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Recently, two-dimensional (2D) Ruddlesden–Popper perovskites have attracted extensive attention in the

research society owing to their unique organic and inorganic layered structure induced superb stability.

However, the quantum confinement effect and dielectric confinement effect caused by the layered

structure of 2D perovskites limit the carrier transport and further hinder performance improvement of

2D perovskite optoelectronic devices. To resolve this problem, we have adjusted carrier density and

carrier lateral transport in 2D perovskites by a layer optimization strategy. A series of 2D perovskite

PEA2MA(n�1)PbnI3n+1 single crystals with varying layers (n ¼ 1–5) have been synthesized by an in situ

reverse temperature crystallization procedure, and ultra-high efficiency lateral structured photodetectors

have been achieved. When n is 4, the photodetector shows the highest responsivity of 3077 A W�1

which is over 20 times higher than previous reports. A record external quantum efficiency of 7.2 � 106%

is also achieved. The density functional theory calculations also confirm that directional migration of

perovskite carriers is optimal when the layer number of the 2D perovskite PEA2MA(n�1)PbnI3n+1 is 4. This

research shows that the layer number n is a key parameter in tuning the carrier density and lateral

transport properties of the 2D PEA2MA(n�1)PbnI3n+1 perovskite, and a balance between these two

parameters can be achieved when n is 4. This work is instructive for the fabrication of high-performance

2D perovskite optoelectronic devices.
Introduction

By virtue of their excellent optical and electrical properties
including high absorption coefficients,1 direct bandgaps,2 long
carrier diffusion lengths,3 and high carrier mobilities,4 organic–
inorganic hybrid perovskites have emerged in a variety of
research elds such as solar cells,5–7 photodetectors,8,9 light-
emitting diodes (LEDs)10 and eld effect transistors (FETs).11

However, the conventional three-dimensional (3D) perovskite
optoelectronic devices are sensitive to water and oxygen, which
presents a stability challenge to their basic and applied
research. 2D perovskites have shown outstanding stability in an
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atmospheric environment due to their unique lattice structure
where the organic and inorganic components are arranged in
a layered manner, which greatly broaden their application
prospects. At the same time, the quantum connement effect
and dielectric connement effect in 2D perovskites widen the
bandgap and conne the vertical transport of carriers, which
limits the realization of high-performance optoelectronic
devices.12,13

Combining the advantages of 2D and 3D perovskites, quasi-
2D perovskites have remarkable potential to fabricate various
optoelectronic devices.14 2D perovskites can be described by the
formula A2A0

n�1BnX3n+1, where A represents relatively large
organic monovalent cations (e.g., phenethylammonium (PEA+)
and butylammonium (BA+)), A0 represents monovalent cations
(e.g., methylammonium (MA+) and formamidinium (FA+)). B is
a divalent ion such as Ge2+, Sn2+, or Pb2+, anion X is a halide and
n represents the layer number of inorganic layers between two
organic layers which is closely related to the material's quantum
connement effect and dielectric connement effect.15 Under
normal conditions, when n is 1, the structure is generally known
as pure 2D perovskite, and when n is 2–5, it is considered quasi-
2D perovskite. In this paper, they are collectively called 2D
perovskites in the following. The specic layer-by-layer structure
This journal is © The Royal Society of Chemistry 2022
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of 2D perovskites has stimulated increasing research in
photodetectors. For example, it was reported that adding DMSO
to the precursor can improve the lm properties and enhance
the performance of the detectors.16 Ammonium salts can also
regulate the phase purity of 2D lms.17 However, how to regulate
carrier density and directional transport is still less
investigated.

