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Abstract:

In last few years, two-dimensional halide perovskites are gaining tremendous attention and
are replacing their 3D congeners rapidly. Owing to their greater stability and advantages of
unique layered structure, intensive research has been done on 2D polycrystalline films.
However, single crystals based on two dimensional halide perovskites are still emerging and
has great potential for future device applications. Along with the hybrid halide perovskites,
the all inorganic halide perovskites are also blossoming. In this review, we have discussed
exclusively the development of hybrid as well as all inorganic two dimensional halide
perovskites. First, we have discussed the crystal structure of 2D perovskites. In the next
section, different growth procedures reported for preparation of single crystals are discussed.
We then highlight the effect of doping on single crystals and their optoelectronic properties.
Finally, we discuss the current challenges and future perspectives to further develop 2D

single crystals for their efficient use in various devices.
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Abstract:

In last few years, two-dimensional (2D) metal halide perovskites (MHPs) are gaining
tremendous attention and are replacing their three dimensional (3D) congeners rapidly. These
next generation halide perovskites can circumvent the limitations of the 3D MHPs such as
stability and structural diversity. The incorporation of bulky organic cation:.can not only
prevent the moisture penetration into the crystal lattice and thus providing.greater stability
but it also expands the field of hybrid semiconducting materials by offering structural
diversity. These unique features render even higher tuneability and-improved photophysical
properties and as a result intensive investigations have been.made for 2D MHPs based
polycrystalline thin films. However, single crystals based on two dimensional halide
perovskites are still emerging and has great potential for future device applications. Along
with the hybrid halide perovskites, the all inorganic halide perovskites are also blossoming.
In this review, we have discussed exclusively the development of hybrid as well as all
inorganic two dimensional halide perovskites. First, we have discussed the crystal structure of
2D perovskites. In the next section, different growth procedures reported for preparation of
single crystals are discussed. We then highlight the effect of doping on single crystals and
their optoelectronic properties. Finally, we discuss the current challenges and future

perspectives to further develop 2D single crystals for their efficient use in various devices.
Keywords: Two dimensional Peorvskites, Single crystals, Crystal growth, Doping
1. Introduction

Astonishing development of solar cells technology has been led by 3D metal halide
perovskites (MHPSs) during the last 10 years.[1] Over the course of time the certified power
conversion efficiency (PCE) of perovskite solar cells (PSCs) has reached to 25.5%,[2] which
is comparable to the technologies based on CIGS, GaAs and silicon. As a result, significant
efforts have been made for the commercialization of MHPs based devices using interface
engineering,[3] compositional and crystal engineering,[4] surface passivation[5] and band
alignment engineering.[6] This success stems from their obvious properties such as high

absorption coefficient[7], tuneable band gap[8], sufficiently long carrier diffusion lengths[9]
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easy solution processibility[10] etc. The unprecedented properties are a steep absorption
onset[7] and significantly low non-radiative recombination rates. To date, many intensive
investigations have been based on polycrystalline thin films.[11,12] With in-depth research,
single crystals (SCs) of MHPs have been found to exhibit superior optoelectronic properties
compared to polycrystalline counterparts.[13,14] There has been a lot of progress in the case
of 3D MHP SCs i.e. from growth methods to unambiguous investigation of properties and
application in different devices.[15-18] For example, Dong et. al., prepared millimeter-sized
MAPDI; SCs via a low-temperature solution approach, in which a carrier diffusion length of
over 175 um was realised which is two orders of magnitude higher than the polycrystalline
thin films.[19,20] In turn, Shi et. al., demonstrated the low trap-state density of states with an
order of 10°-10" cm™ and carrier diffusion length > 10 mm in MAPbXs single crystals.[21]
It is found that SCs possess longer carrier diffusion lengths and greater stability owing to the
absence of grain boundaries and reduced trap density. Nevertheless, the key issue in the real
world application is the low stability of 3D MHPs towards elevated temperature and
humidity.[22-24]

One of the effective ways to increase the environmental stability of 3D MHPs is to reduce the
dimensionality. More stable two dimensional (2D) MHPs have effectively replaced the 3D
ones in recent years.[25-28] The greater stability of 2D MHPs accounts for the bulky
hydrophobic organic spacer cation, which prevents moisture penetration in the crystal
structure.[29] Apart from this advantage, spacer cation also provides structural diversity to
the 2D MHPs which provides opportunities for chemical engineering of these materials to
make them suitable for wider range of applications. The other properties of 2D MHPs are
their tuneable bandgap (Eg) which generally decreases with increasing layer thickness
(n).[30] Owing to this compositional tuning of bandgap, the targeted application of 2D MHPs
is possible.[31] Significant efforts are being made for the thorough understanding of their
structure-property relationships, carrier dynamics and orientation control.[32-34] Both the
organic-inorganic hybrid (OIHP) as well as all inorganic 2D MHPs are gaining tremendous
momentum and are becoming fast growing field.[35,36] However, the SCs of 2D MHPs are

still lagging behind the 3D SCs and are in their initial stage of development.

