
proposed band alignments of (2T)2PbI4-(2T)2PbBr4 and (BA)2PbI4-(BA)2PbBr4 lateral heterostructures. (i) Optical and PL
images of lateral heterostructures. (j) PL of the heterostructures before and after heating. (h–j) Reproduced from Ref. [98].
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under  specific  condition.  Dou et  al. [98]  reported  a
highly stable and tunable lateral heterostructures, multi-
heterostructures  and  superlattices  by  epitaxial  growth,
such  as  (PEA)2PbI4–(PEA)2PbBr4 and  (4Tm)2SnI4–
(4Tm)2PbI4 heterostructures.  The  band  alignments  can
be engineered either by changing the inorganic composite
in  the  lateral  in-plane  direction  or  by  modifying  the
molecular  structure  in  the  out-of-plane  direction  [Figs.
10(h)–(j)]. The ion diffusion across 2D halide perovskite
heterostructure  can  be  substantially  inhibited  by  using
rigid conjugated ligands and near-atomically sharp inter-
faces could be obtained.

 2.4.2   2D perovskite/TMDs

The  optical  properties  of  TMDs  vdW  heterostructures
have  been  widely  studied  and  interlayer  excitons  (IXs)
can be formed with electrons and holes residing in different
layers [106–110]. The spatial separation of electrons and
holes renders long lifetime of IXs, which is favorable for
applications in valleytronics and optoelectronics.  Never-
theless,  the properties  of  IXs in TMDs heterostructures
highly depend on the twist angle between two layers and
thermal  annealing  is  usually  necessary  to  enhance  the
interlayer interaction [110]. Heterostructures made of 2D
perovskites  and TMDs provide a new platform for  IXs.
The strong interlayer coupling can be robustly achieved
in  2D  perovskites/TMDs  heterostructures  without
considering  twist  angle  and  thermal  annealing,  which
greatly  simplify  the  fabrication  process  and  makes  it
more suitable for practical applications [104, 111, 112].

Our group reported that IXs could be robustly formed
in 2D perovskites/monolayer TMDs regardless of stacking
order [100, 101, 105, 112]. IXs exhibit a broadband emission
and blue-shifted PL with the increased excitation power
due  to  the  dipole-dipole  interaction.  In  addition,  our
group  reported  the  IXs  can  be  tuned  in  large  spectra
range  by  changing  layer  numbers  of  TMDs  [105].
Because it transits from direct to indirect bandgap when
TMDs  change  from  monolayer  to  multilayers,  momen-
tum-indirect  IXs  are  observed  in  2D  perovskites/few-
layer TMDs heterostructures [Figs. 11(a)–(c)]. The emis-
sion energy of IXs could be tuned from 1.3 to 1.6 eV by
changing  the  WSe2 layers  and  the n value  of
(iso-BA)2(MA)n-1PbnI3n+1 from  1  to  4.  IXs  in  those
heterostructures also show a large diffusion coefficient of
10 cm2·s–1.

Apart from the charge transfer and IXs formation, it
was  also  reported  monolayer  WS2/PEA2PbI4
heterostructure exhibited the Förster type energy transfer
from  perovskite  to  WS2 [Figs.  11(d)  and  (e)]  and  PL
enhancement  could  be  observed  with  enhancement
factor up to 8 [104]. The analysis concluded that energy
transfer  not  only  occur  at  the  interface  between  WS2
and PEA2PbI4, energy transfer across the inner layers of
2D perovskites also contributed to the PL enhancement.

Due  to  the  capability  of  controlling  spin  with  chiral
2D  perovskite,  chiral  perovskite  based  heterostructures
are promising to achieve spin injection [Figs. 11(f)–(h)].
Selective spin injection in (S-MBA)2PbI4/WSe2 and (R-
MBA)2PbI4/WSe2 was  demonstrated  with  impressive
average  spin  injection  efficiency  of  78% [100].  The  spin
injection could produce  persistent  valley  polarization in
monolayer  MoS2 or  WSe2 over  10%,  which  suggests
chiral 2D perovskites are of great importance to manipulate
the  valley  degree  of  freedom  of  TMDs  [101].  Different
from  the  conventional  spin  injection  with  electric  filed
driven  ferromagnets,  chiral  2D  perovskites  based  spin
injection  provides  advantages  of  external  field  free,
simplified  device  structure  and  smaller  device  size.  We
believe chiral 2D perovskites/TMDs heterostructure can
play an important role in valleytronics.