Herein, we analyzed the carrier density and lateral transport
properties of 2D perovskites. Considering that the reported 2D
perovskite devices are normally based on polycrystalline thin
lms whose grain boundaries drastically limit the transport of
carriers,18 a layer optimization strategy has been designed and
a series of 2D perovskite PEA2MA(n�1)PbnI3n+1 single crystals
with varying layers (n ¼ 1–5) have been synthesized by an in situ
reverse temperature crystallization procedure. The space-charge
limited current (SCLC) tests show that the 2D single crystal
perovskite has the highest lateral carrier mobility of 5.62� 10�2

cm2 V�1 s�1 when n is 4. The density functional theory (DFT)
calculations conrmed that the most favorable condition for
carrier transport appears when n ¼ 4. Then lateral structure
photodetectors based on single crystals with different layers are
fabricated, which show the championship performance when n
is 4. We nd that a balance appears between the carrier density
and carrier lateral transport when n is 4, which is of great
signicance for deepening the understanding of the working
mechanism of 2D perovskites and broadening the application
Fig. 1 (a) Schematic diagrams of the lattice of PEA2MAn�1PbnI3n+1 (from l
density and directional transport for different layer numbers. (c) The optic
n ¼ 1–5). (d) Pseudo color plots of the PEA2MAn�1PbnI3n+1 single crystal

This journal is © The Royal Society of Chemistry 2022
prospects of 2D perovskites in high-performance optoelectronic
devices.
Results and discussion

Fig. 1(a) presents the schematic diagram of the lattice of
PEA2MAn�1PbnI3n+1 (n ¼ 1–5) perovskites. The lead-iodine
hexahedra are separated by PEA molecules in the perovskite
single crystals. Fig. 1(b) illustrates the layer-number regulation
effect on carriers in the 2D perovskite. With the increase of the
layer number n, the bandgap of 2D perovskites gradually
decreases, and the carrier density gradually increases. At the
same time, with the increase of the layer number, the organic
layer restriction on the carrier directional transport decreases,
so a balance between the carrier density and the carrier direc-
tional transport under the transverse applied electric eld may
exist, as well as the lateral carrier mobility. To further explore
the optical and electrical properties of materials, PEA2MAn�1-
PbnI3n+1 single crystals with different layer numbers have been
synthesized by an in situ inverse temperature crystallization
method. As shown in Fig. S1,† 5 ml the PEA2MAn�1PbnI3n+1
precursor solution was dropped onto a hydrophobic glass
substrate below 100 �C, which was covered with a hydrophobic
glass as shown in Fig. S2.† Then, we gradually heated it up to
120 �C till single crystals were obtained. The optical images of
PEA2MAn�1PbnI3n+1 single crystals are shown Fig. 1(c), from
eft to right: n¼ 1–5) perovskites. (b) Schematic illustration of the carrier
al images of typical PEA2MAn�1PbnI3n+1 single crystals (from left to right:
s.
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which we can infer that the surface of crystals is smooth and the
edge is regular. When n is 1, crystals tend to be kelly-colored. As
n increases from 2 to 5, the crystal color becomes grey. Laser
confocal microscopy exposes the thickness of crystals with
varying n, as shown in Fig. 1(d). The crystal thickness increases
slightly with the layer number n and stabilizes at 20 mm ulti-
mately. Roughness measurement by optical conjugate micros-
copy shows that the surface roughness of single crystals is in the
range of 20–50 nm, which reects the atness of the crystal
surface. To obtain more detailed 3D topography information,
a 3D pseudo-color contour plot for n ¼ 4 single crystals is pre-
sented in Fig. S3,† where the crystal surface and thickness
distribution are more clearly presented. The energy dispersive
X-ray spectroscopy (EDS) of the crystal was also carried out and
the results are shown in Fig. S4,† in which the four elements
including carbon (C), nitrogen (N), lead (Pb), and iodine(I) are
uniformly distributed, further proving the high-quality of the
crystals. High-quality crystals can effectively reduce the trap
densities and recombination of carriers at defects, and the at
surface helps the perovskite to have better contact with the
electrode.

