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Due to the widely tunable and exceptional semiconductor properties, quasi-two-dimensional (2D) halide
perovskites have been considered outstanding candidates for next-generation optoelectronic devices
and have thus undergone rapid development over the last decade. Their property tunability is intimately
correlated with the quantum-well thickness (corresponding to the n value, the number of octahedral
layers in each layer of quasi-2D halide perovskites). However, a systematic review of the relationship
between the n value and the optoelectronic properties/applications of the quasi-2D perovskites is
lacking. In this review, we begin with the n-dependent properties of quasi-2D perovskites, and move on
to the synthesis of different forms of quasi-2D perovskite crystals. Afterwards, we focus on the existing
optoelectronic applications using quasi-2D perovskites including light-emitting diodes, solar cells, lasers,

and photodetectors. In the last section, we discuss the current challenges and a few promising

Received 21st March 2022 . . . . . .
Accepted Sth May 2022 directions with a special focus on the precise control of the n value. Moreover, the possible non-
centrosymmetrical ordering of the organic ligands in quasi-2D halide perovskites provides new insights

DOI: 10.1035/d2ta02219b and opportunities to study the interaction between spontaneous polarization, photovoltaic effect, and

rsc.li/materials-a carrier transport behaviors in the corresponding electronic and optoelectronic devices.

1 Introduction photodetectors,'*?° etc.) due to their marvelous optoelectronic
properties and high stability.

The last decade has witnessed the explosive development of Layered halide perovskites consist of metal halide octahedra

layered halide perovskites in high-performance optoelectronic ~ sandwiched by symmetrical layers of organic ligands. According
devices (solar cells,”® light-emitting diodes, lasers,”"™**  to the variation in organic ligands, they can be generally clas-
sified into three types:*2* Ruddlesden-Popper (RP) phase,*
Dion-Jacobson (D]) phase** and alternating cations in the
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skites is specified by another unique parameter, n. 2D perov-
skites with n = 1 and n > 1 (high n) can also be designated as
pure-2D and quasi-2D perovskites, respectively.

The major distinction between RP phase, DJ phase and ACI
phase perovskites originates from the large organic ligand L
(Fig. 1a). In the RP phase, monoammonium cations are used as
large organic ligands and the adjacent layers are connected by
van der Waals force. The molecular structure of several reported
ligands is listed in Fig. 1b. In the DJ phase, however, dia-
mmonium cations are applied to chemically link adjacent layers
together, making mechanical exfoliation of DJ phase perov-

skites into molecularly thin sheets impossible. ACI phase halide
perovskites are considered to combine the RP phase's chemical
formula and the DJ phase's structural properties.*® Despite the
fact that the ACI phase is supposed to have better performance,
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Fig.1 Structure of 2D halide perovskites. (a) Schematic representation
of Ruddlesden—Popper (RP) phase, Dion—Jacobson (DJ) phase and
alternating cations in the interlayer space (ACI) phase 2D perovskites.
(b) Some ligands employed in RP phase 2D perovskites.

a complete grasp of its intrinsic properties remains unclear due
to the lack of investigation into single crystals. Due to the ease
of mechanical exfoliation into thin sheets, molecularly flat
surface and no dangling bonds at the surface, RP phase
perovskites are the most well-investigated among the three
types of layered perovskites mentioned above and thus will be
mainly discussed in this review.

One merit of 2D halide perovskites is their wide property
tunability resulting from facile and flexible composition engi-
neering.>*® They can be substituted completely or partially by
other similar ions. Additionally, adjusting the n value has
a significant impact on their optoelectronic properties. Reports
indicate that quasi-2D perovskites combine the enhanced
stability of pure-2D perovskites with the superior carrier
mobility of their 3D counterparts, and optoelectronic devices
based on quasi-2D perovskites outperform those based on pure-
2D perovskites.*” Though quasi-2D perovskites show attractive
properties and promising applications, their systematic
summary is rarely seen.

In this review, we'll focus on the properties, synthesis and
applications of RP phase quasi-2D perovskites (n > 1). We begin
with emphasizing the dependence of semiconductor properties
on the n value. Then the synthesis methodologies of quasi-2D
perovskites in various crystal forms are summarized. The next
section covers optoelectronic applications, such as light-
emitting diodes, solar cells, lasers, and photodetectors.
Finally, we summarize the current challenges and outlook of the
quasi-2D perovskites.

2. Properties
2.1 Quantum and dielectric confinement

2D halide perovskites could be considered as quantum wells
formed by sandwiching octahedral layers by organic ligand
layers in the out-of-plane direction.’®*° Typically, the band gap
of the insulating organic ligand layer is substantially larger than
that of the octahedral layer, thus forming type-I band align-
ment. As a result, the excited electrons and holes will be
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confined in the octahedral layer. Quantum confinement and
dielectric screening effects have a huge impact on the charge
carrier behaviours of 2D perovskites,"** which is directly
correlated with the thickness of the quantum wells (n value). As
n increases, the coupling effect between the electrons and holes
weakens, leading to an increase in exciton transport distance
and drop in exciton density and binding energy** (Fig. 2a).

In 2D halide perovskites, effective high-frequency dielectric
coefficients will increase as n increases. Taking the BA,MA,,_;-
Pb,l3,+ (n = 1-7) series for example, the computed high-
frequency dielectric constant (¢ ) along the out-of-plane direc-
tion is around 5.8 for octahedral layers and around 2.0 for organic
layers* (Fig. 2b). With the increase of the n value, the contribu-
tion of octahedral layers to the effective high-frequency dielectric
coefficient increases, resulting in a rise in the effective high-
frequency dielectric coefficient* (Fig. 2c). Fig. 2¢ also shows the
mathematical expression for this regulation, where ¢, is the high-
frequency dielectric constant of the organic layer component, L;,
is the length of the organic layer component, ¢, is the high-
frequency dielectric constant of the inorganic layer component,
and L, is the length of the inorganic layer component.

