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the field of photovoltaic and wide-ranged 
optoelectronic devices. Among various 
perovskite materials, the lattices of 3D 
perovskite are easily decomposed into 
reactants under the conditions of ultravi-
olet irradiation, high temperature, or/and 
hydration environment, resulting in the 
rapid decline of device performance.[12,13] 
In comparison, 2D perovskites, with 
robust environmental stability, optoelec-
tronic tunability, and unique quantum well 
structures, are becoming the rising choice 
of candidates for next-generation energy 
and optoelectronic applications.[14–17]

The 2D perovskites composed by the 
organic cation layer and the inorganic unit 
layer show unique layer-by-layer structure, 
which are thus endowed with distinctive 
properties and notable merits. The large 
organic ligands in the 2D perovskite lat-
tices provide the space barriers for the 

surface water penetration, which can effectively inhibit the 
invasion of water.[18–20] In addition, the large-sized organic 
ligands can confine the charge carrier transport within the 
2D local scope,[21] thereby affecting the photoelectric conver-
sion efficiency. Importantly, the organic spacers also act as the 
dielectric regulator, which determines the electrostatic force on 
the electron-hole pairs, promoting the exciton radiative recom-
bination efficiency.[22] Furthermore, the unique layered struc-
ture of 2D perovskites makes the ion movements in the films 
are highly dependent on their growth orientations.[23,24] Despite 

2D layered organic-inorganic perovskites have attracted substantial attention 
due to their high stability and promising optoelectronic properties. However, 
in-depth insights on the anisotropic carrier transport properties of these 2D 
perovskites are remaining challenging, while they are significant for fur-
ther designing the high-performance device applications. Here, the carrier 
transport properties within 2D perovskite single crystals are investigated and 
a layered-carrier-transport model is developed through the non-invasive and 
non-destructive surface-enhanced Raman scattering techniques. The car-
rier transport features of 2D perovskites show clearly the thickness-, applied 
voltage- and anisotropy-dependent behaviors, which are demonstrated to 
origin from the quantum confinement effect. The findings elucidate the 
carrier transport mechanisms within 2D perovskites from their molecular 
level through Raman spectroscopy, thus providing a promising way for 
exploring the photo-physical properties in wide-ranged halide perovskites and 
designing highly efficient perovskite optoelectronic devices.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202103756.

1. Introduction

Organic–inorganic hybrid perovskites have made impressive 
marks in the scientific community during the past decades 
owing to their unique optical and electrical properties, such 
as tunable direct bandgaps, high absorption coefficients, large 
photoluminescence (PL) quantum yields, high carrier mobili-
ties, and long carrier diffusion lengths.[1–11] These extraordinary 
properties, combined with their compatibility of solution pro-
cessing, have made this class of materials highly competitive in 
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these promising merits of 2D perovskites, their anisotropic car-
rier transport properties are still lacking in-depth understand-
ings. In this regard, unveiling the key factors and mechanisms 
that affect the carrier transport properties and the device perfor-
mances of 2D perovskite materials is highly awarding.

Recently, the pioneering evaluations on the relationship 
between the material crystal orientations and the carrier trans-
port properties are mainly based on the theoretical simula-
tions and experimental current–voltage (I–V) behaviors that are 
the traditional macroscopic characterization techniques. For 
example, Liu's group theoretically studied the anisotropic trans-
port properties of 2D perovskites using density function theory 
(DFT) calculations, which were further confirmed through 
measured I–V curves in the related photodetectors with dif-
ferent orientations.[25] Considering the accuracy and conveni-
ence, it should be highlighted that it is still highly desired to 
develop an optical or spectroscopic method to reveal their ani-
sotropic transport behaviors more intuitively. Encouragingly, 
surface-enhanced Raman Scattering (SERS), first discovered 
in 1974, has been widely applied for fundamental research and 
the practical device applications.[26–29] It can be operated in 
micrometer scale and be applied in ultrasensitive analyses and 
detections, surface/interface analysis, and interfacial charge 
process studies, et  al. Furthermore, such technique has also 
been widely utilized to analyze the structural and optoelectronic 
properties of the molecule-adsorbed semiconductor materials 
in the highly accurate and convenient way.[30,31] Particularly, 
SERS spectrum is extremely sensitive to the slight disturbance 
of the surrounding environment and the internal structure of 
molecules, it can thus be used for monitoring the intermo-
lecular interaction, interfacial charge transfer, environmental 
changes, et  al.[32] Therefore, it is expected such technique can 
offer an effective way to study the charge transfer and charge 
transport properties in 2D perovskite materials.