To understand the inuence of the layer number n on the
perovskite single crystals' structural, optical and electrical
properties, we characterized the 2D perovskite single crystals, as
shown in Fig. 2. The X-ray diffraction (XRD) patterns of all
crystals are demonstrated in Fig. 2(a), from which we can
observe that the crystals exhibit obvious orthorhombic charac-
teristics and it can be observed that the lattice constant grad-
ually increases with the number of layers, especially at the (202)
crystal plane.19 In Fig. 2(b), the photoluminescence (PL) spectra
Fig. 2 (a) XRD patterns of 2D perovskite single crystals. (b) PL spectra of 2
spectra of 2D perovskite single crystals. (d) TRPL spectra of 2D single cry
single crystal devices. (f) The dependence of lateral carrier mobility and

21046 | J. Mater. Chem. A, 2022, 10, 21044–21052
of different perovskites show that the bandgap of 2D perov-
skites decreases as the number of layers increases and gradually
becomes steady when n exceeds 4. All curves are normalized and
excited using a 473 nm laser. When n is 1, 2 and 3, the peaks are
centered at 530 nm, 580 nm and 620 nm, respectively.
Remarkably, the PL peaks reach 743 nm and 778 nm when n is 4
and 5, which are close to 3D perovskite MAPbI3 at 760 nm.20 The
reason for the larger n number 2D perovskite optical bandgap
being slightly narrower than that of 3D perovskites lies in the
unique quantum well structure of the 2D perovskite, which
limits the electron–hole pairs to transport as excitons instead of
free carriers aer absorbing light.21,22 The absorption curves in
Fig. 2(c) coincide with PL curves and present obvious single
crystal absorption peaks. We also measured the PL spectra and
absorption spectra of 2D perovskite polycrystalline lms as
shown in Fig. S5.† For 2D perovskite, the band gap should be
the sum of exciton binding energy and optical band gap.23,24

Several peaks can be observed in both spectra, which indicate
that polycrystalline lms contain multiple components.25

Therefore, single crystals have more advantages than poly-
crystalline lms in component purity. Then we conducted time-
resolved photoluminescence (TRPL) measurements to investi-
gate the carrier lifetimes of all samples, as displayed in Fig. 2(d).
Using the biexponential t, the average lifetime is calculated to
be 0.425 ns, 2.807 ns, 3.789 ns, 6.054 ns and 12.967 ns when n
increases from 1 to 5, respectively. The tting parameter details
are shown in Table S1,† which indicates that the lifetime of the
carrier increases with the layer number n. In order to analyze
the carrier transfer characteristics, the SCLC measurements
were conducted, as shown in Fig. S6.† The dark I–V
D perovskite single crystals with 473 nm laser excitation. (c) Absorption
stals with 473 nm laser excitation. (e) Dark I–V curves of 2D perovskite
surface defect density on the layer number.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 SEM images of the 2D perovskite single crystal surface for (a) n
¼ 1 and (b) n ¼ 4, respectively. HRTEM images of the 2D perovskite
single crystal surface for (c) n ¼ 1 and (d) n ¼ 4, respectively. The
embedded images are the fast fourier transform (FFT) of the selected
area.
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characteristics for n ¼ 2, 3, 4 and 5 demonstrate the mobility of
all samples, as shown in Fig. 2(e). As the injected charge carrier
primarily actuates the SCLC region current, the carrier mobility
is driven by:26

I ¼ 2m303d

p

�
V 2

l2

�
(1)

Here, m is the carrier mobility, 30 is the vacuum permittivity, 3
is the relative dielectric constant of the perovskite,27,28 and d and
l are the channel width and length between the Au electrodes,
respectively. The carrier mobilities for different perovskite
layers from 2 to 5 are calculated to be 4.59 � 10�3 cm2 V�1 s�1,
8.23 � 10�3 cm2 V�1 s�1, 3.61 � 10�2 cm2 V�1 s�1 and 8.56 �
10�3 cm2 V�1 s�1, respectively. The champion mobility appears
when n is 4. As the n increases, the bandgap of 2D perovskites
gradually decreases, thereby enhancing the light absorption
and increasing the carrier density. In contrast, the weakening of
the quantum connement effect weakens the connement of
the direction of carrier migration. We thus believe that
a balance exists between the carrier density and the quantum
connement effect that limits the directional movement of
carriers.29–32 To further verify this, PLmapping tests were carried
out in all ve types of perovskites, as displayed in Fig. S7.† All
perovskites emit uniform PL with varying intensity. When n is 1
and 2, strong green PL can be observed. When n is greater than
2, it shows weak red PL and the PL intensity decreases signi-
cantly as the number of layers increases, and stabilizes when n
exceeds 4. These results indicate that as the number of layers
increases, the radiative recombination decreases and stabilizes
above 4 layers, which conrms the correlation between the 2D
structure and mobility from the other side. Then we calculated
the trap state density (ntrap) of the crystal surface using the
equation below:33

