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Abstract: Two-dimensional (2D) hybrid organic-inorganic perovskites have recently attracted attention due to their layered
nature, naturally formed quantum well structure, large exciton binding energy and especially better long-term environmental
stability compared with their three-dimensional (3D) counterparts. In this report, we present a brief overview of the recent pro-
gress of the optoelectronic applications in 2D perovskites. The layer number dependent physical properties of 2D perovskites will
first be introduced and then the different synthetic approaches to achieve 2D perovskites with different morphologies will be dis-
cussed. The optical, optoelectronic properties and self-trapped states in 2D perovskites will be described, which are indispens-
able for designing the new device structures with novel functionalities and improving the device performance. Subsequently, a
brief summary of the advantages and the current research status of the 2D perovskite-based heterostructures will be illustrated.
Finally, a perspective of 2D perovskite materials is given toward their material synthesis and novel device applications.
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1.  Introduction

Originally, the word ‘perovskite’ originally described a min-
eral  calcium titanate  (CaTiO3)  that  was  discovered in  the  Ural
Mountains of Russia and named after Russian mineralogist Lev
Perovski[1, 2].  Later,  the  term  ‘perovskite’  came  to  represent  a
broad class of crystalline materials with the same structure as
CaTiO3, usually denoted as formula ABX3, in which A and B are
cations and X is anion[1–4]. Three-dimensional (3D) hybrid organ-
ic-inorganic perovskites (denoted as 3D-HOIPs) are a subclass
of ABX3 materials, in which A is replaced by a monovalent organ-
ic cation[5, 6].  The synthesis of 3D-HOIPs can be traced back to
as early as 1882 and the investigations on their optoelectronic
properties was started around the year 1979 by Weber and his
co-workers[7, 8].  Recently,  due  to  their  extraordinary  perform-
ance in  solar  cells,  3D-HOIPs have attracted intensive interest
as one of the most promising materials for high efficiency and
low-cost solution processable optoelectronic applications[9, 10].
The  first  3D-HOIPs  based  solar  cell  was  reported  in  2009,
which has a power conversion efficiency (PCE) of only 3.8%[11].
Within  less  than  10  years,  the  power  conversion  efficiency
soared  to  a  certified  efficiency  of  more  than  20%  benefiting
from the high optical absorption coefficient, moderate charge
mobility and very long diffusion length of 3D-HOIPs[12–15]. Mono-
lithic  tandem  c-Si/3D-HOIP  solar  cells  have  achieved  an  even
higher  PCE of  25% with a  potential  of  above 30%[16].  In  addi-
tion to their applications in solar cells, 3D-HOIP-based light emit-
ting devices, lasers and photodetectors have also been demon-

strated with fairly decent performance. Consequently, the 3D-
HOIPs are a family of highly promising materials for diverse op-
toelectronic applications[17–22].

Despite the rapid advancements of 3D-HOIP-based opto-
electronic applications, a number of challenges remain including
hysteresis, instability and toxicity[23–26]. The HOIP-based photo-
voltaic devices are typically plagued with considerable hyster-
esis  in  current–voltage  curves,  which  impedes  precise  evalu-
ation of the PCE and is fundamentally associated with instabil-
ity in the device[27, 28]. In particular, 3D-HOIPs are not only very
sensitive to moisture and oxygen in ambient environment and
thus  tend  to  undergo  rapid  degradation  in  air,  but  they  also
show  degradation  under  thermal  annealing  or  light  illumina-
tion, which has stimulated extensive research on looking for alter-
natives to deal with this stability issue[29–31].