2.2 Optical properties

The n-dependent optical properties can be characterized
roughly by absorption spectroscopy and photoluminescence
(PL) spectroscopy. For 2D perovskites with strong exciton
absorption, the Tauc plot method is commonly used to extract
the corresponding optical band gap from UV-vis absorption
spectra.” Due to the quantum confinement and dielectric
screening effects, the band gap of quasi-2D halide perovskites
will decrease with n value. The optical band gap of (BA),Pbl, is
2.42 eV, as shown in Fig. 2d, and drops to 1.85 eV for
(BA),MA,Pb.;.*

Consistent with the UV-vis spectra, the PL emission peaks of
2D perovskites also change with n value (Fig. 2e).*® In the BA,-
MA,_1Pb,I;,., series, the PL emission redshifts from green
(~520 nm for (BA),Pbl,) to red (680 nm for (BA),MA,Pb;l;¢) as
the n value increases from 1 to 4. In addition, the PL peaks of n
= 6 and n = 7 could further red-shift to around 700 nm and
713 nm, respectively.*® Because of the self-absorption in bulk
crystals, the PL intensity of monolayers is frequently stronger
than that of the bulk for a quasi-2D perovskite with a given n
value."”

The PL efficiency of 2D perovskites relies on several factors,
one of which is electron-phonon coupling. As the lattice of 2D
perovskites is quite soft, the interaction of phonons and elec-
trons is more pronounced.* The PL efficiency will be signifi-
cantly affected by the strength and mechanism of electron-
phonon coupling,®® which can be obtained by analysing
temperature-dependent PL spectra® (Fig. 2f). As revealed by the
density functional theory (DFT) calculation, the rigidity of the
organic ligands also plays an important role in the electron-
phonon interaction. With enhanced rigidity of the organic
ligands in 2D halide perovskites, the structure fluctuation of the
perovskite will be suppressed, resulting in reduced exciton-
phonon coupling and increased PL efficiency.>

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Quantum-well structure of RP phase perovskites and their optical properties as well as surface morphology. (a) Quantum-well structure
of layered perovskites* (Copyright: 2021, Light: Science & Applications). (b) Calculated high-frequency dielectric constant of (BA),(MA)sPb-l5, in
the stacking direction*® (Copyright: 2019, Proceedings of the National Academy of Sciences of the United States of America). (c) Relationship
between the effective high-frequency dielectric constant and n value*® (Copyright: 2019, Proceedings of the National Academy of Sciences of
the United States of America). (d) Absorption and (e) PL spectra of BA;MA,,_1Pb,l3,41 (n = 1-5)*8 (Copyright: 2020, Nature Communications); (f)
temperature dependent PL of (BA),MA4Pbslg (ref. 51) (Copyright: 2019, The Journal of Physical Chemistry Letters). (g) Q-Plus non-contact AFM
image at room temperature of (BA)2MAzPbylis (scale bar: 1 nm)*” (Copyright: 2018, Nature Materials). (h) Schematic surface structure after
relaxation.®* (i) Atomic-resolution STM image of (BA),MAzPb,l;3 (scale bar: 2 nm) and (j) relative simulated charge density plot>* (Copyright: 2022,

Nature Communications).

2.3 Surface state

The material surface generally possesses distinct properties
compared with the bulk regions. To study the surface states
without the effect from the bulk states, Leng et al.'” employed
monolayer crystals obtained by mechanical exfoliation. The
surface of the exfoliated perovskite (BA),MA;Pb,l,; is initially
a well-ordered periodic square lattice with minimal density of
holes and defects, according to the high-resolution atomic force
microscopy (AFM) characterization'” (Fig. 2g). Upon heating,
the organic cation at the surface will reorient, which will have
a direct impact on the PL emission. This impact weakens with
the increase of the n value.

Apart from high-resolution AFM, scanning tunnelling
microscopy (STM) is another tool to directly visualize the
surface states. Shao et al.>® proposed a model based on mono-
layer (BA),MA;Pb,I,; perovskites, suggesting that the stronger
out-of-plane tilt of adjacent Pb-I octahedra toward each other
will naturally push their apical I atoms closer, forming a “dimer-
like” structure eventually (Fig. 2h). The obtained STM image of
(BA),MA;Pb,I,; (Fig. 2i) demonstrated a clear dimer structure
corresponding to the iodine atom at the top, which is further
verified by the simulated charge density image® (Fig. 2j).

This journal is © The Royal Society of Chemistry 2022

2.4 Transport behaviours

With strongly bound excitons and tunable band structures,
quasi-2D perovskites are ideal candidates for optoelectronic
applications, where exciton transport and annihilation are two
key processes. Deng et al.*®* employed transient absorption
microscopy to quantify the n-dependent exciton diffusion and
annihilation in perovskites with different n values, revealing the
key role of electron-hole interaction and dielectric screening.
For BA,MA,,_Pb,I;,.1, the exciton diffusion constant increases
as the quantum well becomes thicker, ranging from 0.06 to 0.34
em?® s, resulting in exciton diffusion in the hundreds of
nanometre range*® (Fig. 3a). With increasing n value, the rate of
exciton annihilation decreases*® (Fig. 3b). The combination of
long exciton transport distance and slow annihilation rate
highlights the unique properties of 2D perovskites as exciton-
like optoelectronic materials. In addition, the exciton annihi-
lation rate in 2D halide perovskites is orders of magnitude lower
than that of monolayer transition metal dichalcogenides.**
Due to the layered structure, the electronic properties of
quasi-2D halide perovskites are anisotropic. Using the space
charge current limiting approach, Wang et al.> investigated the
in-plane and out-of-plane charge transport properties of

J. Mater. Chem. A, 2022, 10, 19169-19183 | 19171
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Fig. 3 Carrier behaviour in 2D perovskites. (a) Diffusion constant, (b) annihilation rate*® (Copyright: 2020, Nature Communications), (c) mobility
and (d) conductance® (Copyright: 2018, ACS Nano) as a function of n value in the (BA),MA,,_1Pb,l3,,,1 series. Comparison of the impact of (e) the
n value and (f) ligands on the halogen diffusion constant. Left, Fickian diffusion coefficients; middle, non-Fickian diffusion coefficients; right,
diffusion coefficients by KMC simulation®® (Copyright: 2021, Nature Nanotechnology).