Herein, we study the carrier transport mechanisms and 
charge transfer processes of 2D perovskite materials through 
non-invasive and non-destructive SERS-based approach and 
propose a layered-carrier-transport model. We employ organic 
material 3,4,9,10-Perylenetetracarboxylic Dianhydride (PTCDA) 
as probe molecule to broaden the intrinsic photo-responsive 
range of 2D perovskites and investigate the carrier transport 
properties related to the crystal structure within 2D perovskites 
through photoelectric behavior and Raman spectra measure-
ments. Systematically, the dependences of Raman intensi-
ties on 2D perovskite layer thickness, applied voltage, and 
crystal anisotropy are investigated. The obtained photocurrent, 
Raman intensity, and the dynamic PL lifetime show the clear 
thickness-dependent characteristics, with the optimal thick-
ness value reaching 228  nm. Furthermore, through voltage-
dependent intrinsic Raman spectra measurements, together 
with the reversibility of voltage polarization, we decipher the 
anisotropic transport properties along the different crystal ori-
entations of the 2D perovskites. We attribute these properties 
to the quantum confinement effect of 2D perovskites. This 
study offers in-depth insights on revealing the fundamental 
photo-physical processes and carrier transport features within 
2D perovskite materials, which could be extended to wide-range 
halide perovskites, holding a broad application prospect in 
optoelectronics.

2. Results and Discussions

2.1. Photoelectronic Characterizations on (PEA)2PbBr4/PTCDA 
Heterojunction

2D layered perovskite (PEA)2PbBr4 (PEA: phenethylammo-
nium) single crystals show photoelectric response charac-
teristics in the ultraviolet region due to their intrinsic band 
structure, which hinders their detection application in visible 
range.[33] To broaden their photo-responsive range, we fabri-
cated the photoelectronic devices by constructing an interfacial 
charge transfer heterojunction with PTCDA as a sensitive layer, 
of which the schematic structure is illustrated in Figure 1a. In 
this heterojunction-based device, the (PEA)2PbBr4 single-crystal 
thin film was grown using solution process, and the organic 
PTCDA layer was deposited on the top, of which the detailed 
procedures are shown in the Methods section. The PTCDA 
molecule has a bandgap of 2.54 eV and is conducive to charge 
transfer process, thus it can enhance the photo-response prop-
erties of the related devices accordingly.

We further studied and compared the photoelectric response 
characteristics of the PTCDA-modified 2D perovskite device 
and the pure perovskite device without PTCDA decoration via 
measuring their I–V behaviors in dark and under a 532-nm 
laser illumination. As shown in Figure  1b, the (PEA)2PbBr4-
PTCDA heterojunction-based device has almost no cur-
rent response at 5  V in the dark; while under illumination, 
it shows a highly enhanced photocurrent reaching 8×10−7 A.  
In contrast, the pure (PEA)2PbBr4 thin single crystal device and 
pure PTCDA molecules device (as shown in Figure S3, Sup-
porting Information) almost show no photo-response under 
the same condition. The observations can be attributed to the 
absorption property of the added PTCDA molecules and the 
effective charge transfer effect at the perovskite/PTCDA inter-
face due to the formation of a type-II heterojunction (Figure 1c). 
The time-resolved photoluminescence (TRPL) measurements 
were further performed on the heterojunction, aiming to obtain 
the quantitative analyses of the charge injection and photo-
induced carrier recombination at the interface. As shown in 
Figure  1d, when excited by a 532-nm laser, the PTCDA-modi-
fied (PEA)2PbBr4 thin single crystal shows a prolonged carrier 
lifetime (τ), with an average value (τave) of 4.154 ns, as compared 
with that of the pure PTCDA molecules (2.916 ns). The result 
further demonstrates the formed type-II heterojunction and the 
existence of charge transfer from the 2D perovskite thin crystal 
to the PTCDA molecules, which thus enhances the probability 
of carrier recombination at the interface or within organic 
PTCDA molecules.