One alternative way to address the stability of 3D-HOIPs is
to  introduce  their  two-dimensional  (2D)  counterparts,  which
have  attracted  attention  largely  due  to  their better  environ-
mental stability[32–39]. The general chemical formula for 2D per-
ovskites can be written as R2An–1MnX3n+1, where R is long chain
spacer cation, A is organic cation while X is a halide anion, M is
a divalent metal and n is an integer which represents the num-
ber of [PbX6]4– octahedral sheets sandwiched between two lay-
ers of R spacer cations[34, 35, 40]. The hydrophobicity of the long
organic  chain  R  prevents  [PbX6]4- octahedral  sheets  from  be-
ing directly contacted by the moisture in air and thus the envir-
onmental stability of 2D perovskites is able to be significantly
improved  when  compared  with  their  3D  counterparts[32, 35].
The alternating stacked organic and inorganic layers make 2D
perovskites  natural  quantum  well  structures  while  the  weak
Van de Waals  coupling between organic and inorganic layers
equips  2D  perovskites  with  layered  characteristic,  which  al-
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lows us to mechanically exfoliate thin flakes from their respect-
ive bulk crystals to integrate with other layered materials[38]. Ad-
ditionally, the small dielectric constant of organic layers intro-
duce dielectric confinement that leads to the extreme large ex-
citon binding energy, which would be beneficial to the polari-
tonic  devices[33, 35, 41].  In  particular,  the  optical  properties  can
be readily tuned by changing the layer number n and chemic-
al  compositions,  endowing 2D perovskites  with great  flexibil-
ity for various optoelectronic applications[33, 42–46].

In this report,  we will  give a brief summary on the recent
progress  of  optoelectronic  properties  of  2D  perovskites.  We
will  start with an introduction of the layer number n depend-
ent  environmental  stability  and  the  various  methods  to  sy-
nthesize 2D perovskites. The optical and optoelectronic proper-
ties and self-trapped states in 2D perovskites will then be dis-
cussed.  Subsequently,  the  growth  of  heterostructures  based
on 2D perovskites together with their optical and optoelectron-
ic  properties  will  be  given.  Finally,  the  outlook  of  2D  per-
ovskite-based optoelectronic devices will be discussed, which

will  provide  researchers  with  new  insights  into  the  future  re-
search direction regarding 2D perovskites.

2.  Varying the layer number n and the stability of
2D perovskites

The  2D  perovskites  can  be  viewed  as  the  3D  perovskite
frameworks being sliced into 2D slabs by the long chain organ-
ic  spacer  chains  (Fig.  1(a))[38].  By  properly  tuning  the  stoi-
chiometry of  R to A,  2D perovskites  with different layer  num-
ber n can be synthesized as required, resulting in different optic-
al,  electronic  and  optoelectronic  properties  among  these  2D
perovskites (which will be discussed later on). As the layer num-
ber n gradually increases, the perovskites transit from pure 2D
to 2D: 3D mixtures and eventually 3D when the layer number
n approaches  infinity  (Fig.  1(a))[35, 40].  Besides,  largely  due  to
the  hydrophobicity  of  the  long  organic  chain  R,  the  environ-
mental  stability  of  2D  perovskites  can  be significantly  im-
proved compared with that of 3D perovskites[32, 47]. In particu-
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Fig. 1. (Color online) (a) The schematic illustration of the crystal structures of 2D perovskite (BA)2(MA)n−1PbnI3n+1 for n = 1 to ∞. (b) The structure
schematic illustration and stability of 2D perovskite (PEA)2MAn−1PbnI3n+1 for n = 1 to ∞. (c) The layer number n-dependent power conversion effi-
ciency as well as device performance and stability of (PEA)2MAn−1PbnI3n+1. Panel (a) adapted with permission from Ref. [38]. Copyright 2018, Insti-
tute of Physics (Great Britain). Panels (b) and (c) adapted with permission from Ref. [50]. Copyright 2016, American Chemical Society.
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lar, the formation energy of 2D perovskites decreases with the
increase of the layer number n, resulting in the enhanced envir-
onmental  stability  of  2D perovskites with the decrease of  the
layer  number n (Fig.  1(b))[40, 48–51].  This  has  been  experiment-
ally  demonstrated  in  2D  perovskite-based  solar  cells,  where
the stability of the solar cells gradually increases with the lay-
er number decreasing from infinite to 1 (Fig. 1(c))[40, 50]. For in-
stance, it has demonstrated that the 2D perovskite-based sol-
ar  cells  can  maintain  60%  of  their  initial  PCE  under  illumina-
tion after 2250 hours and show a greater moisture tolerance un-
der  65%  relative  humidity[52].  In  particular,  Sn-based  2D  per-
ovskites also exhibit much better environmental stability com-
pared  with  their  3D  counterparts,  which  cannot  be  prepared
in air[53].  In contrast,  Sn-based 2D perovskites can be synthes-
ized in ambient condition and the Sn-based 2D perovskite elec-
tronic devices without any encapsulation only exhibit slightly
degradation in air after several hours[53].