In this review, we have summarised exclusively the development in the field of both OIHP
and all inorganic 2D MHP SCs. First, we have discussed the crystal structure of 2D MHPs,
followed by the detailed discussion on the growth methods of SCs with their merits and
demerits. (Scheme 1) Thereafter we have discussed the effect of doping on the 2D SCs. In
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next section, we have highlighted their promising physical properties particularly the bandgap

and carrier transport properties. At last, future scopes for the development in this field are

proposed.
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Scheme 1: Schematic of different growth methods of 2D MHPs. Reprinted from ref. no. [37]
2. Crystal Structures of 2D MHPs

The conventional 3D MHPs are represented by the general formula ABX3; where B is a
divalent metal cation (e.g. Pb?*, Sn*") and X is the halogen anion (e.g. I, Br, CI). The
twelve A-site cations (e.g. MA®, Cs*, FA") are situated at the centre of the four BXg
octahedra.[38] The stability of this compounds are defined by the Goldschmidt tolerance
factor (t), the value of which should be ideally ~ 0.8 to 1.[39] Owing to this geometric
consideration, several restrictions are imposed on the 3D MHPs such as structural diversity.
This criterion is overlooked in the case of 2D layered perovskites. It is worth to note that 2D
structure can be formed by either morphological tuning to produce thin layered
perovskites[40-42] (e.g. using long-chain organic ligand templated growth, self-templated
growth) or by the crystallographical slicing of 3D MHPs. The general formula for 2D
MHPsis (A”)m(A)n-1BnXan+1, where A’ is an arbitrarily long organic spacer cation which
cleaves the 3D structure to form layered structure.[43][44] (Figure 1a) Similar to the 3D
MHPs, the growth of 2D MHPs is also governed by stereochemical rules. There have been
three octahedral connectivity modes observed: edge-sharing, corner-sharing and face-sharing.
The connectivity modes affect the orbital overlap which in turn governs the band gap of the
material. It has been established theoretically and experimentally that the general trend of
band gap observed is: “corner-sharing < edge-sharing < face-sharing. However, the main

class of 2D MHPs consists of the compound with corner-sharing octahedra, which is further
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classified into the <100>-oriented, <110>-oriented and <111>-oriented 2D perovskites
(Figure 1b).

The 3D structure of perovskite can be sliced down along the <100>, <110> and <111>

crystallographic planes, which divide the 2D perovskites into three classes:

The <100>-oriented class of 2D MHPs are represented by general formula (RNH3),A..
1BnXsn+1. Structurally, they can be described as flat inorganic sheets with different layer
thickness (n) along the <100> direction with respect to parent structure. This class offers
higher degree of compositional diversity and is the most studied class of 2D perovskites.[26]
It can be sub classified into Ruddelsden-Popper (RP) and Dion-Jacobson (DJ) type
perovskites (vide infra). Apart from this, all-inorganic compounds (CszPbl,Cl,, Cs,Snl,Cl,)
and hybrid compounds ((MA).Pbl,(SCN),) represent peculiar derivatives of K;NiF,
(structural similarities with Ruddelsden-Popper class) prototype. In these compounds, the
lattice positions along the perovskite plane and vertically to it are occupied by different
chemical species and generally the larger atoms (i.e. 1" in all-inorganic and SCN" in hybrid)
are present on the surface of the layers whereas the smaller atoms take part in the expansion
of the corner sharing octahedra. These compounds are drastically different than the other
hybrid organic-inorganic compounds because in this the layered structure is not obtained due
to the bulky organic spacer but rather it forms naturally possibly because of the ionic size

mismatch.

When the 3D MHPs are cut along the <110> direction, the <110>-oriented family is obtained
having general formula AsA"wBmXam+2, M > 1. This class offers interesting behaviours to
study one of which is white light emission at room temperature. This can be due to the
distorted inarganic sheets obtained from the face diagonal of the parent 3D structure.
However, only handful of examples are reported on the utilisation of this family as light
absorber layer plausibly because of the difficulty in tuning inorganic sheets and limited
spacer cations that can stabilise the structure.[30] The <111>-oriented 2D perovskites are
obtained when the 3D perovskite is sliced from the body diagonal and possess general
formula A’pAq-1BqX3q+3 (0 > 1). The typical examples of this class is Cs3B2Xg (4=2, A3B2Xo)
where B*" is group 15 ions e.g. Bi, Sh, As. These materials are rarely studied owing to their

strong excitonic nature which deteriorates the performance of solar cells.[45]
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2.1. Ruddelsden-Popper and Dion-Jacobson type 2D perovskKites:

RP type perovskite can be visualised to be formed from the 3D ABX3 and 2D (R-NHj3),BX,,
resulting into (R-NH3)2An-1BnXan+1. Crystallographically, it shows (%2, ¥2) displacement along
ab-plane and hence possess staggered configuration.[26] The R-NH; is an organic cation
which can be alkyl or aryl ammonium such as butylammonium[46], phenylethyl
ammonium|[35], to mention a few. Van-der-Waals force exists between the bilayer of the
monovalent cation and adjacent inorganic sheets. Similar to the RP perovskites, DJ
perovskite owe their name to their oxide perovskite analogues due to the structural
similarities. In this type, bivalent cation is present between the inorganic sheets and so there
is no displacement along ab-plane or has (¥, 0) shift. [26] The inorganic layers are stacked
exactly on top of each other. The typical examples of spacer cations which forms DJ
perovskite are 3-AMP [3-(aminomethyl)piperidinium], 4-AMP [4-
(aminomethyl)piperidinium][47] etc. (Figure 1c).
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Figure 1: (a) Schematic of comparison of 2D and 3D perovskite structures Reprinted with
permission from ref no [25], Copyright 2020 The Royal Society of Chemistry (b) Schematic

illustration of the cuts along 100, 110 and 111 planes and deriving the 2D perovskites from
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such cuts Reprinted with permission from ref. no. [26], Copyright 2019 The Royal Society of
Chemistry (c) Comparison of RP and DJ type oxide and halide perovskites. Reprinted with
permission from ref. no. [48], Copyright 2019 Wiley-VCH .