Beside  the  chiral  2D  perovskites/TMDs  heterostruc-
ture, the spin electron injection also occurs inside chiral
perovskite/achiral  perovskite  heterostructure.  Recently,
(R-/S-MBA)2PbI4/(PEA)2(MA)Pb2I7 heterostructures
have  been  fabricated  by  Wang’s  group  [113].  The  CPL
could be observed in achiral perovskite by receiving spin-
polarized  electrons  form  chiral  perovskite  with  CPL
degree of 13.8% at 80 K under 532 nm laser excitation.
It  provides  a  new  pathway  to  endow  CPL  activity  for
achiral perovskites.

 3   Nonlinear optical properties of 2D
perovskite

In addition to the linear  optical  properties  as  discussed
above, nonlinear optics (NLO) of 2D perovskites attract
numerous attention as well. NLO refers to the nonlinear
response  when  matters  interact  with  intense  light,  in
which the induced polarization is nonlinearly dependent
on the incident electric field and can be expressed as the
following formula:

P = ε0
(
χE + χ(2)E2 + χ(3)E3 + ·

)
= ε0χE + PNL,

ε0 χ(n)

PNL

where  is the vacuum permittivity,  is the nth-order
optical  susceptibility  [114–119].  It  can  be  seen  that  the
induced polarization mainly consists of two parts: linear
polarization  of ε0χE and  nonlinear  polarization  of .
For a moderate incident light field, only linear terms can
be  observed,  such  as  linear  absorption  and  refraction.
However, the nonlinear term cannot be negligible under
strong  excitation.  Second-  and  third-order  nonlinearity
are  mainly  reported  for  2D  perovskites  such  as  second
harmonic  generation  (SHG),  third-harmonic  generation
(THG) and two-photon absorption (TPA).

 3.1   Second-harmonic generation

Second-order  nonlinearity  is  normally  vanished  in  2D
perovskites  due  to  their  centrosymmetric  structure.
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Recently,  chiral  spacer  cations have been introduced to
break  the  inversion  symmetry  and  consequently  induce
SHG.  Xu et  al. [120]  fabricated  a  non-centrosymmetric
2D  perovskite  nanowires  (S-/R-MPEA)1.5PbBr3.5
(DMSO)0.5 by using chiral amines as the organic compo-
nent.  Dimethyl  sulfoxide  (DMSO)  molecules  axially
coordinate  with  Pb2+ in  the  partially  edge-shared  octa-
hedrons, which results in the structural symmetry breaking
of this 2D perovskite [Figs. 12(a)–(c)]. Under the pump
of  850  nm  linearly  polarized  fs  pulsed  laser,  the
nanowires exhibited an effective second-order NLO coef-
ficient of  0.68 pm·V–1 and a linear polarization ratio of
(96.4 ± 0.1)%. Moreover, the SHG-CD was up to (74.0 ±
0.1)% when pumped with circularly polarized light. Wu
et  al. [121]  prepared  (S-/R-ClPEA)2PbI4 2D  perovskite
microwire array (ClPEA = 1-(4-chlorophenyl)ethylamine)
which shown linearly polarized SHG and two-photo fluo-
rescence  [Figs.  12(d)–(f)].  Under  the  pump  of  linearly
polarized  fs  laser  pulse  at  800  nm,  the  maximum SHG
intensity was observed when the polarization was parallel
to the axial of the microwires. Anisotropic SHG ratio of
23.2  and  21.3  were  observed  in  (S-/R-ClPEA)2PbI4,

respectively.
Recently,  the  chiral  lead-free  double  perovskite

microwire arrays of (S-/R-3AP)4AgBiBr12 for anisotropic
SHG have been reported by Wu’s group [Figs. 12(g)–(i)],
which  was  synthesized  by  capillary-bridge  confined
assembly  technique  [122].  The  linear  polarized  SHG
anisotropy of microwires is up to 0.92 with the nonlinear
coefficient of 0.28 pm·V–1 under 800 nm excitation.

The influence of organic layer on SHG anisotropy was
also  discussed  by  Lu et  al.  [123].  The  in-plane  SHG
anisotropy  of  2D  perovskite  (C6H5CH2NH3)2PbCl4
decreases  with  the  thickness  decreasing  of  perovskite
nanoflakes. The theoretical calculation results show that
the  conformational  of  organic  amine  cations  alternates
with  the  reduced  thickness  due  to  weakened  van  der
Waals interactions, leading to the changes in orientation
of electric dipoles and corresponding SHG anisotropy.