Nevertheless,  the  presence  of  the  long  chain  spacer
cations  among  inorganic  layers  would  introduce  barriers  for
the  carriers  to  transport  across  the  organic  layers,  inducing  a
huge  resistivity  in  the  out-of-plane  direction[54, 55].  Con-
sequently, the photogenerated carriers cannot be efficiently ex-
tracted,  which  leads  to  a  low  PCE  in  the  pure  2D  perovskite-

based solar cells (Fig. 1(c))[33, 40, 52]. The highest PCE of the pure
2D perovskite-based solar cells  is  over 10%, much lower than
that of 3D perovskite based solar cells[52]. Therefore, there is a
trade-off between the stability and the device performance in
HOIP-based  photovoltaic  devices.  To  compromise  those  two
factors,  2D:3D  mixed  perovskites  have  been  introduced  that
possess the good charge transport property of 3D perovskites
without sacrificing too much of the environmental stability by
inheriting the excellent stability  of  2D perovskites[56–58].  Thus,
the 2D:3D mixed perovskite-based solar cells and other opto-
electronic devices exhibit fairly good performance and great en-
vironmental stability[59–61].

3.  The synthesis of 2D perovskites

Recently,  a  number  of  growth  methods  have  been  de-
veloped  to  synthesize  2D  perovskites  with  various  composi-
tions  and morphologies.  While  2D perovskite  crystals  of  hun-
dreds  of  micrometers  size  have  been  prepared  by  a  solution
method to study their crystal structure, optical properties and
band structures (Fig. 2(a))[35], a template-assisted synthesis ap-
proach has recently been used to obtain very thin millimeter-
size plates for photodetections[62]. In terms of the photovolta-
ic applications, large-scale 2D perovskite thin films have been
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Fig. 2. (Color online) (a) Scanning electron microscopy (SEM) images of (BA)2(MA)n−1PbnI3n+1 perovskite crystals. The scale bars are 200 μm. (b)
Photographs of (BA)2(MA)n−1PbnI3n+1 perovskite films. (c) Optical microscopy (OM) images of the as-exfoliated (BA)2(MA)n−1PbnI3n+1 perovskite
microplates. The scale bars are 15 μm. (d) OM image of (BA)2PbBr4 square microplates grown on Si substrate via a solution-phase growth meth-
od. The scale bar is 10 μm. (e) OM image of (BA)2(MA)Pb2I7 square plates grown on Si substrate via a spin-coating method. The scale bar is 5 μm.
(f) OM image of (BA)2PbI4 flakes grown on mica substrate via a co-evaporation method. The scale bar is 5 μm. (g) OM image of the converted
(BA)2Pbl4−xClx microplate array on Si via a vapor phase intercalation method. The scale bar is 20 μm. Panel (a) adapted with permission from Ref.
[33]. Copyright 2016, American Chemical Society. Panel (b) adapted with permission from Ref. [40]. Copyright 2015, American Chemical Society.
Panel (d) adapted with permission from Ref. [67]. Copyright 2015, The American Association for the Advancement of Science. Panel (e) adapted
with permission from Ref. [68]. Copyright 2018, Royal Society of Chemistry (Great Britain). Panel (f) adapted with permission from Ref. [69]. Copy-
right 2017, John Wiley and Sons. Panel (g) adapted with permission from Ref. [70]. Copyright 2018, American Chemical Society.
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successfully synthesized by a spin-coating method with rather
smooth surface and different colors for different layer number
n, suggesting the change of the band gap[40, 63]. Nevertheless,
it  is  usually  difficult  to  obtain  pure  phase  2D  perovskite  crys-
tals or films with all those synthetic methods due to the simil-
ar thermodynamics for the chemical reaction[38].