3. Methods for the MHP SCs formation

In this section, various methods to prepare both OIHP and all-inorganic 2D MHP SCs are
discussed.

3.1 Growth methods of 2D OIHP SCs

As compared to the crystallization process of 3D MHPs, the process for the synthesis of 2D
MHPs is complex and tricky. The important factors, which contribute in the crystallization of
2D MHP SCs are careful control of temperature, choice of solvent and adequate amount of

precursors to control layer and phase purity.
3.1.1. Cooling the Hydrohalic acid (HX) based precursor

This method was first used by Poglitsch et. al., in 1987 to prepare single crystals of 3D
CH3NH3PbX; (X = 1, Br, CI).[49] Later, Dang et. al., have also followed this method for the
preparation of millimetre sized CH3NH3Pbl; crystals by cooling the aqueous solution to
40°C.[50] In the case of CH3NHzPbls, below 40°C formation of CH3NHsPblsH,O begins.
The method also works for the preparation of 2D OIHP SCs. The SCs of the homologous
series of (BA)2(MA)n1Pbnlania (0 = 1,2,3,4,00) were prepared by cooling the precursors
solution in aqueous HI to room temperature.[51] However, the as-synthesized crystals were
very small as the cooling rate was not controlled in this report. Therefore, the important
factor is the careful control of cooling for the synthesis of large sized and high quality 2D
SCs. In case of rapid cooling many nucleation sites appear, leading to large number of small
crystals (Figure 2). Peng et. al., prepared milimeter scale SCs of PEA,Pbl,-(MAPDI3),—; (n =
1, 2, 3) by cooling the ag. HI solution at a rate of 1°C/h from 90°C.[52] However, the crystals
with n > 3 are produced as a mixture of lower n-members owing to the large difference in the
solubility of PEAI and MAI in HI. The authors proposed that due to the inclusion of large
sized organic spacer cation during crystallisation, the overall defect density decreases and
high quality crystals are produced. The self-assembly nature of organic cation, large size and
high molecular mass suppresses defects arising from small sized MA*. Additionally, this
method was also used to prepare SCs of 2D DJ type OIHPs by Mao et. al.[53] They prepared
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SCs of homologous series

of (A’) (MA)n.lpbn|3n+1

where A’ is 3-AMP [3-

(aminomethyl)piperidinium] and 4-AMP [4-(aminomethyl)piperidinium] and n = 1 to 4.
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Figure 2: The effect of cooling rate on the crystallization (a) SEM images (top) and

photographs of the (BA)2(MA),-1Pbylsn+1 perovskite crystals (bottom) (scale bars = 200 pm).

Reprinted with permission from ref no [51], Copyright 2016 American Chemical Society (b)
Optical images of crystals of PEA,Pbl,-(MAPDI3),—; (n = 1, 2, 3) (left) and (3-AMP) (MA),.
1Pbnlane1; (4-AMP) (MA)n1Pbplsns (right). Reprinted with permission from ref no [52],
Copyright 2017 American Chemical Society and Reprinted with permission from ref no [53],

Copyright 2018 American Chemical Society

3.1.2. Slow evaporation at constant temperature (SECT)

This method was first introduced by Raghavan et. al., for the synthesis of well-shaped SCs of
2D OIHP with the high phase purity.[54] Unlike the controlled cooling method in which

randomly stacked flakes are formed, here the nucleation is controlled. As a result, stacking in

crystals is prevented. The step wise procedure is shown in Figure 3a. First, the saturated

precursor solution is prepared in HI and then the solvent is evaporated at a particular

temperature. At the bottom of this now super-saturated solution, the excess solutes start

crystallizing and this event drove the crystal growth process. After careful control of

evaporation rate well facet plate like crystals of (BA)2(MA).1Pbplsnss (n = 1, 2, 3) are
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formed. In another report by Zhang et. al., (PEA),PbBr, SCs were prepared using this method
and were suitable for the fabrication of UV-detector.[55] Figure 3b and c provides clear
insight into the crystallization process involved in this method. As shown in the mass-loss
curve (figure 3b), initially only the solvent gets evaporated and no crystallites are formed.
The intersection point of the two lines shows the critical concentration of (PEA),PbBr,. After
this point the crystallization occurred. The disadvantage of this method is that it takes too

long time for the crystal growth.
3.1.3. Anti-solvent vapour assisted crystallization