 3.2   Third-harmonic generation

In  contrast  to  SHG,  the  non-centrosymmetric  structure

 
Fig. 11  (a) Normalized PL of WSe2/(iso-BA)2PbI4 (x = 1, 2, 3, 4) and 1L WSe2/(iso-BA)2(MA)Pb2I7 vdW heterostructure.
(b) IXs emission energy as a function of the layer number x of the constituent materials and (c) band alignment of the vdW
heterostructure formed by WSe2 and (iso-BA)2(MA)n–1PbnI3n+1 perovskites. (a–c) Reproduced from Ref. [105]. (d) Different
electron transfer routes for excitons generated far from the WS2/(PEA)2PbI4 interface. (e) PLE of a heterostructure at 110 K.
(d, e) Reproduced from Ref. [104]. (f) IXs in the 2D perovskite/monolayer TMD heterostructure. (g) IXs emission of (iso-BA)
2PbI4/WSe2, (BA)2PbI4/WSe2 and (S-MBA)2PbI4/WSe2 under a 633 nm laser excitation. (f, g) Reproduced from Ref. [100].
(h) Manipulation of valley polarization in monolayer MoS2 via chiral 2D perovskite/MoS2 heterostructure [101].
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is  not  required  for  THG.  It  was  reported  that  (BA)2
(MA)n–1PbnI3n+1 (n =  1–3)  nanoflakes  displayed  strong
THG  due  to  the  exciton  effect  enhanced  third-order
nonlinearity  [Figs.  13(a)  and  (b)].  THG  intensity  is
strongest when the THG emission overlaps with exciton
energy  and  will  decrease  sharply  when  THG  energy
detunes  from  the  exciton  peak  [124].  In  addition,  the
THG  intensity  depends  on  the  thickness  of  2D
perovskite,  in  which  the  THG  intensity  decreases
quickly  with  increased  thickness  owing  to  the  self-

χ(3)

χ(3)

absorption  and  phase  mismatch.  Also,  perovskites  with
different n value  were  mechanically  exfoliated for  THG
measurement [125].  The maximum conversion efficiency
is 0.006% for n = 2 perovskite and it is estimated that
the (BA)2MAPb2I7 (n = 2) nanoflakes have the maximum
effective  third-order  susceptibility  of  1.12  ×  10–17

m2·V–2 [Figs. 13(c) and (d)]. The third-order susceptibility
 decreases  with  the  increased  inorganic  layer  thick-

ness.Strong  THG  emission  was  also  observed  in  (BA)2
MAn-1PbnI3n+1 (n = 1–4) by Jang et al. [125]. Due to the

 
Fig. 12  (a) Schematics of the SHG measurements. λ/2 and λ/4 plates were used for linearly and circularly polarized exper-
iments,  respectively. (b) SHG  of  an  (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowire  pumped  at  various  wavelengths. (c) SHG
intensity from the nanowire as function of the rotation angle of the λ/4 plate. (a–c) Reproduced from Ref. [120]. (d) SHG
mapping of (R-ClPEA)2PbI4 microwire. (e) Wavelength-dependent SHG of (R-ClPEA)2PbI4 microwire arrays at the excitation
wavelength varying from 720 to 880 nm. (f) Linear-polarization-dependent SHG of (R-ClPEA)2PbI4 microwire arrays. (d–f)
Reproduced  from  Ref.  [121]. (g) Conceptual  illustration  of  SHG  generation  of  as-prepared  microwires. (h) Wavelength-
dependent SHG intensity of (S-3AP)4AgBiBr12 microwire arrays at wavelengths varying from 760 to 920 nm. (i) Polarization-
dependent SHG of (S-3AP)4AgBiBr12 microwire arrays. (g–i) Reproduced from Ref. [122].
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strong quantum confinement effects, the 2D perovskites
exhibit  4  times  stronger  THG at  mid-infrared  than  3D
perovskite MAPbI3.

He et al. [126] reported the in-plane anisotropic THG
properties  of  (C6H5(CH2)2NH3)2PbI4 (PEPI),  (C6H11

NH3)2PbI4 (C6H11)  and  (C4H9NH3)2PbI4 (C4PI)  bulk
crystal. Though they showed a similar anisotropy of the
nonparametric NLO response such as two-photon photo-
luminescence (2PPL) and there-photon photoluminescence
(3PPL)  due  to  the  similar  lead  halide  networks  of
[PbI6]4– octahedra, PEPI, C6H11 and C4PI have different
THG  anisotropic  rations  of  22.3,  35.7  and  20.4  respec-
tively. This suggests that the anisotropy of THG signals
is strongly dependent on the specific crystal structure of
the individual flakes.