In order to characterize the photo-physical process between 
the 2D perovskite and PTCDA molecules more intuitively, SERS 
method is further performed to study the interfacial charge 
transfer process in the heterojunction. The Raman spectra of 
the PTCDA molecule layer deposited on the (PEA)2PbBr4 thin 
single crystal surface, along with those of the (PEA)2PbBr4 
thin single crystal and the pure PTCDA molecules, were col-
lected under a 532-nm laser. As shown in Figure 1e, the Raman 
intensity of PTCDA layer is extremely enhanced after depos-
iting on the perovskite single crystal surface as compared 
with that of pure PTCDA layer and the intensity ratios of all 
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the bands are listed in Table S1, Supporting Information. The 
Raman enhancement can be attributed to the interfacial charge 
transfer resonance between perovskite and PTCDA, which can 
be proved by the increase in the prolonged lifetime of PTCDA 
molecules. As Table S1, Supporting Information, shows, all the 
characteristic bands for PTCDA molecules are enhanced by 
one order with some differences in the relative intensity. The 
change in the relative intensity may be associated with the dif-
ferences in the molecular organizations after deposition on 
the perovskites' surface.[34] It should be noted that the PTCDA 
molecule exhibits obvious absorption at 532 nm(Figure S1, Sup-
porting Information) and the resonance Raman spectra can be 
achieved under 532-nm laser excitation. However, in our cases, 
the Raman intensity of (PEA)2PbBr4-PTCDA heterojunction is 
much larger than that of PTCDA molecule film with the same 
thickness, which indicates that the resonance Raman provides 
extremely lower contribution to the enhanced Raman inten-
sity. Thus, the Raman enhancement of PTCDA molecules 
can be attributed to the charge transfer effect between the 2D 
perovskites and PTCDA molecules. As is well known, in the 
semiconductor/molecule heterojunction system, the charge 
transfer process usually takes place as the electrons transit 
from the valence band (VB) of the semiconductors to the lowest 
unoccupied molecular orbital (LUMO) level of the depos-
ited organic molecules under the laser excitation.[27,35] In our 
case, the VB band of the 2D perovskites is −5.95 eV (Ref. [33]), 
while the LUMO level of the PTCDA molecules is calculated 

to be −4.21 eV from DFT (Figure S4, Supporting Information). 
The energy level difference is calculated to be 1.75 eV, and the 
heterojunction system can thus be excited by a 532-nm laser  
(Eg  = 2.32  eV). The scheme of the photo-induced electrons 
transferred from the VB level of 2D perovskite to the LUMO 
level of PTCDA molecules, as presented in Figure 1c, explains 
well the enhanced photoelectric response phenomenon and the 
laser-induced enhanced Raman spectra.

2.2. Thickness-Dependent Photoelectric Response

Subsequently, perovskite thickness-dependent photoelectric 
responses of the (PEA)2PbBr4-PTCDA heterojunction photode-
tectors were further investigated, and the photocurrent values 
exhibit interesting thickness-dependent characteristics, which 
increase first and then decrease with the increasing thickness 
of the 2D perovskite (Figure  2a). Figure  2b summarizes the 
photocurrent values for the heterojunction devices with various 
perovskite thicknesses upon a 6-V bias obtained from Figure 2a, 
which clearly shows the change trend, that is, increasing first 
and then decreasing. In our work, the thickness of the perov-
skite single-crystal thin films was characterized by mechanical 
stripping using atomic force microscopy (AFM, Figure S5, Sup-
porting Information).

Figure  2c shows the SERS intensities of the PTCDA mole-
cules deposited on (001) plane of the perovskite crystals with 