To obtain pure phase 2D perovskites for the study of their
basic  optical  and  electronic  properties,  a  mechanical  exfoli-
ation method was adopted to peel 2D perovskite microplates
from  their  respective  bulk  crystals.  Micro-absorption  and
power-dependent photoluminescence studies reveal  that the
impurity  phases  are  physically  mixed,  which  allows  us  to
achieve pure phase 2D perovskite microplates via mechanical
exfoliation[38, 60, 64].  It  has  demonstrated  that  pure  phase  2D
perovskite microplates with different layer number n from 1 to
5 could be successfully obtained by this exfoliation method as
long  as  the  thickness  of  the  as-peeled  microplates  is  below
20 nm, based on which the basic optical properties of the pure
phase 2D perovskites have been studied (Fig. 2(c))[38]. The differ-
ent colors in Fig. 2(c) for samples with different layer number n
are due to the optical contrast resulting from the thickness dif-
ference of the exfoliated microplates. Thus, optical contrast is
a  convenient  way  to  distinguish  the  thickness  of  the  micro-
plate,  similar to the case in graphene and transition metal di-
chalcogenides[65].

The  2D  perovskite  crystals  with  the  desired  shape  might
find  important  applications  in  optoelectronics  and  thus  a
series of synthetic strategies have been adopted to achieve 2D
perovskites  with  different  morphologies[66].  The  atomically
thin 2D perovskite microplates with square shape were success-
fully  prepared  by  solution  method  by  Peidong  Yang’s  group
(Fig.  2(d))  while  butterfly-shaped  2D  (C4H9NH3)2PbI4 and  squ-
are-shaped (C4H9NH3)2(CH3NH3)Pb2I7 and (C4H9NH3)2PbI4/(C4H9-

NH3)2(CH3NH3)Pb2I7 microstructures were fabricated on a large
scale with a simple spin-coating method (Fig. 2(e))[67, 68]. The va-
por phase transport method was also used to directly grow 2D
perovskite microstructures on a mica substrate (Fig. 2(f))[69]. Ad-
ditionally, a two-step method combining the solution method
and  vapor  phase  transport  has  been  developed  to  control-
lably  grow  2D  perovskite  (C4H9NH3)2PbI4 microplates  with
hexagonal shape and microplate arrays to the predefined sites
(Fig.  2(g))[70].  This  two-step  growth  method  allows  us  to  dir-
ectly make electronic devices and device arrays that allow fur-
ther investigation of their electronic and optoelectronic proper-
ties. In particular, the Cl element can be truly incorporated in-
to the crystal  lattice by this method to improve charge trans-
port  and tune the  morphology,  which cannot  be  achieved in
3D perovskites[71].

4.  Optical and optoelectronic properties of 2D
perovskites

The  naturally  formed  quantum  well  structure  and  large
dielectric constant difference between the organic layer and in-
organic layer result in the novel and interesting optical and op-
toelectronic properties in 2D perovskites. By changing the lay-
er number n, the quantum confinement strength can be read-
ily  tuned  and  this  leads  to  a  gradual  shift  of  both  emission
peak  and  absorption  onset  in  a  wider  range  of  wavelength
(Figs. 3(a) and 3(b))[33, 35, 38]. The large dielectric constant differ-
ence between the organic and inorganic layer leads to the ex-
tremely  large  exciton  binding  energy  on  the  order  of  hun-
dreds of meV due to the dielectric confinement[33, 40]. Further-
more,  the  diversity  of  the  available  organic  molecules  allows
us to properly select  the long chain spacer cation so that the
dielectric  constant  of  the  organic  layer  and  thus  the  exciton
binding  energy  can  be  tuned[33].  This  tunable  and  large  ex-
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Fig. 3. (Color online) (a) Normalized PL spectra of the as-exfoliated (BA)2(MA)n−1PbnI3n+1 microplates for n = 1–5 with thickness below 20 nm. (b)
Normalized  absorption  spectra  of  the  as-synthesized  (BA)2(MA)n−1PbnI3n+1  plates  for  n  =  1–5.  (d)  The  current–voltage  curves  of  the
(BA)2(MA)2Pb3I10 device in dark and under illumination with a 528-nm LED. Inset shows the schematic of the two-probe device. The incident
power is 30 μW/cm2. (d) Spectral response of the graphene-(BA)2PbBr4-graphene device under a fixed incident power. The schematic of the as-
fabricated device is shown in the inset. (e) Electroluminescence spectra of the (PEA)2MAn−1PbnI3n+1 perovskite films with different n values. (f)
Carrier transfer process in (PEA)2MA4Pb5I16 perovskite film. (g) Energy funneling process of (PEA)2MA4Pb5I16 films. Panels (a)–(c) adapted with
permission from Ref. [38]. Copyright 2018, Institute of Physics (Great Britain). Panel (d) adapted with permission from Ref. [42]. Copyright 2016,
American Chemical Society. Panels (e)–(g) adapted with permission from Ref. [60]. Copyright 2016, Springer Nature.
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citon binding energy of 2D perovskites would be beneficial to
their polaritonic applications[41]. Overall, the unique and excel-
lent  optical  and  optoelectronic  properties  of  2D  perovskites
make them attractive candidates for the optoelectronic appli-
cations  including  the  photodetectors,  lasers,  light  emitting
devices and energy harvesting.