The method of fast crystallization[56] and solvent engineering[57] -were previously
introduced and used for the preparation of high quality OIHP thin films. The strategy of this
method is based on the solubility difference of perovskite precursors in different solvents.
The good solvent wused for perovskites are N,N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO) and y-butyrolactone (GBL), while the poor solvents (anti-
solvent) are dichloromethane (DCM), chlorobenzene etc. Using this concept, Bakr’s group
reported a novel method to prepare SCs of 3D OIHPs.[21] In case of SCs, the vapour of
antisolvent diffuses in the solution and mixes well with the solvent. However, the solutes
(MABt, PbBr,) do not solubilize with the anti-solvent. As a result the concentration of solutes
increases in the solvent and crystallization proceeds. Tian et. al., used this method for the
synthesis of 2D PEA,PbBr, SCs using DMF as solvent and cholorobenzene as antisolvent
(Figure 2d).[58] The crystals with a size of few millimetres were obtained after several days
(Figure 3e and f). To get single crystalline thin films, Lédée et. al., developed "Anti-solvent
Vapor-assisted Capping Crystallization” (AVCC) method by combining AVC method and
space confined method (Figure 3g).[59] This approach vyields in high quality SCs of
PEA,PDbl; with thickness in micrometre scale in 30 minutes using DCM as antisolvent
(Figure 3h). These results demonstrated that GBL allows better crystallization than DMF as a
solvent (Figure 3i and j).
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Figure 3: (a) Schematic illustration of the steps involved in SECT method Reprinted with
permission from ref no [54], Copyright 2018 American Chemical Society (b) Mass and
concentration of (PEA),PbBr, precursor solution as a function of evaporation time (c) Mass
and growth rate of (PEA),PbBr, as a function of time Reprinted with permission from ref no
[55], Copyright 2019 The Royal Society of Chemistry (d) Schematic illustration of AVC
method (e) Optical image of (PEA);PbBr, SC (f) SEM image of the (PEA),PbBr, SC showing
layered structure Reprinted with permission from ref no [58], Copyright 2017 American
Chemical Society (g) Schematic of AVCC method (h) Photograph of the (PEA),Pbl, SC
prepared using AVCC method Optical images of the monocrystalline thin film of (PEA).Pbl,
prepared (i) using DMF as solvent (j) using GBL as solvent Reprinted with permission from
ref no [59], Copyright 2017 The Royal Society of Chemistry

3.1.4. Surface Tension Assisted Growth

It is known that the nucleation barrier at the solution surface is lower than the solution and
therefore, the nucleus formation is more likely to form at the surface than in the solution
(Figure 4a and b).[60] Taking advantage of this fact, Liu et. al., synthesized SCs of
(PEA),Pbl4 with size of 36 mm using GBL as solvent.[61] At higher temperature (105°C) the
precursors solubilize in solvent but as the temperature is decreased (0.5°C/h), small crystallite
started forming at 95°C. As the temperature decreasing more rectangular block shaped crystal
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are formed at 30°C (Figure 4c and d). Wang et. al., prepared SCs of (BA)2(CH3NHa),.
1Pbplans1 (n=1, 2, 3, 4 and o) from the water-air interface.[62] The report suggests that water
as a solvent improves the growth rate and floatation of the crystal owing to its higher surface
tension coefficient of 72.86 mN-m™ than commonly used organic solvents such as DMSO (o
= 42.8 mN-m™) or DMF (o = 35.2 mN-m™). Moreover, the self-assembly nature of spacer
cation acts as the template for the growth of crystal during crystallization at water-air

interface.
3.1.5. Space confined method

The advantage of this method over the other methods is that it allows the growth of crystal
with controllable thickness. In this method, the crystal is allowed to grow in between the two
substrates (e.g. glass slides). The method is effectively used to prepare single crystalline thin
films of 3D OIHPs.[63][64] Xiao et. al., used this method to prepare SCs of BA;MA,Pbsl;
by confining the precursor solution between two non-wetting substrates.[65] Liu et. al., used
this method to synthesize multi inch sized single crystalline perovskite membrane of
PEA,PDbI, for sensing.[66] The brief process includes preparing the solution of 2.12 M at
80°C in GBL and pipetted on the PET substrate. Then another glass slide is placed on top of
it such that part of the solution squeeze out to the edge of top slide (Figure 4e). This edge of
the second slide provides nucleation site to direct the growth of the crystals inward rather
than forming nanocrystals. Then gradient cooling at the rate of 1°C/h up to 53°C produces
multi inch single crystal. He et. al., synthesized SCs of (BA),(MA),-iPbylsnss (N = 1,2,3)
using modified space confined method with the lateral size reaching millimeter, the thickness
about 400-1000 nm and the quantum well layers being parallel to the substrate.[67] At 80°C,
after the H,O and HI solution evaporates single crystal membrane can be obtained between
the two glass slides. Apart from this, Gu et. al., presented a general seed printing approach for
the synthesis of single crystalline film with controllable thickness.[68] The method can
prevent random crystallization by affecting the mass transport and distribution of perovskite

precursor ions.
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Figure 4: (a) Graphical illustration of the lower nucleation barrier at surface Reprinted with

permission from [62], Copyright 2018 American Chemical Society (b) Schematic of the
single crystal staying afloat on the solution surface (c) Schematic of the surface tension
assisted growth of crystal (d) Corresponding photographs of (PEA),Pbl, PSCs completed at
different temperatures Reprinted with permission from ref no [61], Copyright 2019 Elsevier
Publishing group and (e) schematic illustration of space confined method Reprinted with

permission from ref no [66], Nature publishing group
3.1.6. Other methods

Wang et. al., presented a novel economic and universal aqueous synthesis for the preparation
of SCs of lower dimensional halide perovskites.[69] The method uses deionized water as
solvent instead of DMF or DMSO, which are highly toxic. Additionally, the intentional
heating of the solution is avoided as the method yields SCs at room temperature. The

schematic of the steps involved are shown in Figure 5a. First, Pbl, powder is mixed with
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water, however, the solubility of Pbl, is extremely low in water. After addition of HI it gets
dissolved. In this method, pH is of vital importance. At pH < 4, the mixture of MAI and R-
NHsl is added while stirring. Then, the solution is left overnight to grow crystals (Figure 5b).
In another report, Fateev et. al., reported a universal strategy to synthesize of both 3D and 2D
SCs perovskites i.e. Solvent Conversion-Induced Rapid Crystallization (SCIRC) (Figure
5¢).[70] The method is based on the selection of a pair of solvents, which can slowly react
with each other and irreversibly because of that reaction the perovskite precursor get
dissolved. The reaction produces as solvent in which the resultant crystals are insoluble. The
typical example of this reaction can be given as the hydrolysis reaction of cyclic carbonate
and water in acidic media (e.g. HX acid) which produces glycols, an antisolvent for halide

perovskites.
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Figure 5: (a) Schematic illustration of the steps involved in the aqueous synthesis of SCs at
room temperature (b) Photographs of the as synthesized SCs of S-a-PEA,Pbl; and R- a-
PEA,Pbl, and Reprinted with permission from [69], Copyright 2019 American Chemical
Society (c) Schematic and optical images of the SCs obtained via versatile SCIRC method