VTFL ¼ pentrapd

4303
(2)

Here, VTFL is trap-lled limit voltage and d is the channel width
between the Au electrodes. As illustrated in Fig. S8,† the VTFL of
different layer perovskites from 2 to 5 is as low as 4.25 V, 2.85 V,
0.4 V and 1.05 V, and ntrap is computed to be 7.49 � 1013 cm�2,
6.43 � 1013 cm�2, 9.91 � 1012 cm�2 and 2.93 � 1013 cm�2,
respectively, which is consistent with previous reports on
surface trap density.34,35 Fig. 2(f) shows the dependence of
lateral carrier mobility and surface defect density on the layer
number. When n is 4, the highest lateral carrier mobility and
the lowest surface defect density are achieved, which further
conrms the existence of the balance point.

To further characterize the surface morphology and lattice
structure of 2D perovskite single crystals, we carried out high
magnication scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM) charac-
terization studies. As shown in Fig. 3(a) and (b), the surface
morphology of the single crystals is smooth and free of visible
defects. The SEM images of other layer perovskites are shown in
Fig. S9,† which also shows the high surface atness. In Fig. 3(c)
and (d), the HRTEM images show the crystal lattice image of the
This journal is © The Royal Society of Chemistry 2022
single crystal when n is 1 with a lattice spacing of 2.44 Å, cor-
responding to the (006) crystal plane;27 and when n is 4, the
lattice spacing is 3.85 Å tallying with the (002) crystal plane. The
HRTEM images for other layer perovskites are presented in
Fig. S10.† It is worth noting that when n increases to 5, the
lattice spacing of 3.09 Å corresponding to the (002) crystal plane
of the 3D perovskite can be observed,36 which means that as the
number of layers increases, the 2D perovskite is gradually
turning to 3D perovskite.

To better understand the impacts of the inorganic layer
thickness on the band structure and electronic properties, DFT
calculations were carried out, and the band structures of diverse
layer perovskites have been demonstrated in Fig. 4. Fig. 4(a)–(e)
indicate that all 2D perovskites have a direct bandgap at the G
point and their bandgap gradually decreases with the increase of
the layer number. The bandgaps tend to be stable when n
exceeds 4, which are obviously larger than the experimental
values concluded from the absorption spectra owing to exciton
binding energy. The energy band information is summarized in
the bandgap diagram of Fig. 4(f). We thus estimate that the
exciton binding energy when n is 1–5 is 0.42 eV, 0.30 eV, 0.17 eV,
0.16 eV and 0.16 eV, respectively. It can be observed that for low-
order 2D perovskites, such as when n is 1 or 2, the exciton
binding energy is extremely large, and as the value of n increases,
the exciton binding energy tends to be stable. This is believed
due to two aspects. Firstly, as n increases, the 2D characteristics
gradually decrease and approach the 3D structure, so that the
quantum connement effect gradually decreases, and the
direction of carrier transmission continues to become disor-
dered; Secondly, when n increases, the dielectric shielding
J. Mater. Chem. A, 2022, 10, 21044–21052 | 21047
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Fig. 4 (a)–(e) Band structure of 2D perovskites with varying inorganic layers from n¼ 1 to n¼ 5, respectively. The data were calculated using DFT
theory. (f) Band energy diagram of PEA2MAn�1PbnI3n+1 perovskite components with increasing layer number.
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gradually increases. The Coulomb force between electron–hole
pairs is signicantly reduced, and excitons are easier to sepa-
rate.37 The bandgap values and the effective mass of holes and
electrons extracted from the band structures are summarized in
Table 1. All effective masses calculated from G to X points which
is parallel with the perovskite inorganic layer reect the lateral
directional migration ability of carriers. The effective mass of
hole increases gradually with the increase of n, representing that
the lateral directional mobility of carrier gradually decreases.38