 3.3   Two-photon absorption

TPA  comes  from  third-order  nonlinearity  and  it  is  a
nonparametric  process.  The  TPA  properties  of
(PEA)2PbI4 perovskite  flake  was  systematically  studied
by  Xiong’s  group  [127].  Under  the  pump  of  800  nm
femtosecond pulse laser, the perovskite exhibited a giant
TPA coefficient of 211.5 cm·MW–1, which is one order of
magnitude larger than other 3D perovskites [Fig. 14(a)].
This giant TPA coefficient is attributed to the enhanced
quantum  and  dielectric  confinement  effects  in  multi-
quantum-well  structure  of  2D  perovskites.  In  addition,
the TPA coefficient significantly decrease with increased
thickness  of  perovskites  flakes  [Fig.  14(b)].  Similarly,
(BA)2(FA)Pb2Br7 (n = 2) was synthesized by Luo et al.
[128] and a TPA coefficient of 5.76 × 103 cm·GW–1 was
obtained  under  800  nm  fs  laser  excitation  [Fig.  14(c)],

 
Fig. 13  (a) Fundamental  wavelength  dependence  THG  of  (BA)2Pb(I/Br)4 and  (BA)2(MA)n–1PbnI3n+1 (n =  2,  3)
perovskite  crystals. (b) Thickness  dependence  THG  with  four  different  types  of  crystals  excited  at  resonance.
(a, b) Reproduced from Ref. [124]. (c) Comparison of THG of (BA)2(MA)n–1PbnI3n+1 perovskite, n = 1 (purple), n = 2 (blue),
n = 3  (green), n = 4  (red), n = ∞ and AgGaSe2 (black). (d) Fine-scale  THG scanned across  the  band edges  of  the  2D
perovskites, overlaid with the measured absorption spectra (colored traces). (c, d) Reproduced from Ref. [125].
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which  was  the  first  example  of  achieving  prominent
TPA  in  hybrid  perovskite  ferroelectrics.  In  addition,
(BA)2(MA)n–1PbnI3n+1 (n =  1–4)  2D  perovskite
nanosheets  were  synthesized  for  nonlinear  optics,
exhibiting  large  TPA  coefficient  of  0.2–0.64  cm·MW–1

under 1030 nm femtosecond pulse laser excitation [Figs.
14(d) and (e)]. As same as SHG and THG, TPA can be
also  enhanced  when  the  excitation  is  overlapping  with
the  exciton  energy.  As  an  un-conversion  process,  TPA
enables  the  photodetection  of  near-infrared  light.  For
instance,  the photodetector based on (BA)2(MA)3Pb4I13
perovskite  nanosheets  show excellent near-infrared light
absorption  with  the  two-photon-generated  current
responsivity  up  to  1.2×104 cm2·W–2·s–1 under  1030  nm
femtosecond laser pulses excitation [129].

The perovskite heterostructure (BA)2PbI4/(BA)2(MA)-
Pb2I7 was  synthesized  by  our  group  with  strong  third-
order  nonlinearity  [130].  A  large  TPA  coefficient  of
44  cm·MW–1 could  be  observed  in  a  20  μm  thickness
heterostructure and it was accompanied with the multi-
photon-induced  photoluminescence  [Fig.  14(f)].  Similar
with  previous  reports,  the  TPA  coefficient  decreases

with  increased  heterostructure  thickness  due  to  the
nonradiative energy transfer within the heterostructure.
The  photodetector  based  on  the  heterostructure  offer
ability of dual-band infrared light detection with respon-
sivity of 10–7 A·W–1.

In  addition,  there  are  many  strategies  to  further
exploit  the  potential  of  2PA  in  2D  perovskites,  SiO2
microsphere  was  used  as  hybrid  dielectric  structure
covered on a 2D perovskite flake to enhance TPA emission
[131]. Under 800 nm femtosecond pulse laser excitation,
the TPA emission with two orders of magnitude higher
of  could  be  obtained  in  the  hybrid  dielectric  structure.
In  addition,  the  internal  quantum  efficiency  of  2D
perovskite is also improved due to low nonradiative rate.