Reprinted with permission from ref no [70], Copyright 2020 American Chemical Society
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Table 1. A Summary of different growth methods and associated parameters for the synthesis

of 2D OIHP SCs

Sr. Formula of Name of Ratio of Initial Cooling Application Ref
No. Perovskite Method precursors Temperature Rate
1. PEA,PbI, Cooling PbO : MA: 90°C 1°C/h [52]
HX PEA
precursor 1.72:0: Photoconductor
3.75mmol
2. PEA;MAPb,l, Cooling PbO : MA: 90°C 1°C/h [52]
HX PEA Photoconductor
precursor 6 :18:1mmol
3. PEA,MA,Pb;ly, Cooling PbO: MA: 90°C 1°C/h [52]
HX PEA
precursor 10:24: Photoconductor
1mmol
4, BA,PbI, Cooling PbO : MA: Boiling Rapid [51]
HX BA cooling
precursor 10:0: )
10mmol
5. BA,MAPD,I, Cooling PbO : MA: Boiling Rapid [51]
HX BA cooling -
precursor 10:5 : 7mmol
6. BA;MA,Pbsly Cooling PbO : MA: Boiling Rapid [51]
HX BA cooling
precursor 10:6.67: )
3.33mmol
7. BA,;MA;Pb,13 Cooling PbO : MA: Boiling Rapid [51]
HX BA cooling
precursor 10:75: )
2.5mmol
8. (3-AMP)Ph;l,4 Cooling  PbO:MA: 3- 130°C [53]
HX AMP Solar Cell
precursor  3:0:3mmol
9. (3-AMP)MAPb,I, Cooling  PbO:MA: 3- 130°C [53]
HX AMP
precursor 3:2: Solar Cell
0.5mmol
10. 3- Cooling  PbO:MA:3- 130°C [53]
AMP)MA,Pbsl g HX AMP Solar Cell
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11.

12.

13.

14.

15.

16.

17.

18.

(3-
AMP)MASPb, 115

(4-AMP)PbI,

(4-AMP)MAPD; I,

@
AMP)MA,Pbsl 0

(4-
AMP)MAPb,115

BA,PbI,

BA,MAPb;I;

BA,MA,Pbsl

precursor

Cooling
HX

precursor

Cooling
HX
precursor
Cooling
HX

precursor
Cooling
HX
precursor
Cooling
HX

precursor

SECT

SECT

SECT

3:3:
0.33mmol
PbO : MA: 3-
AMP
4:4:
0.3mmol
PbO: MA: 4-
AMP
3:0:3mmol
PbO: MA: 4-
AMP
3:2:
0.5mmol
PbO: MA: 4-
AMP
3:3:
0.33mmol
PbO: MA: 4-
AMP
4:4:
0.3mmol
PbO: MA :
BA

10:0:
10mmol (in
HI/H3PO,)

PbO : MA:
BA

10:5:
7mmol(in
HI/H3PO,)

PbO : MA :
BA

10:6.67:
3.33mmol(in
HI/H3;PO,)

130°C

130°C

130°C

130°C

130°C

62°C

62°C

62°C

Solar Cell

Solar Cell

Solar Cell

Solar Cell

Solar Cell

[53]

[53]

[53]

[53]

[53]

[54]

[54]

[54]
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19. PEA,PbBr, SECT PbBr; : 23°C [55]

PEABr
2.01gm: Photodetector
1.835gm (in
DMF)
20. PEA,PbBr, AVC PbBr, : Room temp [58]
PEABr Memory
1:2M(in Devices
DMF)
21. PEA,Pbl, AVCC Pbl, : PEAI Room temp [59]
1:2M (in Photodetector
GBL)
22. PEA,PbI, Surface Pbl, : PEAI 105°C 0.5°C/h [61]
Tension 1:2M(in
) Photodetector
assisted GBL)
growth
23.  (BA)y(CH3NH,),. Surface PbO : (MA + 100°C 1°C/2h [62]
1Pbplanag (N=1, 2, 3, Tension BA)
4) assisted ) Photodetector
5 :5mmol (in
growth
HI/H3PO,)
24, BA,;MA,Pbslg Space Pbl, : MAI : 130°C [65]
confined BA
method 3:2:2(in
HI)
25. PEA,PbI, Space Pbl, : PEAI 80°C 1°C/h ) [66]
) ) Flexible
confined 1:2M(in
Photosensor
method GBL)