BA,MA,,_1Pb,I3,.;. The in-plane properties were studied by
vapor-plating two electrodes on one side while the out-of-plane
properties were studied by vapor-plating two electrodes on
opposite sides. Both the carrier mobility and electrical
conductivity increase in both in-plane and out-of-plane direc-
tions as the n value increases. Because of the organic barriers
and van der Waals interaction along the out-of-plane direction,
the in-plane carrier mobility and electrical conductivity are
always higher than those along the out-of-plane direction
(Fig. 3c and d). However, the discrepancies between these
properties along the two directions decrease as the n value
increases, indicating the reduced anisotropy for high-n quasi-
2D halide perovskites.*®

In addition to the motion of charge carriers, the organic
ligands and 7 value in the 2D halide perovskites also have
a significant impact on the ion motion within the soft lattice.
For instance, by assembling vertical heterostructures between
different 2D halide perovskites, Akriti et al.>***” investigated the
influence of the n value and ligands on anionic diffusion. The
vertical heterostructures are made up of a top iodide perovskite
and bottom bromide perovskite. Upon varying the n value of the
top BA,MA,,_Pb,l;,.; from 1 to 5, the anionic diffusion coef-
ficient increases gradually according to three different inde-
pendent diffusion models, suggesting faster halide migration in
higher n perovskites (Fig. 3e). When it comes to the effect of
organic cations, it was discovered that bulkier m-conjugated
ligands like bithiophenylethylammonium (2T) are more effec-
tive in preventing halide diffusion than benzene-based -
conjugated systems or short-chain aliphatic ligands, implying
that molecular engineering and dimensional engineering could
be helpful to effectively suppress anionic diffusion (Fig. 3f).

19172 | J Mater. Chem. A, 2022, 10, 19169-19183

3. Synthetic strategies

Quasi-2D perovskites can be synthesized in different forms. In
this section, we will summarize the synthesis methodologies for
quasi-2D perovskite single crystals, nanosheets and thin films,
and discuss the existing challenges in crystal synthesis.

3.1 Bulk single crystals

Quasi-2D halide perovskite single crystals are essential to
determine their crystal structure and investigate their intrinsic
properties due to their low density of defects and impurities. To
synthesize phase-pure quasi-2D halide perovskite single crystals
with precise control of the n value, a deep understanding of 2D
halide perovskite single crystals as well as their growth mech-
anism is of great significance.

To grow quasi-2D halide perovskite single crystals, various
techniques have been developed. The slow-cooling method
(Fig. 4a) is one of the widely utilized strategies, in which the
precursors are first added to the solvent (typically mixed acids
containing hydroiodic/hydrobromic acid and hypophosphorous
acid). After that, the solution will be heated to dissolve the
precursors until it becomes clear. In the process of cooling, the
supersaturation of the halide perovskites in the solution causes
the nucleation of the desired phase. The final quasi-2D halide
perovskite bulk crystals will be collected until the solution
reaches room temperature. Using this method, BA,MA,,_;Pb,-
I3n41 (1 = 1-4)°® were synthesized with centimeter size, followed
by the n = 5 (ref. 59), 6 and 7 (ref. 46 and 60) counterparts
(Fig. 4b).

Additional methods for synthesis of quasi-2D halide perov-
skite bulk crystals include anti-solvent diffusion,®® slow

This journal is © The Royal Society of Chemistry 2022
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Fig.4 Growing methods of bulk single crystals. (a) Schematics of the slow-cooling method. (b) Crystal structure of BA,MA,,_1Pb,l3,41 (n = 1-7)%
(Copyright: 2019, Proceedings of the National Academy of Sciences of the United States of America). (c) Schematics of the anti-solvent diffusion
method. (d) Optical images of BA,Pbl,, BA,MAPD,l7, BA;MA,Pbslig and BA;MAzPbylis bulk crystals and corresponding AFM images (scale bars: 4

um)¥” (Copyright: 2018, Nature Materials).

evaporation,®’” temperature-gradient-controlled’”> and space-
confined methods.* For example, Cinquino et al.®® applied an
anti-solvent crystallization method (Fig. 4c) and successfully
synthesized DA,MAPD,I, single crystals by adopting y-butyr-
olactone as the solvent and diethyl ether as the anti-solvent.
Raghavan et al® applied a slow evaporation strategy under
constant-temperature conditions to grow millimeter-scale BA,-
MA,,_1Pb,I3,., (n = 1-3) single crystals. Wang et al.”® employed
a method that combined a slow-cooling method and chemical
vapor deposition (CVD) method and successfully synthesized
bulk crystal heterostructures both laterally and vertically with
different n values. A summary of representative as-synthesized
bulk 2D halide perovskite single crystals from different
methods is presented in Table 1.

Even though quasi-2D halide perovskite bulk single crystals
with determined n values from 1-7 have already been experi-
mentally synthesized, it is still very challenging to get phase-
pure quasi-2D halide perovskite crystals with a high n value
once the composition is changed, such as using a different
halide anion or rigid bulky organic ligand. For the as-existing
methods, the common strategy to control the n purity is to
adjust the molar ratio of different precursors, which is quite
tricky and requires a lot of trial and error. And the molar ratio
between different ions in the final recipe is far from the stoi-
chiometric ratio of the desired phase.