The  2D  perovskite-based  photodetectors  and  light  emit-
ting devices have been demonstrated with fairly good perform-
ance.  The responsivity of  around 100 A/W has been achieved
in  pure  (C4H9NH3)2PbI4 microplate  devices  (Fig.  3(c))  while  a
very high responsivity of 2100 A/W has been reported in grap-
hene-contacted (C4H9NH3)2PbBr4 heterostructures[38, 42]. In ad-
dition,  2D  single  crystal  plate  photodetectors  exhibit  quite
strong anisotropic electric conductivity as expected due to the
barriers  introduced  along  the  out-of-plane  direction[54, 55, 71].
Within the 2D perovskites with hybrid phases, the band align-
ment  favors  the  photogenerated  carrier  separation,  thus  be-
neficial  to  the  efficiency  of  the  solar  cells  and  photodetecto-
rs[64, 72].  This  has  been  experimentally  proven  by  the  time-re-
solved PL studies[60, 64]. For some 2D perovskites, the band align-
ment would prefer to form type-1 alignment, leading to the en-
ergy funneling effect (Figs. 3(e) and 3(f)). Consequently, a light
emitting device based on those types of 2D perovskites shows
improved efficiency (Fig. 3(g))[60].

5.  Self-trapped states in 2D perovskites

Strong electron-phonon interaction is present in both 3D
and  2D  perovskites,  leading  to  lattice  deformation.  Self-
trapped states are formed when carriers or excitons are local-

ized  and  trapped  by  the  lattice  deformation  potential.  The
self-trapping  strongly  relies  on  the  dimensionality  of  the  sys-
tems.  Unlike  3D  case  where  a  potential  barrier  is  present  for
self-trapping, there is no such barrier for one-dimensional sys-
tems and a much lower potential barrier or even no potential
barrier  exists  in  2D  systems[73–75].  Therefore,  the  formation  of
self-trapped states takes place easier in 2D perovskites, which
would  significantly  alter  their  optical  and  electronic  proper-
ties[73, 76–78].

Self-trapped  excitons  can  recombine  via  either  radiative
or nonradiative pathways depending on the long chain organ-
ic  molecules  and  halide  anions  in  2D  perovskites.  The  self-
trapped excitons usually feature as broad emission peaks and
a  large  Stokes  shift  when  compared  with  exciton  emission
peak while the self-trapped excitons in some types of 2D per-
ovskites at room temperature only exhibit an asymmetric line
shape  of  PL  spectrum[67, 73, 77, 79].  Multiple  emission  peaks  far
beyond the band edge have been observed in room-temperat-
ure PL spectra of atomically thin (C4H9NH3)2PbCl4 microplates,
which  was  believed  to  be  originated  from  self-trapped  ex-
citons  (Fig.  4(a))[67].  In  (C4H9NH3)2PbI4 and  (C4H9NH3)2(CH3-
NH3)Pb2I7 thin  films,  the  room-temperature  sub-band  gap
bleaches in the transient absorption spectra and the sub-band
gap broad emission peak in PL spectra at low temperature has
been attributed to the self-trapped states (Fig. 4(b))[80].