 3.4   Excitonic effect on NLO

The  exciton  effect  also  occurs  in  nonlinear  optical
process  in  which  the  nonlinearity  can  be  enhanced
dramatically  when  the  exciton  states  are  related  with
the  intermediate  or  final  state  for  nonlinear  transitions
[115].  Stronger resonant enhancement will  emerge when

 
Fig. 14  (a) Inverse transmission as a function of peak intensity for (PEA)2PbI4 flake, fitted by TPA saturation (red curve)
and nonsaturation (blue dashed line) models. (b) Plot of TPA coefficient versus sample thickness for (PEA)2PbI4 flakes. (a,
b)  Reproduced  from  Ref.  [127]. (c) PL  of  (BA)2(FA)Pb2Br7 under  the  excitation  at  800  nm  [128]. (d) 2PPL  spectra
measured on the 316 nm thick (In = 1), 582 nm thick (In = 2), 154 nm thick (In = 3), 155 nm thick (In = 4) and 0.5 mm thick
bulk CdS. The 2PPL peaks are normalized by their thickness. (e) Experimentally measured (colored dots) and theoretically
calculated (colored curves) degenerate TPA spectra. (d, e) Reproduced from Ref. [129]. (f) Thickness-dependent TPA coefficient
and TPA saturation intensity for n = 1/n = 2 heterostructures [130].
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more oscillators are concentrated on the energy states.

χ(3)

The excitonic effect in nonlinear process was discussed
by  Ito’s  group  in  1991  [132].  (C10H21NH3)2PbI4
perovskite  crystal  show  the  largest  nonlinear  optical
susceptibility  (7 × 10–10 esu) at 1530 nm excitation
because  the  three-photon  absorption  is  inreasonance
with the exciton oscillation. Loh et al. [124] further studied
the THG excitonic resonances of 2D perovskite (n = 1–3)
and the 2D perovskite exhibits the strongest THG emission
at  excitonic  band  gap  of  2D  perovskite  [Fig.  13(a)].
Recently, Jang et al. [125] also exploreed the THG of 2D
perovskite  BA2(MA)n–1PbnI3n+1 (n =  1–4),  and  the
strong quantum confinement of 2D lead to a four times
stronger  THG at  mid-infrared than 3D perovskite.  The
variation  of  THG  intensity  under  different  excitation
wavelength  is  consistent  with  the  absorption  spectra
across the band edges of the 2D perovskites [Fig. 13(d)].
The THG signal is strongly enhanced when the excitation
laser energy is in resonance with the exciton absorption
energy of 2D perovskite. In addition, this excitonic effect
increase  with the exciton binding energy caused by the
strong confinement effect in 2D perovskite.

The excitonic effect was also observed in TPA process.
Ji’s  group [129]  explores  the  excitonic  effect  of  TPA in
2D  perovskite  (n =  1–4)  experimentally  and  theoreti-
cally. Under the 1030 nm femtosecond laser pulse excita-
tion, the n = 4 perovskite shows a larger TPA coefficient
of 2.5 cm·MW–1 than other perovskite (n = 1–3) due to
the stronger resonance effect. The theoretical model was
proposed, which agrees with the experiment results [Fig.
14(e)].

 4   Conclusion and outlook

Thanks  to  the  ambient  stability,  strong  quantum
confinement  effect,  large  exciton  binding  energy,  2D
perovskites are promising in optoelectronics. It is critical
to explore the optical properties to optimize the perfor-
mance  of  devices.  Herein,  we  summarized  the  recent
research  progress  on  the  optical  properties  of  2D
perovskites.  Large  exciton  binding  energy  is  one  of  the
most important features of 2D perovskites, which makes
it  possible  to  achieve  efficient  light  emission  at  room
temperature. In addition to the free exciton, self-trapped
excitons  originated  from  strong  electron–phonon
coupling  are  also  useful  in  broadband  emission.  One  of
the most  appealing properties  of  2D perovskites  is  that
their  optical  properties  can  be  engineered  via  various
strategies such as changing inorganic thickness and inor-
ganic/organic components. Specifically, the incorporation
of chiral organic molecules can induce chiroptical activities
and this kind of chiral responses have intriguing potential
in CPL emission, detection and spintronics. Furthermore,
2D perovskites can be integrated with other 2D layered
materials to form heterostructures to broaden their func-

tionalities. This article also discussed the nonlinear optical
properties of 2D perovskites, which is of great importance
in  frequency  conversion  and  up-conversion  emission/
detection. Although great progresses have been achieved
in past decade years, there still exist some problems that
need to be solved towards practical applications.