Based on the quasi-2D halide perovskite bulk single crystals,
mechanical exfoliation could be applied to reduce the thickness
of the layered structure and obtain few-layer even monolayer

This journal is © The Royal Society of Chemistry 2022

crystals, providing a platform to investigate the surface prop-
erties. By mechanical exfoliation, Leng et al.'” obtained BA,-
MA,_1Pb,I5,.1 (7 = 1-4) monolayer crystals (Fig. 4d) and found
reversible order-disorder surface transition of perovskites
under laser annealing.

3.2 Nanosheets

Quasi-2D halide perovskite nanosheets are another widely
investigated crystal form. Herein, the thin nanosheets mainly
refer to single crystals with well-defined geometry and thickness
within 100 nm that are prepared by direct synthesis. Without
grain boundaries, nanosheets are also essential platforms to
investigate their electronic and optoelectronic properties.
Similar to exfoliated thin crystals, the thickness of nanosheets
can be reduced to as thin as a monolayer. However, nanosheets
generally possess the superiority of being able to precisely
control their shape, size, and thickness through growth condi-
tions, and the direct synthetic strategy also facilitates the
preparation and further study of thin pure-2D and quasi-2D
halide perovskites with strong van der Waals interaction (like
strong -7 stacking between layers).

The direct solution synthesis of 2D halide perovskite nano-
sheets was first reported by Dou et al.”® The basic synthetic
procedure is depicted in Fig. 5a. Precursors are dissolved in
a mixture of anhydrous dimethylformamide, acetonitrile and
chlorobenzene. Then a diluted drop of precursor solution was
dropped on preheated substrates. After the evaporation of
solvent, atomically thin (BA),PbBr, nanosheets can be obtained.

J. Mater. Chem. A, 2022, 10, 19169-19183 | 19173
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Table 1 2D perovskite bulk single crystals and their synthesis method
Composition n value Growth methods Ref.
BA,MA,,_,Pb, 13,1 1,2 Cooling method 61

2 Cooling method 62

1,2,3 Slow evaporation method 63

3 Space-confined method 64

1,2,3,4 Cooling method 17, 55 and 58

2,3,4 Cooling method 65

1,2,3,4,5 Cooling method 66

5 Cooling method 59

6,7 Cooling method 46
BA,(GA),,_1Pb,I3,41 2 Cooling method 62
BA,(DMA),,_1Pb, I3, 2 Cooling method 62
(CsH;1NH;),MA,, 1Pb, I3, 2 Cooling method 65 and 67
(CeH13NH;),MA,,_1Pb, 13,1 2 Cooling method 65
(C12H,5NH;3),MA,,_1Pb, I3, 1,2 Anti-solvent diffusion method 68

2,3,4,5 Cooling method 69
PEA,MA,,_,Pb, I3, 1,2 Cooling method 70

1,2,3 Cooling method 71
BA,FA,,_1Pb,I3,1 2 Cooling method 62
BA,(MAFA; ), 1Pb,l3,41 2 Temperature-gradient-controlled method 72
BA,MA,,_,Pb,Brs,1 1,2 Cooling method 70

3 Cooling method 73
BA,FA,_1Pb,Brs,,1 2 Cooling method 74
(CmH2m+1NH3),MA,,_1Pb,Brs,4 (m = 6-8) 2 Cooling method 75
(CH30C;3HgN)Cs,,_1Pb,,Br3,,41 2 Cooling method 76

By replacing the iodine with other halogens in the precursors,
(BA),PbCl, and (BA),Pbl, nanosheets can also be synthesized.
Following a similar method, Gao et al* and Shi et al”
synthesized a series of 2D halide perovskite nanosheets
including  (2T),Pbl, (2T: bithiophenylethylammonium),
(BTm),Pbl, (BTm: 2-(4’-methyl-5'-(7-(3-methylthiophen-2-yl)
benzol[c][1,2,5]thiadiazol-4-y])-[2,2'-bithiophen]-5-yl)ethan-1-

aminium), (4Tm),Pbl, (4Tm: quaterthiophenylethylammo-
nium), etc. using a series of bulky conjugated organic ligands

a precursor

solution solvent

evaporation

- = <

b

(BTm),Pbl,~4Tm),Pbl, (2T),Snl,~2T),Pbl,

;
e

Fig. 5 Synthesis and morphology of perovskite nanosheets. (

(4Tm),Snl,~4Tm),Pbl,

and lead-free (2T),Snl, and (4Tm),Snl,, etc. using different
metal cations. By epitaxially growing one type of 2D halide
perovskite directly along the edge of one pre-synthesized
template thin sheet, the 2D halide perovskite epitaxial hetero-
structure has also been realized with a rich composition
tunability (Fig. 5b).

In order to directly synthesize quasi-2D nanosheets with n >
1, Pan et al.®® established a method which derived from a slow
cooling method for bulk crystal growth. A series of large-area

(HA),(FA)Pb,,

(HA),(MA)Pb, I,

(HA),(MA) Pbyl,s (BA),(MA),Pb,Br,,

a) Schematic illustration of direct synthesis of 2D halide perovskite thin sheets. (b)

Optical and PL images of (BTm),Pbl4-(4Tm),Pbly, (2T),Snl4- (2T)2Pbl4 and (4Tm),Snl4-(4Tm),Pbl, heterostructures” (Copyright: 2020, Nature).
(c) Optical images of HAFAPb,l,, HA,MAPD,l;, HA;MA4Pbsl g and BA;MA,Pb3Brio nanosheets (scale bars: 25 pm)® (Copyright: 2021, Nature

Nanotechnology).
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quasi-2D perovskite nanosheets with tunable compositions and
well-defined shape were obtained (Fig. 5c). By transferring
a small droplet of supernatant precursor solution (for quasi-2D
halide perovskite bulk single crystals) onto a glass substrate,
nucleation and growth of nanosheets happened immediately at
the solution surface. The lateral scale of the as-grown quasi-2D
perovskite nanosheets can reach tens of micrometres and
sometimes even above 100 pm. These large-area and thin quasi-
2D halide perovskite nanosheets were used to assemble a series
of van der Waals heterostructures. Based on these hetero-
structures, the carrier diffusion across the interface was
studied, implying that carriers would transfer from a lower n
phase to a higher n phase due to the type-I band alignment.