3.2. Growth methods of 2D all-inorganic SCs
3.2.1. Bridgman method

McCall et. al., prepared and investigated SCs of AsMlg (A = Cs, Rb; M = Bi, Sbh) using
Bridgman method.[71] Later the same group synthesized large SCs of Cs3Bi,lgCls using this
method.[72] The procedure involves mixing of CsCl and Bils in ampule, which is placed in

two-zone Bridgman furnace. The hot zone was kept at 725°C and cold zone at 300°C. After
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12 h the ampule was dropped gradually to reach 300°C. At last, cherry red ingot formed after
several days, which had large SCs. Tarasova et. al., grew KyRb;.xPb,Brs SCs, with x =0, 0.5
and 1.0 using the Bridgman technique in sealed quartz ampoules in halogen
atmosphere(CBr,).[73] The growth rate was 0.08 — 0.17 mm/h and duration of cooling to
room temperature was 12 h. Using these parameters high-quality single-crystalline boules of
KPb,Brs, KosRbosPb,Brs, and RbPb,Brs with a diameter up to 15 mm and 40 mm length
were obtained. Recently, Acharyya et. al., studied RP 2D Cs,Pbl,Cl, SCs by cutting them in
the direction parallel and perpendicular to the Bridgman growth direction (Figure 6a).[74]
First, stoichiometric amount of Pbl, and CsCl were melted in the sealed quartz tube. Then,
the starting materials were heated at 923 K for 48 h. The melt was then pulled in a
temperature gradient from 773 K to 623 K at a speed of 0.77 mm/h. Finally, the sample was
slowly cooled to room temperature in 96 h.

3.2.2. Solution Methods

Li et. al., prepared the first all-inorganic layered perovskite white light-emitting material,
Rb,CdCl,l, by a facile aqueous solution method.[75] Briefly, stoichiometric amounts of
CdCO3; and Rb,CO3; were added to the HCI/HI (1:1) solution and heated for 5 min and
allowed to cool. After several days SCs of Rb,CdCl,l, are formed (Figure 6b). In other report,
Dursun et. al., synthesized SCs of CsPb,Brs using anti solvent vapour crystallization (AVC)
method using DMSO and MeOH as solvent and anti-solvent pair.[76] The choice of anti-
solvent is of vital importance as the final products of crystallization are defined by the
miscibility of the solvent pair. The crystallization procedure is divided into two steps. In
initial 48 h, CsPbBr; is formed because of the diffusion of MeOH in DMSO. After five
weeks, the orange crystals grow and convert into transparent crystals of CsPb,Brs (Figure 6¢
and d). Usman et. al., prepared Cs,FeBiBri, a new type of MHP SC using a solution
temperature lowering method.[77] First the metallic salts, BiBrs, FeCl; and CsBr were
dissolved in HBr at 120°C and on cooling the solution to room temperature red coloured
crystallites formed. To grow larger crystals the temperature cooling rate was controlled at

1°C/hr and that resulted in crystals with dimension 4mm x Imm x Imm.
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Figure 6: (a) Photograph of Cs,Pbl,Cl, Bridgman grown crystal Reprinted with permission
from ref no [74], Copyright 2020, American Chemical Society (b) Photograph of Rb,CdCl,l,
SCs grown by aqueous solution method Reprinted with permission from ref no [75],
Copyright 2018, Wiley-VCH (c) Schematic diagram of the CsPb,Brs single crystal growing
by AVC method (d) optical image of the CsPb,Brs single crystal Scale bar 200 um Reprinted
with permission from ref no [76], Copyright 2017, Wiley-VCH

4. Doping in 2D MHP SCs

Doping is a general and effective strategy to modifying the fundamental properties of
semiconductors in which the heteroatoms are intentionally introduced into the host
lattice.[78,79] Unlike in the case of conventional inorganic semiconductors (e.g. Si, GaAs)
where dopants create deep energy levels which act as electron traps, in case of MHPs, the
dopants do not create mid-gap states.[80-82] The defect tolerant nature of MHPs not only
equips the doped MHPs with expected optoelectronic properties but also provides an
additional tool to modulate the structure and resulting performance. With this aim, various
metal cations (e.g. Bi**, K*, Mn®*, Rb* etc) have been doped into the MHPs and exotic

properties are imparted such as enhanced stability, new emission characteristics, improved
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PLQY etc.[83-88]However, handful of examples is reported on the effect of doping in the
case of 2D MHP SCs.

In early days, the first report on Ni** doping was reported by Ghosh and Mukherjee in the all
inorganic Cs,CdCl, host crystals.[89] The crystals were shown to possess 2D layered
structure and isostructural with K;NiF,. The important observation found in the study was the
strong luminescence obtained at 16340 cm™ and 12250 cm™ at 77 K assigned to the
T2(D)—>Ax(F) and *To(D)—>T,(F) transitions of Ni**, respectively.

Biswas et. al., presented Mn?* doping in the layered 2D (BA).PbBr, host material using solid
state grinding technique.[90] The results demonstrated that there is an efficient energy
transfer from photoexcited host ions to dopant ions due to higher confinement of excitons in
2D perovskites and higher covalency in Mn-Br bond enhancing sp-d exchange interaction in
2D perovskites. Similarly, the effect of Mn-doping is studied by dissolving the undoped
crystal by forming nanocrystals or thin films.[91] However, in a report by Sheikh et. al., Mn-
doped (BA),PbBr, SCs were synthesized by modifying the acid precipitation method and
studied their optical properties.[92] Although centimetre sized crystals were prepared, very
small fractions of Mn-precursor are found in final product because of the difficulty in Mn-
doping.[93] They also exfoliated few layers of SCs using the well-known scotch tape method.
As shown in Figure 7a, as the Mn concentration increases the intensity of Mn emission
increases whereas the intensity of excitonic emission decreases systematically. The reason
can be attributed to the reduced surface defects in SCs. The other important conclusion of the
report is that exciton intensity is dependent on the Mn-emission intensity of a SC i.e. stronger
Mn emission is observed when the energy of the excitation light is equal to the bandgap of
host material and because it travel deeper into the crystal.