The effective mass of electron has same trend as the hole.
Regarding electron effective mass, it has the same trend as the
hole effective mass. This result is benecial for majority carrier
transmission in p-type perovskites which is consistent with the
larger carrier mobility when n is 4. These ndings suggest that
effective masses can provide a major contribution to the
conductivity difference for the different layer number 2D
perovskites, and has certain guiding signicance for the design
of devices.
Table 1 Summary of DFT calculation data for 2D perovskites

Samples Bandgap (eV)
Electron effective
mass (G–X)

Hole effective
mass (G–X)

(PEA)2PbI4 2.78 0.371 0.377
(PEA)2(MA)1Pb2I7 2.44 0.495 0.397
(PEA)2(MA)2Pb3I10 2.17 0.567 0.399
(PEA)2(MA)3Pb4I13 1.89 0.787 0.412
(PEA)2(MA)4Pb5I16 1.77 0.801 0.463

21048 | J. Mater. Chem. A, 2022, 10, 21044–21052
On applying different 2D perovskites for photo detection, 2D
perovskite single crystal lateral photodetectors were fabricated
with the same electrode parameters of SCLC tests. The experi-
ments were carried out under the illumination of a 532 nm laser
as shown in Fig. 5(a). Both linear and saturated regions can be
observed in the I–V curves of all crystals and notable light
response can be detected except for n is 1, which is limited by
the bandgap as the n¼ 1 sample can barely absorb 532 nm laser
light. When n is 4, the largest photocurrent is achieved, and the
I–V curves are shown in Fig. 5(b). For other 4 layers, the I–V
curves are presented in Fig. S11.† The photocurrents of the
corresponding devices versus light intensity are displayed in
Fig. S12.† In double exponential coordinates, the a value of 0.78
when n is 4 is the optimum among all layers.

To characterize the performance of photodetectors, three key
parameters including responsivity (R), external quantum effi-
ciency (EQE), and detectivity (D) are measured. R is indicated as
photocurrent generated under the stimulation of unit light
intensity in unit area which can be derived from the following
equation:39

R ¼ Ilight � Idark

PinA
(3)

Here, Ilight, Idark, Pin and A are photocurrent, dark current,
incident optical power density and effective working area of the
device, respectively. The EQE is the ratio of the number of
excitation electrons versus incident photons as shown below:40
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Schematic illustration of the photodetector architecture. (b) The I–V curves of the (PEA)2(MA)3Pb4I13 in the dark and under 532 nm light
illumination with varying light intensities. (c) Responsivity, (d) EQE and (e) detectivity as a function of incident light intensity for n ¼ 2, 3, 4 and 5,
respectively. (f) Temporal photocurrent response of the (PEA)2(MA)3Pb4I13 photodetector under 3 V bias.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 2

/7
/2

02
3 

1:
04

:4
0 

A
M

. 
View Article Online
EQE ¼ Rhn

e
(4)

Here, h is the Planck's constant, e is the electron charge, and n is
the frequency of light. D is used to characterize the sensitivity of
the device under various noises.41 In our experiment environ-
ment, dark current is mainly affected by short noise and thus D
is expressed as:41

D ¼ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eJdark

2
p (5)

Here, Jdark is the dark current density of the photodetector.
Given the low bias of 3 V, the four 2D perovskites show superb
properties, of which the optimality presents when n is 4, whose
R, EQE and D are estimated to be 3077 A W�1, 7.2 � 106% and
2.23 � 1012 Jones respectively at a light intensity of z6.4 mW
cm�2. When n is 2, 3 and 5, the overall performance is in the
same order of magnitude as n is 4, as shown in Fig. 5(c)–(e). By
contrast, in Fig. S13,†when n is 1, the performance is 5 orders of
magnitude lower, which can be attributed to wide bandgap of
the sample that needs higher light energy to excite.