The emission from self-trapped states also relies on the crys-
talline  quality  of  2D  perovskites.  While  only  one  broad  emis-
sion peak is present in (PEA)2PbI4 thin films, two distinct peaks
are observed with a much weaker strength in (PEA)2PbI4 single
crystals,  which  suggestes  that  defects  can  enhance  the
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Fig. 4. (Color online) (a) PL spectra of different 2D hybrid perovskites: (i) (BA)2PbCl4, (ii) (BA)2PbBr4, (iii) (BA)2PbI4, (iv) (BA)2PbCl2Br2, (v) BA)2PbBr2I2

and (vi) (BA)2(MA)Pb2Br7 2D microplates and their corresponding PL images as shown in the inset. The scale bars are 2 μm for (i) to (v) and 10 μm
for (vi). (b) Transient absorption spectrum of (BA)2PbI4 at room temperature. (c) PL spectra of the (PEA)2PbI4 thin film and single crystal plotted as
black and blue dash line, respectively. The inset shows the spectra on a logarithmic scale. Panel (a) adapted with permission from Ref. [67]. Copy-
right 2015, The American Association for the Advancement of Science. Panel (b) adapted with permission from Ref. [80]. Copyright 2015, Americ-
an Chemical Society. Panel (c) adapted with permission from Ref. [81]. Copyright 2016, American Chemical Society.
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strength  of  the  self-trapping  (Fig.  4(c))[81].  Furthermore,  the
self-trapped states can be utilized to achieve white light emit-
ting in nonplanar 2D perovskites and the carriers in those 2D
perovskites  exhibit  a  hopping  transport  behavior  due  to  the
presence of the self-trapped states[73]. Recently, enhanced self-
trapped states were utilized to achieve narrowband photodetec-
tions  in  the  entire  visible  wavelength  range  with  greatly  im-
proved  performance[78].  Therefore,  the  formation  of  the  self-
trapping  states  could  greatly  alter  the  electrical  and  optical
properties of the 2D perovskites and thus the performance of
the optoelectronic devices based on 2D perovskites.

6.  2D perovskite based heterostructures

The  layered  nature  and  rather  different  electronic  band
structures  of  2D  perovskite  series  (different  layer  number n)
suggest  that  it  is  possible  to  conveniently  fabricate  hetero-
structures  consisting  of  2D  perovskites  with  different  layer
number n and the functional devices can be achieved with ex-
tended  functionalities  in  these  2D  perovskite-based  hetero-

structures[81–84]. Heterostructures have important relevance to
all  modern  electronic  and  optoelectronic  devices,  including
transistors,  light  emitting  diodes  and  laser  diodes.  The  di-
versity  of  the  available  organic  cations  in  2D  perovskites  al-
lows us to flexibly select the right 2D perovskites to form he-
terostructures  for  the  desired  functionalities,  which  thus  can
greatly extend the material properties for electronic and opto-
electronic applications.

Both  lateral  and  vertical  (C4H9NH3)2PbI4/(C4H9NH3)2(CH3-
NH3)Pb2I7 heterostructures  have  been  grown  by  combining
the  solution  method  and  vapor  phase  transport  method[84].
Centimeter-size  (C4H9NH3)2PbI4 crystals  were first  synthesized
by a solution method and then portion of (C4H9NH3)2PbI4 crys-
tals were converted to (C4H9NH3)2(CH3NH3)Pb2I7 by vapor pha-
se  intercalation  to  form  (C4H9NH3)2PbI4/(C4H9NH3)2(CH3NH3)-
Pb2I7 heterostructures (Fig. 5(a))[84]. The striking color differen-
ce before and after vapor phase intercalation confirms the con-
version of (C4H9NH3)2PbI4 crystals and formation of (C4H9NH3)2-
PbI4/(C4H9NH3)2(CH3NH3)Pb2I7 heterostructures (Figs. 5(b)–5(d)).
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Fig. 5. (Color online) (a) Schematic illustrations of crystal structure of (BA)2PbI4/(BA)2MAPb2I7 lateral and vertical heterostructures. (b, c) Photo-
graphs of the (BA)2PbI4/(BA)2MAPb2I7 lateral and vertical heterostructures, respectively. The boundary of lateral heterostructure are shown in
Fig. 5(b) plotted as dotted line, whereas the yellow color portion represents (BA)2PbI4 and the red color portion represents (BA)2MAPb2I7 2D per-
ovskites. (d) OM image of the (BA)2PbI4/(BA)2MAPb2I7 lateral heterostructure. Scale bar: 20 μm. (e) SEM image of (BA)2PbI4/(BA)2MAPb2I7 lateral
heterostructure. Scale bar: 30 μm. Inset: the magnified SEM image with a scale bar of 3 μm. (f, g) Normalized absorption and PL spectra of
(BA)2PbI4/(BA)2MAPb2I7 vertical and lateral heterostructures, respectively. (h, i) I–V curves of the (BA)2PbI4/(BA)2MAPb2I7 lateral and vertical het-
erostructure devices in dark and under 1.4 mW/cm2 white light illumination. Adapted with permission from Ref. [84]. Copyright 2017, American
Chemical Society.
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A scanning electron microscopy image shows that the local sur-
face of the heterostructure is rather smooth, which would be be-
neficial  to fabricate the electronic and optoelectronic devices
(Fig.  5(e)).  The formation of heterostructures was further con-
firmed by absorption and PL spectra for both vertical and later-
al  heterostructures  (Figs.  5(f)–5(g)).  Electrical  measurements
have revealed that the as-synthesized heterostructures exhib-
it an excellent diode behavior and photoresponse (Figs. 5(h)–
5(i)).