Zhang et. al., presented the effect of Bi doping in the lead free PEA,SnBr, SCs.[94] The
PEA,SN;. «BiyxBr, « x (x << 1) SCs were prepared using cooling induced precipitation method.
It was observed in the photoluminescence (PL) spectra that blue shifting of the PL peaks
occurs as the Bi doping concentration is increased. Moreover, the low energy tail also
weakens and is completely absent in case of 10% and 20% doping concentration (Figure 7b).
These features can be attributed to the photon recycling effect and quenching of radiative
self-trapped states.[95][96]

Cervantes et. al., prepared 2D [DDA].PbBr, (1-as) where DDA is deca-3,5-diyn-1-
amine.[97] Then, the polymerization was induced by heating in inert atmosphere (1-N,), in
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ambient condition (1-O;) and under iodine atmosphere (1-12),(1-N2/l,) unlike in y-rays. Due
to the presence of organic radicals, 1-O,, 1-I, 1-N2/I, showed highest reported conductivity
for 2D MHPs (Figure 7c).
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Figure 7: (a) Photoluminescence quantum yield (PLQY) of excitonic and Mn emission in
powdered BA,PbBr, with increasing Mn concentrations Reprinted with permission from ref
no [92], Copyright 2019 American Chemical Society (b) Room temperature PL spectra of Bi-
doped PEA,SnBr, with different Bi concentrations ranging from 0% to 20% in the feed
solution Reprinted with permission from ref no [94], Copyright 2019 Elsevier Publishing
group (c) Averaged values and standard uncertainties for in-plane conductivity of
[OA].PbBry, 1-as, 1-Nj, 1-O,, 1-1; and 1-Ny/I, at 423 K Reprinted with permission from ref
no [97], Copyright 2018, Wiley-VCH

5. Physical Properties

In this section, some of the fundamental optical and electronic properties of the 2D MHPs are
discussed. It is a general observation that because of absence of grain boundaries and lesser
defects as compared to polycrystalline film, SCs possess superior properties such as longer

diffusion length, longer carrier lifetime, better stability and so forth.

5.1. Optical absorption and Photoluminescence properties

In case of 2D MHP SCs, as the layer thickness n increases, band gap decreases owing to the
decreased quantum confinement effect and the exciton binding energy reduces because of the

dielectric confinement by organic cations. Moreover, in case of very thick crystals PL peak
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gets blue shifted as compared to the absorption peak (Figure 8a).[98] By comparing the
absorption spectra of polycrystalline films and SCs, the spectra of SCs are smooth and
complete with sharp edges, whereas, films show a typical stepwise spectra corresponding to
the allowed transitions between quantized electron and hole states (Figure 8b and c).[62]
Furthermore, on changing the halide anion from Br to | in (PEA),PbBr,, the absorption onset
red shifts from 428 nm to 550 nm, which suggests that (PEA),Pbl, has wider range of visible
light absorption.[55] An interesting observation is presented by Sheikh et. al.[99] The authors
reported that (BA),Pbl, possess dual optical bandgap, which means that bulk of the SC has
lower bandgap with excitonic PL at 2.20eV while the surface and sub-surface layers have
higher bandgap with excitonic PL at 2.38eV (Figure 8d).

The photoluminescence quantum yield (PLQY) is defined as the number of photons emitted
as a fraction of the number of photons absorbed. The 2D SCs are shown to possess higher
PLQY. For instance, (PEA),PbBr, showed PLQY of 22%,[55] which is significantly higher
than the polycrystalline film (10%).[100]
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Figure 8: (a) Absorption-and photoluminescence spectra of (BA)2(MA),-1PbnBrzn.1 (denoted
as PbnBrsn+1) and (BA)2(MA),—1Pbnlsns (denoted as Pbplsnsg) Reprinted with permission from
ref no [98], Copyright 2019 Nature Publishing group Comparison of absorption spectra of (b)
polycrystalline film and (c) single crystals of quasi 2D (BA)2(MA),-1Pbnlsn+1 Reprinted with
permission from ref no [62], Copyright 2018 American Chemical Society (d) PL spectra of
exfoliated few layer (BA).Pbl, with two different excitation angles. The inset compares PL
from both single crystal and exfoliated few-layer at 45° excitation angle Reprinted with
permission from ref no [99], Copyright 2018 American Chemical Society

In case of all-inorganic 2D SCs, Cs,Pbl,Cl, showed weaker exciton peak unlike in the case of
2D MHPs. It showed a sharp absorption edge at 3.04 eV. However, a small kink was
observed in the spectra which can be ascribed to an excitonic absorption. It showed a PL peak

at 3.01 eV, which is consistent with the absorption edge. In the temperature dependent PL
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spectra as the temperature decreased, a broad peak was observed near the low energy tail,
which can be due to self-trapped excitons.[36] McCall et. al., presented a detailed
investigation of the optical properties of Bridgman grown SCs of AsMzlg (A = Cs, Rb; M =
Bi, Sb), wherein the samples of Cs3Sh,lg, RbsBizlg, RD3Sb,lg, and Cs3Bizlg exhibited the band
gaps at room temperature of 1.89, 1.93, 2.03 and 2.06 eV, respectively. The colour of the
crystals were consistent with the difference in bandgap, for instance, the darkest red crystal of
Cs3Shalg and lightest red crystal of CssBialg exhibited lowest and highest band gaps,
respectively. The single crystals of Cs3Bizlg, Cs3Shylg, and RbsSh,lg displayed weak PL
emission in the range of 1.58-2.2 eV with line width of 315-403 meV, whereas no emission
was evidenced for Rb3Bizlg at room temperature and even at 15 K. The low temperature PL
study revealed several overlapping peaks in the specified range for Cs3Bizlg at 13K.
Conversely, the PL study of Cs3Sh,lg and RbsShalg revealed a broad near band-edge emission
at 1.92 eV and a broad skewed peak at 1.96 eV, respectively at 13 K. The phonon-assisted
recombination of the self-trapped excitons (STEs) was responsible for the broad emission in
these materials.[71][101]