(i)  Synthesis  of  large-scale,  nontoxic  and  stable  2D
perovskites. At present, most studies focus on the lead-
based  2D  perovskites  due  to  excellent  light  absorbing
and  charge  transporting  properties.  However,  the  lead-
based  perovskites  are  harmful  to  humans  and  environ-
ment.  Lead-based  perovskites  are  also  unstable  to
humidity and temperature despite the existence organic
layer.  Recently,  the Sn-based 2D perovskites  have been
synthesized  due  to  excellent  conductive  properties  and
broadband  emission  in  visible  to  near  infrared  range.
Whereas, the Sn-based 2D perovskites are unstable and
easily to be oxidized to form Sn4+. The lead-free double
perovskites are widely concerned as the promising candi-
dates  due  to  nontoxicity  and  stability  and  much  more
efforts  need to be devoted to develop high performance
2D double perovskites. On the other hand, it is desirable
to  achieve  controllable  synthesis  of  high  quality  2D
perovskites with n > 2. The alternating organic-inorganic
layer arrangement of 2D perovskites makes it possible to
study the quantum well properties in the bulk materials.
Therefore,  the  controllable  synthesis  of  2D  perovskites
with different inorganic thickness is not only significant
for the fundamental research, but also important to tune
wavelength range of optical response.

(ii)  Mechanism  of  chirality  origin  and  synthesis  of
high crystalline  quality  chiral  2D perovskites.  Although
most  of  researcher  consider  the  chiral  molecular  induce
structure  distortion  as  the  main  reason  for  chirality
origin, there are still lacking depth understand about the
chirality origin. We think it is the combination of structure
distortion and electronic interactions that responsible for
the  origin  of  chirality.  The  relation  between  chiral
distortion of perovskite and optical chirality of chirality
of  chiral  perovskite  needs  to  be  further  explored.  In
addition,  establishing  proper  theoretical  model  may  be
one  of  the  effective  strategy  to  investigate  chiral  origin
of  chiral  perovskite.  The  crystal  structure  analysis  will
also be significant to uncover the chiral mechanism. The
CPL  emission  and  detection  are  the  core  of  the  2D
chiral  perovskites  based  devices.  Currently,  circularly
polarized light emission based on 2D chiral perovskite is
normally  achieved  at  liquid  nitrogen  temperature  with
the CPL degree around 20%. In the future, it is necessary
to  reveal  the  mechanism  of  the  origin  of  chirality
completely, which is the guidance to design and synthesize
2D chiral perovskites with high-degree CPL emission at
room temperature.  The detectivity and detection wave-
length range of 2D chiral perovskites based photodetector
also needs to be optimized further for polarization detection
and imaging.

(iii)  Develop  applications  of  2D  chiral  perovskites  in
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valleytronics  and  spintronics.  The  ability  of  generation
unbalanced spin-polarized carriers  is  quite  important  in
valleytronics and spintronics.  The valley polarization of
TMDs  can  be  only  resolved  under  circularly  polarized
light  illumination  or  receiving  spin-polarized  carriers
from  ferromagnetic  materials,  which  constrains  their
practical applications. The spin injection from 2D chiral
perovskites  to TMDs can enable the valley polarization
under  linearly  polarized  illumination  and  even  under
electrical  pumping,  which  is  of  great  importance  in
constructing  valleytronic  devices.  Furthermore,  the  2D
chiral perovskites can behave as a spin valve due to the
chiral induce spin selectivity (CISS), which may play an
important role in spintronics.

(iv)  Potential  applications  in  exciton  polaritons.  The
quantum  well  structure  is  a  unique  feature  of  2D
perovskites,  which  enable  us  to  explore  the  quantum
effects in the bulk materials. In addition, the large binding
energy  of  2D  perovskites  make  it  promising  in  exciton
polaritons.  The  2D  perovskites  nanoplates  can  behave
like  a  Fabry–Pérot  cavity.  Consequently,  the  exciton
polariton  can  be  achieved  without  additional  cavity.
Therefore,  2D  perovskites  are  an  excellent  platform  to
explore  the  nonlinearity  of  exciton  polaritons  and
Bose–Einstein condensation.

In  summary,  the  unique  optical  properties  of  2D
perovskite  make  it  become  the  “hot  topics” in
perovskites and 2D materials community in recent years.
Deeply understanding their optical properties, exploring
the  methods  to  regulate  the  optical  properties  and
uncovering  the  physical  mechanism  of  2D  perovskites
are  essential  in  the  practical  applications.  Although
many  challenges  remain,  we  believe  that  the  deeper
fundamental  understanding  and  high  performance  2D
perovskite-based devices will appear in the near feature.
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