In addition to the above solution-processing strategies,* the
chemical vapor deposition (CVD) method, which is a conven-
tional way to obtain ultrathin 2D materials like transition metal
dichalcogenides and graphene, offers another alternative. Chen
et al.® successfully transformed pure-2D BA,PbBr, (7 = 1) into
quasi-2D BA,MA,, ,Pb,Br3,,; (7 > 1) crystals through a CVD
process. During this process, however, the MA cations are
intercalated inside the perovskite lattice, introducing a very
high density of lattice defects.

3.3 Thin films

Compared with bulk single crystals and nanosheets, quasi-2D
halide perovskite thin films are most extensively utilized in
electronic and optoelectronic devices. This is because of their
ease in fabricating large-area, thickness-controllable thin film,
which is compatible with the fabrication process of thin-film
solar cells, LEDs and transistors.

To make quasi-2D halide perovskite thin films, spin-coating
and blade-coating processes are two common routes, as shown
schematically in Fig. 6a and b. Distinct from single crystals and
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nanosheets, the phases in thin films are more complicated due
to their polycrystalline nature. One thing that needs to be noted
is that quasi-2D halide perovskite thin films consist of mixed 2D
perovskite phases with different n values. The claimed n value of
quasi-2D halide perovskite thin films in the reported literature
always denotes the dominating » value or is determined by the
stoichiometry of the added precursors. As shown in Fig. 6c, the
absorption spectra of thin films possess multiple peaks
compared with those of exfoliated single crystals. For example,
the absorption spectra of (BA),MA,Pb;I,, (n = 3) thin films
exhibit an excitonic absorption peak at around 2.15 eV for n =2
perovskite and an excitonic absorption peak at around 2.05 eV
for n = 3 perovskite (Fig. 6¢). Furthermore, the PL emission
spectra of n = 3, 4, 5 thin films are very close, and all the peak
positions apparently deviate from their corresponding intrinsic
PL emissions determined from the single crystals® (Fig. 6d).
The full width at half maximum (FWHM) of PL peaks of thin
films is also substantially broader than that of exfoliated single
crystals. All of this indicates a rise in defects and poor phase
purity in thin films.

The multi-phase feature in thin films is further confirmed by
ultrafast spectroscopy, based on which the carrier transfer
between phases is studied. In (PEA),MA,Pbsl;, (n = 3) thin
films, four distinct PL peaks corresponding to n =2, 3,4 and 5
were observed in time-resolved PL measurements once the film
was excited. Only PL emission of the smallest bandgap phase
remained after about 500 ps.** The carriers will transfer from
a low n phase to the highest n phase because of the different
bandgaps and type-I band alignment, called the energy
funnelling effect® (Fig. 6e). Along the out-of-plane direction,
Zheng et al.*® proposed a distribution model for different pha-
ses within the quasi-2D halide perovskite thin films. The phases
with lower n values were sandwiched by phases with higher n,
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facilitating carrier transport in the out-of-plane direction and
making charge collection by the corresponding electrodes more
efficient.

The above-mentioned energy funnelling effect indicates that
the charges could be efficiently transferred between quasi-2D
halide perovskites with different n values, highlighting the
prospect of using quasi-2D halide perovskite materials as active
semiconductors for next-generation optoelectronic devices.
However, better phase purity quasi-2D halide perovskite thin
films are required in order to gain thorough knowledge of the
property-structure relationship. Therefore, plenty of research
has been focused on synthesizing thin films with a narrow
phase distribution and even pure phase via composition or
solvent engineering. Liang et al.*” spin-coated a series of BA,-
MA,,_1Pb,I3,., thin films with different n values. They discov-
ered that thin films with a nearly pure-phase could be achieved
by substituting n-butylamine acetate (BAAc) for n-butylamine
iodide (BAI). The XRD patterns of BAAc-based thin films are
shown in Fig. 6f. In BAAc-based thin films, clear 2D crystallo-
graphic characteristic peaks can be observed, which contrasts
sharply with BAI-based thin films. BAI-based thin films with n >
1 have several peaks in their PL spectra, indicating multiple
phases with varied n values, while in BAAc-based thin films,
nearly single peak emission can be achieved, suggesting
improved purity, though the FWHM of PL peaks are sort of
broad and there are some shoulders in PL spectra (Fig. 6g).

3.4 Quantum dots

Quantum dots are considered ideal candidates for display
technologies due to their tuneable light emission and high PL
quantum yield. The synthesis of halide perovskite quantum
dots with quantum confinement similar to RP-phase quasi-2D
perovskites is mainly implemented via one-pot synthesis®*°
and top-down synthesis.*®* In one-pot synthesis, the precursors
dissolved in organic solvent are heated and stirred in round-
bottom flasks. Oleic acid and oleylamine are commonly used
in this method to confine the size of products. Then the prod-
ucts will be centrifuged and redispersed to obtain perovskite
quantum dots in solution. By adjusting the molar ratio of
precursors, quantum dots with different n values can be ach-
ieved. As for top-down synthesis, perovskite quantum dots can
be prepared by sonication of as-synthesized bulk single crystals.
Compared with bulk crystals, the PL peak of quantum dots will
blue-shift sightly because of the size effect, further enlarging the
emitting range of quasi-2D perovskites.