We then tried to understand why the detector performance
peaked at n ¼ 4. According to previous literature reports, when
the value of n is small, 2D perovskites mostly carry out lateral
carrier transport, as the organic dielectric layers form quantum
wells due to their strong insulating properties.42–44 It is chal-
lenging for carriers to break the potential barrier of the
quantum wells,45 which affects photon absorption, limits
carrier density and hinders carrier separation.46 When the n
value of the 2D perovskite increases gradually, the bandgap
becomes narrower and the carrier density increases signi-
cantly.47,48 At the same time, the relative isotropy of the 2D
structure increases the uncertainty in the direction of carrier
transport, so there is an optimal n value that balances lateral
This journal is © The Royal Society of Chemistry 2022
transport and carrier density. Fig. S14† shows the layer-number-
dependent bandgap and hole effective mass curves. Among
them, with the increase of n, the bandgap gradually decreases,
which means that the perovskite will have better light absorp-
tion performance and higher carrier density; on the other hand,
the effective hole mass in the plane also increases, whichmeans
that the directional mobility of the charge carrier gradually
decreases. When n is 4, the balance of carrier density and carrier
transport is achieved, and the carrier lateral mobility is the
highest. Generally, the excellent performance of the device can
be attributed to three aspects: rstly, preferable crystal quality
with low surface defect density combined with in situ growth
avoids transfer of damage to crystals. Secondly, the large
effective electron mass results in less recombination of main
carriers. Thirdly, the balance between the carrier density and
the directional migration makes the lateral transport of carriers
more efficient.

To verify the stability of photodetectors, light response
studies have been carried out and presented in Fig. 5(f). Highly
stable and repeatable response to incident light was observed,
during which the time dependent response demonstrates
a switch ratio z6500. The sharp rising and falling edges
corresponds to the risetime and decay time of 1.12 and 0.16 s,
respectively. Other layer photodetectors' temporal photocurrent
responses are demonstrated in Fig. S15.† The on-off ratios are
calculated to be 375, 4080, 5190 and 2200, respectively. The
performance stability of the (PEA)2(MA)3Pb4I13 single crystal
photodetector is determined, as shown in Fig. S16,† and it
maintains 90.5% of the initial performance aer 30 days in the
ambient environment. The stability of the (PEA)2(MA)3Pb4I13
single crystal is guaranteed, and it is possible to improve the
practicability of perovskite devices in the future. Our lateral
detectors exhibited state-of-the-art photoresponsivity as high as
3077 A W�1 which is the highest value ever reported for 2D
J. Mater. Chem. A, 2022, 10, 21044–21052 | 21049

https://doi.org/10.1039/d2ta04288f


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
0 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 2

/7
/2

02
3 

1:
04

:4
0 

A
M

. 
View Article Online
perovskite single crystal detectors, and surpasses the majority
of 3D perovskite devices which have moderate stability. The
detailed comparison of performance parameters with previ-
ously reported 2D perovskite photodetectors is summarized in
Table S2.† Compared with the previous reports, our single-
crystal 2D perovskite detectors show signicant improvement
in R and EQE, indicating the signicance of the synthesis
method and that the layer number optimization strategy is
competitive for high-performance detector fabrication.

Methods
Chemicals

GBL (99%) was purchased from Aladdin Reagent Ltd. Methyl-
ammonium iodide (MAI, 99%), phenylethylammonium iodide
(PEAI, 99%), and lead iodide (PbI2, 99%) were purchased from
Xi'an Polymer Light Technology Corp. All the chemicals were
used as received without further purication.