The 2D perovskite-based heterostructures also have been
synthesized on a large scale by pure solution method[62].  The
thickness  and the  junction depth of  the  heterostructures  can
be  well  controlled  and  dual  narrowband  photodetections
have been demonstrated based on those heterostructures. Re-
cently, 2D perovskite multi-heterostructures consisting of differ-
ent layer number 2D perovskites have been successfully fabric-
ated  by  a  solution  method[82].  With  such  large-size  2D  per-
ovskite-based heterostructures and multi-heterostructures, we
expect that novel electronic and optoelectronic devices with de-
sired  functionalities  can  be  designed  according  to  our  de-
mand thanks to the diversity of the available 2D perovskites.

7.  Summary and outlook

In  summary,  we  have  presented  an  overview  of  the  re-
cent  progress  of  the  optoelectronic  applications  in  2D  per-
ovskites. The 2D perovskites with layered nature exhibit rather
unique  properties  including  the  naturally  formed  quantum
well structure, extremely large exciton binding energy, strong
electron-phonon coupling and a greatly tunable of  band gap
by either tuning the layer number or the chemical compositi-
ons[33, 35].  All those factors mean that 2D perovskites are ideal
candidates for a wide range of optoelectronic and polaritonic
applications. Furthermore, the different electronic band struc-
tures  of  2D  perovskites  with  the  same  chemical  composition
but different layer number n could seamlessly form heterostruc-
tures  without  interfacial  defects  and  well  width  fluctuation,
which  would  be  superior  compared  to  the  conventional  II–IV
group heterostructures[38].

Despite the breakthroughs that have been made, several is-
sues  in  2D  perovskites  also  need  to  be  addressed  to  explore
more  novel  and  interesting  applications  based  on  2D  per-
ovskites.  First,  although  a  series  of  growth  strategies  have
been developed to synthesize 2D perovskites, it is still difficult
to obtain 2D perovskites with controlled composition and struc-
tures[33].  In  addition,  the  similar  thermodynamics  for  the  syn-
thesis of the 2D perovskites with higher layer number n makes
it difficult to achieve pure phase 2D perovskites with n > 2[38].
Nevertheless, this is essential for investigating the basic optic-
al and electronic properties for further optoelectronic applica-
tions. Understanding the underlying growth mechanism could
help to design a new growth method but is still  elusive. Con-
sequently,  it  is  important  to  understand  the  growth  process
and develop new synthetic strategies. Second, the basic optic-
al  and charge transport parameters of  2D perovskites are still
limited, but are indispensable for designing the new device ar-
chitecture and improving the device performance. Third, 2D per-
ovskite-based  heterostructures  are  absent  of  interfacial  de-
fects and well width fluctuation, thus we expect that these elec-
tronic and optoelectronic devices will show superior perform-
ance. Nevertheless, there is still no method to controllably fab-
ricate these heterostructures with high quality. Finally, thanks

to the diversity of the available organic molecules, incorporat-
ing the chiral organic ligands would introduce charity to 2D per-
ovskites[85]. Those chiral 2D perovskites would have the merits
of both 2D perovskites and chiral materials and thus would be
a  promising  class  of  materials  for  next-generation  spintronic
devices.  However,  studies  in  this  field  are  largely  unexplored
and more investigations are demanded.
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