3.5 Challenges

With the increase of the n value, the successful synthesis of
highly pure quasi-2D halide perovskites becomes increasingly
challenging, which is probably related to the crystal growth
thermodynamics. Soe et al.*® reported that the formation
enthalpy is positive when 7 > 5 in the BA,MA,,_1Pb,I3,., series.
The components with lower n values are more favored since
they are thermodynamically stable. What's more, with higher n
values, the difference in formation energy between different
quasi-2D halide perovskites becomes minor, making it difficult
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to separate the specified phase. In this case, the impact from the
kinetics becomes outstanding, like the precise control of crystal
growth conditions (mainly supersaturation). To prepare higher
n perovskites, a suitable catalyst may be required to lower the
activation energy of the desired high n perovskites and alter the
reaction pathway.

4. Application

Due to their superior optoelectronic capabilities, outstanding
stability, and tunability, quasi-2D halide perovskites are widely
employed in light-emitting diodes, solar cells, lasers, photode-
tectors, and other applications. In this section, we will review
the application progress and highlight the challenge of quasi-
2D halide perovskites for optoelectronic devices.

4.1 Light-emitting diodes

2D perovskites have high photoluminescence quantum yield
(PLQY) and the colour of PL emission can be tuned facilely by
altering the composition or n value. As a result, 2D halide
perovskites can achieve a wide colour range of light emission*
(Fig. 7a). Additionally, the relatively narrow FWHM of the
emitting peak enables high colour purity. Therefore, 2D halide
perovskites are considered the promising candidate for high-
performance light-emitting diodes. By integrating red, blue
and green LEDs, white electroluminescence (EL) emission can
be achieved®* (Fig. 7b).

Compared with quasi-2D and 3D halide perovskites, pure-2D
halide perovskites (n = 1) have the strongest quantum
confinement and lowest dielectric screening effect. Therefore,
nonradiative recombination in pure 2D halide perovskites is
lowest because of their large exciton binding energy and short
exciton diffusion length. From the perspective of PLQY (Fig. 7c),
pure 2D halide perovskites have the top priority in the halide
perovskite family.** However, when pure-2D halide perovskites
are applied as the active layer in a LED, the charge transport will
be obstructed at low voltages caused by the large quantity of
insulating organic ligands.”> LEDs based on quasi-2D perov-
skites are supposed to improve this situation.

An early LED based on quasi-2D perovskites in the visible
region was fabricated using PEA,MA,, ;Pb,Brs,., (n = 1-4), and
showed a brightness of 2935 cd m~? and a PLQY of 34%.% Yuan
et al.** extended the emission range to the near-infrared region
using PEA,MA,,_,Pb,l3,.; thin films. They compared the
performance of devices using quasi-2D perovskites as emissive
layers with n = 3, 5, 10, 40 and o, respectively (Fig. 7d). The
device with n = 5 showed the highest external quantum effi-
ciency (EQE) of 8.42% on average. As the n value increased, the
EQE of devices with n > 5 declined. Up to now, the highest EQE
of LEDs based on quasi-2D perovskite is 28.1% using
PEA,Cs,Pbs;Brs.”

4.2 Solar cells

Halide perovskite is one of the promising candidates for next-
generation solar cells. Despite the tremendous progress,
numerous obstacles remain, one of which is the poor stability of
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3D halide perovskites, impeding the commercialization of
halide perovskite solar cells.

One proposed solution to this problem is to replace 3D
perovskites with quasi-2D perovskites. The metal-halide octa-
hedra in quasi-2D perovskites are better protected from mois-
ture and oxygen by hydrophobic organic ligands. The organic
ligands can also diminish metal-halide octahedron distortion
and prevent phase transition, owing to their steric hindrance.
Another advantage of quasi-2D halide perovskites is the ability
to efficiently suppress anionic migration.

Smith et al.®® fabricated solar cells based on quasi-2D
perovskites for the first time using (PEA),MA,Pb;l;, as the
absorption material with a power conversion efficiency (PCE) of
4.73% and open-circuit voltage (Voc) of 1.18 V. These devices
showed much lower PCE but higher Vo compared with their 3D
perovskite counterparts, which results from higher bandgap
originating from the quantum well structure. Quan et al.*®
fabricated 2D perovskite solar cells based on the (PEA),MA,_;-
Pb, I, series with n = 1, 2, 3, 6, 10, 40, 60 and . The impact
of quantum-well thickness (n value) was studied systematically
in their work. As previously stated, the n value here was
confirmed by stoichiometry in the precursors. The short-circuit
current density (Jsc) of devices is shown to increase as n
increases, while the V¢ decreases (Fig. 8a). This can be attrib-
uted to the limited carrier mobility in low-n quasi-2D perov-
skites, where the influence of organic ligands will strongly
hinder the carrier transport. Meanwhile, in quasi-2D perov-
skites with high n, the strength of the binding energy is rela-
tively weak, resulting in better carrier transport. Low carrier
mobility would cause carrier accumulation, leading to high V¢
but low Jsc. The PCE showed a positive correlation with n

This journal is © The Royal Society of Chemistry 2022

(Fig. 8b). The PCE of those with n > 40 was almost twice that
with n = 6. The bandgap of quasi-2D perovskites become nar-
rower with the increase of n. In quasi-2D perovskites with low 7,
the wide bandgap would lead to insufficient absorption of the
solar spectrum especially in the near-infrared range. In
a stability test, devices based on 2D perovskites with low n
showed less degradation after 1440 hours because of the strong
protection from the organic ligands (Fig. 8c). On the other hand,
the performance for low 7 was still lower than for n = 40 due to
the poor initial performance.