Synthesis of 2D single crystals

The solvent we used is gamma-butyrolactone (GBL) and the
concentration of all solutions we used is 1.2 mol L�1. The
substrates (glass) were cleaned successively with deionized
water, ethanol, acetone, and isopropanol for 5 minutes indi-
vidually by ultrasonication. Aer being dried in a drying box at
100 �C, the substrate and the covering glass were placed in UV–
O3 for hydrophilic treatment. Then both substrate and the
covered glass were immersed in a mixed solution of hexane and
octadecyltrichlorosilane (mass ratio as 600 : 1) to obtain
a hydrophobic surface, and then they were rinsed with acetone
for 30 s and then dried with nitrogen. A small amount (about 5
mL) of PEA2MA(n�1)PbnI3n+1 precursor solution was dropped
onto the glass substrate and then covered with the covering
glass. Then the sandwich structure sheet was put on a hotplate,
which was heated under 100 �C for 12 h, and then slowly heated
to 120 �C. Aer 24 h, crystal growth was completed. The crystal
samples should be preserved in a nitrogen environment for
good stability.

Characterization

The UV-vis absorption spectra of PEA2MA(n�1)PbnI3n+1 single
crystals were measured with a Cary 5000 spectrophotometer
from Agilent Company. PL spectra were measured with
a HORIBA Scientic Raman spectrometer with 2.55 mW cm�2

laser intensity at 473 nm in air at room temperature. Optical
images of the perovskite single crystal were obtained on a Nikon
SMZ25 stereomicroscope. The thickness and roughness of the
single crystal were determined using a Keyence laser confocal
microscope (VK-X1000). The crystal structure was characterized
by X-ray diffraction with a Bruker D8 Focus. The SEM and TEM
were performed by using a Zeiss Auriga-45-06.

Hybrid lateral photodetector fabrication

To fabricate hybrid lateral photodetectors and measure SCLC,
80 nm Au electrodes with a 30 mm channel were spread evenly
on the crystal surface by a thermal evaporation method. The
21050 | J. Mater. Chem. A, 2022, 10, 21044–21052
electrodes are 35 mm wide and 180 mm long. All the I–V curves
were measured at room temperature in air with a Keithley 4200A
semiconductor parametric analyzer (Tektronix) and a C-100
probe station from TPSi – Company. All the photo response
characteristics of the devices were measured by using a 532 nm
laser with tunable light intensity from 0.0064 mW cm�2 to 19.11
mW cm�2. The exposure time of the sample was precisely
controlled using an optical shutter (VS25S2TO, UNIBLITZ) with
a diameter of 2.5 mm.
DFT simulation details

First-principles calculations based on DFT were performed for
the electronic structure analysis. The band structure and
effective mass were calculated with the Vienna Ab Initio Simu-
lation Package (VASP),49 where the projector-augmented wave
method was adopted. The geometry optimization was per-
formed with the Perdew�Burke�Ernzerhof (PBE) functional.50

An onsite interaction of 7.5 eV is considered for the Pb 6s orbital
to overcome the self-interaction error. The parameter test was
reported in our previous work.51 The van der Waals interac-
tion52,53 is also included in the calculations in agreement with
previous work.54 We employ 0.04 and 0.03 2p/Å G-center k-grids
in the structural relaxations and self-consistent calculations,
respectively, and 21 k-points between high symmetry points of
the Brillouin zone in the band structure calculations. In addi-
tion, the force and total energy convergence thresholds are set
to 0.01 eV Å�1 and 10�5 eV, respectively.
Conclusions

In summary, we demonstrate there is a balance between carrier
density and lateral transport of carriers in 2D PEA2MA(n�1)Pbn-
I3n+1 single crystal perovskite photodetectors. SCLC tests
showed that 2D perovskites have the best lateral carrier trans-
port ability when n is 4. PEA2MA(n�1)PbnI3n+1 single crystal
lateral photodetectors have been fabricated, and the champion
device is also achieved when n is 4. The device exhibits a record
R ever reported, and an ultra-high EQE which is an order of
magnitude higher than previous reports. The enhanced
performance signies the layer number optimization strategy in
balancing the carrier density and the horizontal transport, so as
to maximize the carrier mobility and the device performance.
Our study claries the effect of the layer number of 2D perov-
skites on the transport properties and device performance, and
may thus provide guidance to push forward the synthesis and
application of 2D perovskite single crystals in optoelectronics.
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