The SCs of CsPb,Brs showed only one absorption edge at 370 nm with bandgap of 3.35 eV.
Furthermore, the projected densities of states (PDOS) show that there is no direct
contribution of Cs" cation to the electronic states. The valance bands near the Fermi level are

provided by Br-4p and conduction bands by Pb-6p.[76]

5.2. Carrier lifetime and Carrier mobility

Zhang et. al., provided insights into the properties especially the carrier mobility and
anisotropy of 2D SCs utilizing three different spacer cations namely, butylammonium (BA),
allylammonium (ALA) and phenethylammonium (PEA).[102] The TRPL measurements
revealed that the carrier lifetime 1, of PEA;MA,Pbsl1o was 19.80 ns, which can be correlated
to the decreased exciton binding energy because of the m electrons which can pin the
excitonic states to the band edges (Figure 9a).[32] Furthermore, the in-plane mobility (u;) of
PEA,;MA,Phsly was found to be 4.4x10 cm®V'S™?, which is the largest among the three
crystals and the out-of-plane mobility (o) Was the smallest with value 1.2x10° cm?Vv'S™. At
the same time, there was not much difference between the i, and y; for the other two samples,
which suggests that & electrons of ALA did not affect the properties of quasi-2D perovskites.

The calculated trap density for all the three crystals were 1.1x10® cm™, 1.0x10® cm™ and
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7.0x10" cm™ for BA;MA,Pbslig, ALA;MA,Pbslye and PEAMAPbslig, respectively. This
indeed suggests that carrier mobility cannot be governed only by the trap density but the
organic cation has also influence on it. Xiao et. al., reported that V, and Vua (vacancy
defects) are difficult to form and therefore ion migration along the electric channel is
suppressed in quasi 2D perovskites (Figure 9b and c).[65] Li et. al., reported the effect of
fluorine substitution in PEA.[103] The results demonstrated that the F atoms act as
supramolecular anchor for the neighbouring benzene rings. This effect prevents ion migration
and stabilizes crystal. Moreover, the value of free charge carriers decreases because the Fermi

level is pushed to the middle of the band gap.
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Figure 9: (a) Time-resolved photoluminescence spectra of quasi-2D perovskite single crystals
with different spacers Reprinted with permission from ref no [32], Copyright 2020 Wiley-
VCH Schemes of the vacancy path for ion migration in (b) 3D and (c) quasi-2D perovskites
Reprinted with permission from ref no [65], Copyright 2018 American Chemical Society

6. Conclusions and future outlook

2D SCs are emerging and gaining considerable interest owing to their noteworthy properties
that they offer. Up to date, researchers are thoroughly investigating the properties of the 2D
polycrystalline films since the first report of 2D perovskite solar cell (PSC) with power
conversion efficiency (PCE) ~4%. Currently, the PCE of 2D PSC has reached to ~18%.
These materials have been effectively used in various applications such as solar cells,

photodetectors, memory devices, LEDs etc.

However, the single crystals of 2D MHPs are still emerging and are in their initial state of
development. The crystallization of 2D MHPs is complex and tricky as compared to the 3D
MHPs. The reason can be assigned to the unique layered structure induced by bulky organic

spacer cation. In this review we have discussed all the methods to synthesize both the hybrid
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as well as all inorganic 2DMHPs and their various physical properties. Owing to the amazing
optical properties such as fluorescence and exciton effects these SCs are widely utilized in
fabricating photodetectors with low dark current and high responsivity. The layered structure
gives rise to carrier transport anisotropy which can be beneficial for field effect transistors
(FETs). The carrier mobility is higher within inorganic octahedrons compared to the
perpendicular plane with organic spacer. Therefore, FETs with surface channel as transport
path cam be created. The enhanced stability of these SCs make them suitable for solar cell
application however at the same time their wide band gap affects the PCE of the device.
Apart from this doping in these SCs provide an additional handle to modulate the PLQY
which can be beneficial for LED application. But the following challenges need to be

overcome for the future development of 2D SCs and their versatile applications.

1. Most of the existing methods discussed above require careful control of temperature
(gradual heating or cooling) and as a result, the time required to synthesize single crystals is
too long. There is a need to develop a method which is less time consuming at the same time

yields high quality crystals.

2. The choice of solvent also become extremely important as the solubility difference in
precursors is large (For ex. PEAI and Pbl,). Therefore, not many options are available to
choose from for 2D MHPs.

3. Furthermore, the crystallization . methods need to be optimized in a way that large scale
production of the 2D MHPs can be made possible. The novel method can also pave a way for
the in depth understanding of the properties of 2D SCs and can facilitate their use in various

device applications.

4. In case of single crystalline perovskite solar cell, the 3D MHPs have attained PCE of
21.9%, however, in case of 2D SCs, no suitable method is available to fabricate solar cell by
the integration of SC with transport layers. It is also worth to find a method to prepare quasi
2D perovskite to improve PCE.

5. The effect of doping of alkali metal cations and heterovalent cations on 2D SCs is not well

explored owing to the difficulty in doping as well as in growing doped crystals.
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