The performance of the quasi-2D perovskite solar cells is also
related to the orientation of the grains. Compared with the in-
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Fig. 8 n-Dependence of quasi-2D halide perovskite solar cell
performance. (a) J-V curves of solar cells based on PEA,MA,, _1Pb, 13,41
(n =5, 10, 20, 30, 40, 60 and «). (b) Power conversion efficiency and
(c) stability versus n.¢ (Copyright: 2016, Journal of the American
Chemical Society).
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plane direction, the conductivity will have a sharp decrease in
the out-of-plane direction because of the dielectric organic
ligands. In layer-by-layer devices like LEDs and solar cells, this
problem will block the carrier transfer in the out-of-plane
direction, leading to low performance of devices. One strategy
is to alter the crystallographic orientation to make the grains
grow vertically. In this way, charge transport and mobility in the
out-of-plane direction will be significantly enhanced, resulting
in much improved Jsc and fill factor.”” Previous reports showed
that the perpendicular heterogeneous nucleation occurring at
the liquid-air interface is the origin of vertical orientation.®®
During the crystal growth process, a low supersaturation
condition is required to maintain continuous crystal growth
along the vertical direction without any other nucleation.” In
devices fabrication, the adjustment of supersaturation can be
achieved by controlling the rate of solvent evaporation, and
more specifically, by controlling the additive type'*®*** and
quantity,’” solvent ratio,'***'** and substrate preheating
temperature.®”’

As previously discussed in thin films, there are various co-
existing phases with different n values and the proposed
energy funnelling effect plays an important role in highly effi-
cient carrier transport, making it difficult to specify the contri-
butions from each phase or other interplay factors such as the
energy funnelling effect. In addition, the film-forming condi-
tions have an impact on the dominating n value, therefore the
same recipe may correlate with different dominating » values in
the final film. To achieve solar cells with near-limit PCE, further
understanding of the relationship between the n value and
photovoltaic properties is essential. To this end, developing new
techniques to precisely control the n value within the quasi-2D
halide perovskite thin films is of great significance.
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4.3 Laser

In addition to LEDs and solar cells, quasi-2D halide perovskites
are also promising gain materials for low-threshold continuous
wave lasers.

In quasi-2D perovskite thin films, amplified spontaneous
emission (ASE), necessary for lasing, can be observed. It was
reported that (NMA),FAPb,Br,I, , thin film showed an ultralow
ASE threshold less than 20.0 + 2 pJ cm™?, with outstanding
optical stability (more than 32 hours).*” Using the same organic
ligand, room-temperature continuous-wave lasing was achieved
by Qin et al.'®* Compared with (PEA),FA,PbgBr,s, (NMA),FA,-
PbgBr,5 thin film showed superior optical stability, which was
attributed to the lower triplet exciton energy in the NMA-based
perovskite (Fig. 9a). They demonstrated that annihilation of
singlet-triplet excitons induced by long-lived triplet excitons
reduces the quantity of photons, preventing population inver-
sion. By employing distributed-feedback cavity and triplet
management, room-temperature continuous-wave lasing was
realized both in PEA-based and NMA-based perovskite thin
films. Recent reports indicate that the lasing behaviour in thin
films is primarily due to the energy funnelling effect.'*8>15-108
Zhai et al'® studied the impact from phase segregation in
PEA,Cs,Pb;Br, thin films and found that the lasing phenom-
enon only happened in the multi-phase region, with a threshold
of ~500 puJ cm 2. Apart from thin films, lasing was also observed
in quasi-2D perovskite polycrystalline nanowires and rings.'***

As opposed to multi-phase materials, lasing is also observed
in pure-phase single crystals. Recent discoveries suggest that
quasi-2D perovskite single crystals are a superior alternative to
elucidate the fundamental physical mechanisms and realize
ultralow threshold lasers. Raghavan et al.®® reported millimetre-
sized (BA),(MA),_1Pb,l3,+1 (n = 1, 2, 3) single crystals with

560 600 640 680
Wavelength (nm)

» ©

Normalized Intensity (a.u.)

n=1
n=2
n=3

Py, (1J cm?)

0 510 540

Bo

S70 600 630 60 80 120 160 200 240
Wavelength (nm)

Temperature (K)

Fig.9 Lasers based on quasi-2D halide perovskites. (a) Chemical structure and triplet energy transport of PEA-based and NMA-based quasi-2D
perovskites®® (Copyright: 2020, Nature). (b) The bottom surface of a millimetre-sized (BA),Pbl, single crystal®® (Copyright: 2018, Nano Letters). (c)
Lasing with different wavelengths in (BA)>(MA),,_1Pb,ls,.1 quasi-2D perovskites® (Copyright: 2018, Nano Letters). (d) Lasing spectra of exfoliated
(BA)2(MA),,_1Pb,l3,41 single crystals at 77 K (ref. 109) (Copyright: 2019, Advanced Materials). (e) Temperature dependence of lasing thresholds of
exfoliated (BA),(MA),_1Pb,ls,1 single crystalst®® (Copyright: 2019, Advanced Materials).
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a quite low lasing threshold ranging from 2.85 to 3.21 pJ cm™>
(Fig. 9b and c). Such low lasing thresholds result from the
stepped-pyramidal morphology and the large refractive index
difference between air and perovskite.

Subsequently, to explore the quasi-2D perovskites' applica-
tions in low-power consumption and chip-level coherent light
sources for optoelectronic applications and better understand
the microlasing in homologous quasi-2D perovskites, Liang
et al.' studied the ASE and lasing behaviours of mechanically
exfoliated (BA),(MA),,_41Pb,I5,., thin crystals. Unlike the situa-
tion in uniform bulk single-crystals discussed above, the ASE
phenomenon was only observed in the perovskites with n = 3, 4
and 5 (Fig. 9d). As shown in Fig. 9e, the increase of the n value
resulted in the decrease of the lasing threshold, both in pump
laser intensity and temperature. The underlying mechanism of
this trend may lie in the enhanced Auger recombination and
stronger exciton-phonon interaction in the lower n phase,
which extensively constrained the optical gain in 2D
perovskites.

According to the discussion above, high-n value and high-
quality quasi-2D perovskite single crystals exhibit huge poten-
tial as a candidate for highly stable lasers with ultralow
threshold and ultra-narrow lasing FWHM.

4.4 Photodetectors

Quasi-2D perovskites also show fascinating performance in
photodetectors with high photoresponsivity, detectivity and
response rate. To fabricate high-performance photodetectors,
the coexistence of high responsivity, detectivity and response
rate is essential. However, there is a dilemma that high photo-
current necessitates highly crystalline materials with effective
conductivity, but dark current suppression necessitates a large
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number of defects to prevent thermally excited carriers from
being transported.

To confront this challenge, Feng et al.*® took advantage of the
anisotropy and unique low-energy edge states of quasi-2D
perovskites to selectively suppress the dark current. They
fabricated nanowire-based photodetectors (Fig. 10a) using
BA,MA,,_1Pb,I3,.; (n = 2-5), and controlled the crystal orien-
tation to make the wire length perpendicular to the perovskite
layers and the spatially confined height and width parallel to the
perovskite layer. Under illumination, the tightly bound excitons
generated at the bulk nanowires will transfer to and dissociate
efficiently in trace amounts of exposed layer edges, enabling
photocarriers to be generated at the bulk nanowires but
conduct at the edges. Furthermore, as a result of the unidirec-
tional flow from the bulk to the surface, the photocarriers will
directly establish contact with the top-contact electrodes
(Fig. 10b). In this way, it is possible to achieve both a high
resistance for dark current suppression and a high-
photoconductivity channel. In addition, the impact of the n
value on photodetector performance was examined in their
research. From n = 2 to n = 4, the dark currents show a slight
increase while the photocurrents significantly improve (Fig. 10c
and d). Compared with quasi-2D crystals (n = 2), the superior
photocurrent and responsivity of the higher n perovskite
photodetector may originate from efficient exciton dissociation,
carrier conduction and charge injection at crystallite edges. The
best-performing devices (n = 4) show high responsivities of 1.5
x 10* AW, detectivities of 7 x 10" Jones and response time
of 25 us. The slight drop of performance in n = 5 devices
compared with n = 4 devices may be caused by less suppression
of dark current from fewer organic barriers and higher defect
density.
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Meanwhile, the same n-dependent performance can be seen
in photodetectors with exfoliated crystals (Fig. 10e and f), which
also show ultrasensitive detectivity.'”»*>7

5. Conclusions and perspectives

In summary, pure-2D perovskites possess better stability, and
larger exciton binding energy and bandgap, while 3D perov-
skites possess higher carrier mobility, longer carrier lifetime
and smaller bandgap. From the perspective of crystal structure,
quasi-2D halide perovskites can be viewed as the hetero-
structures stacked by repeated pure-2D and 3D halide perov-
skites. Compared with their pure-2D and 3D counterparts,
quasi-2D perovskites provide a compromise in properties and
a possibility for diverse high-performance applications (such as
LEDs, solar cells, etc.) and could potentially integrate the merits
from both pure-2D and 3D halide perovskites.

On the other hand, from the perspective of materials science,
the biggest challenge for the quasi-2D halide perovskite area is
how to precisely control the n value in the single-crystal or
polycrystalline material forms, and how to establish the rela-
tionship between the optoelectronic/electronic/ferroelectric
properties and the specific structural parameters, such as n
value, A-site cations and L-site organic ligands, etc. Because of
the growth thermodynamics, the synthesis of high n 2D perov-
skites with high phase purity is quite tricky and challenging. In
addition, tin (Sn)-based perovskites possess a smaller bandgap
and higher carrier mobility compared with their Pb-based
counterparts. However, in Sn-based perovskites, the Sn** will
be easily oxidized into Sn*', causing the destruction of perov-
skite structure and degradation of corresponding devices,
which causes difficulties in the fundamental and application
studies of Sn-based quasi-2D halide perovskites.

Based on the current research progress, we propose the
following synthetic strategies for achieving high-purity quasi-2D
Pb-based and Sn-based halide perovskite crystals:

1. Composition engineering via organic ligand selection and
incorporation. Previous efforts suggest that the ligands will
affect the preferred distribution of n value. Conjugated organic
ligands with strong van der Waals interaction with their organic
neighbours may be helpful to stabilize higher n structure. In
addition, as the bulky organic ligands can improve the envi-
ronmental stability of halide perovskites and suppress the
anionic migration, the high-throughput selection and incor-
poration of appropriate bulky organic ligands into quasi-2D
halide perovskite lattices may bring new opportunities to
control the n value and stabilize sensitive perovskites such as
Sn-based quasi-2D halide perovskites.

2. Mechanochemistry. In mechanochemistry, the reaction
energy is provided by mechanical force. This method can avoid
the use of solvent and provide a relatively pure reaction envi-
ronment. Compared with the solution method, effects from
solvent can be avoided, hence providing a possible approach to
synthesize high-n quasi-2D halide perovskites with high phase
purity.

3. Catalysts. Though n > 5 quasi-2D perovskites are not as
thermodynamically stable as pure-2D and n < 5 quasi-2D
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perovskites, effective catalysts may alter the dynamic process,
allowing highly selective synthesis and precise control of the n
value.

Based on the excellent properties and unique structure of
high-purity quasi-2D halide perovskites, additional applications
could be envisioned beyond the optoelectronic applications dis-
cussed above. For example, the non-centrosymmetry induced by
the organic ligands in pure-2D and quasi-2D halide perovskites
will lead to the in-plane ferroelectricity within these materials.
And there is discussion and assumption that the dipoles inside
the halide perovskites brought by ferroelectrics could make the
carrier separation more efficient, which might be one of the
physical origins to justify the excellent photovoltaic performance
of halide perovskite solar cells.""***¢ Thus, a great variety of quasi-
2D halide perovskites with tunable band structures provide
a material platform to study the photovoltaic-ferroelectric
correlation. Based on this, solar cells with higher efficiency might
be achieved. In addition, as discussed above, Sn-based halide
perovskites have lower bandgap and higher carrier mobility.
Developing a high-purity quasi-2D halide perovskite with
different n values and improved stability will provide more
materials as candidates to develop high-performance Sn-based
perovskite transistors and even ferroelectric transistors.
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