Figure 1. Enhanced photoelectric response and Raman spectra by the interfacial charge transfer. a) Schematic of (PEA)2PbBr4 thin single crystal photo-
detector with PTCDA layer on the top, along with crystal structures of (PEA)2PbBr4 and PTCDA molecule. b) Current–voltage (I–V) characteristics of the 
(PEA)2PbBr4 photodetector and (PEA)2PbBr4-PTCDA photodetector under a 532-nm illumination, as well as that of (PEA)2PbBr4-PTCDA photodetector 
in the dark condition. Inset: enlarged I–V curves. c) Energy level diagram of (PEA)2PbBr4-PTCDA system under a 532-nm laser excitation. d) TRPL 
decay curves of the PTCDA molecule and (PEA)2PbBr4-PTCDA heterojunction under a 532-nm laser at room temperature in air. e) Raman spectra of 
(PEA)2PbBr4-PTCDA heterojunction, (PEA)2PbBr4 thin single crystal, and PTCDA, respectively. The spectra are collected under a 532-nm laser excitation.
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the varied thicknesses. The results from Figure  2c on the 
Raman intensities measured at 622, 1304, 1381, 1573, 1590 cm−1 
of the PTCDA layer deposited on the various-thickness 
(PEA)2PbBr4 layers are summarized in Figure  2d and Figure 
S6, Supporting Information, which indicates the same change 
trend as the photocurrent case and shows a maximum Raman 
value at the thickness of 228  nm upon a 532-nm irradiation. 

Meanwhile, the SERS mapping measurements at 1304  cm−1 
were also carried out under illumination at a 532-nm laser. 
Figure S7a, Supporting Information, shows the camera view 
of the scanning area, where the different colors indicate the 
thickness variation of the 2D perovskite thin crystal. The rel-
evant Raman mapping analysis result is shown in Figure S7b, 
Supporting Information, in which the different colors represent 

Figure 2. Thickness-dependent photoelectric response and Raman spectra. a) Current–voltage (I–V) curves of PTCDA layer deposited on (PEA)2PbBr4 
thin single crystal with varying perovskite thicknesses under a 532-nm illumination. b) Photocurrent values of the heterojunctions with varying 
(PEA)2PbBr4 thicknesses under a 532-nm laser excitation. c) SERS spectra of the heterojunctions with varying perovskite thicknesses under a 532-nm 
laser excitation. d) Raman intensity values of the heterojunctions with varying perovskite thicknesses under a 532-nm laser excitation. Raman spectra 
are shifted compared to each other along the y axis for better viewing. Error bars represent [ mean ± SD (n = 5)]. e) Time-resolved PL decay curves of 
the PTCDA deposited on (PEA)2PbBr4 thin single crystals with varying thicknesses under a 532-nm laser excitation at room temperature in air. f) PL 
average lifetime of the PTCDA adsorbed on (PEA)2PbBr4 thin single crystals with varying thicknesses. g) Schematic diagram of layered carrier transport 
model for the 2D perovskite-based heterojunctions with the different perovskite thicknesses.
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the different Raman intensities, consistent with the thickness 
distribution of the 2D perovskite. To further explore the mecha-
nism on the thickness-dependent carrier transport properties, 
the TRPL spectra of the PTCDA deposited on (PEA)2PbBr4 
single-crystal film with varying thicknesses were measured 
using a 532-nm picosecond laser in air at room temperature 
(see Figure  2e). The dependence of τave of heterojunction 
with the (PEA)2PbBr4 thickness is plotted in Figure  2f. With 
the perovskite thickness increasing, the τave exhibits similar  
thickness-dependent trend as the cases of photocurrent and 
Raman intensity, which means that the thickness of 2D perov-
skite crystals has the key role on their carrier transport behav-
iors. Generally, the thickness-related phenomenon observed in 
the 3D perovskite single crystal can be attributed to the vari-
ation of the surface-layer thickness with the increasing crystal 
thickness.[36] Due to the special layer-by-layer structure of the 
2D perovskite, the carrier transport is affected by not only the 
defects but also the quantum well structure formed by alter-
nately arranged organic and inorganic layers. In this regard, 
we propose a layered-carrier-transport model to explain the 
layer-dependent carrier transport properties in 2D perovskites, 
as shown in Figure  2g. Normally, the light-excited electrons 
can transit to the virtual energy level of the 2D perovskite and 
then transfer to the LUMO level of the molecular layer due 
to the matched energy alignment, and they can be captured 
by the electrodes. In the 2D perovskite system, cracks in the 
organic cation layer can form interlayer “tunnels”, providing 
a path for bottom-up carrier transport. In a certain thickness 
range, with the increase of perovskite layer thicknesses, the 
charge carriers generated in the “shallow” perovskite transmit 
upward through the “defect tunnel” within the organic cation 
layer and then transfer to the PTCDA molecules. The charge 
accumulation and bottom-up carrier transport can promote 
the charge transfer between the 2D perovskite and the PTCDA 
molecules, which results in the enhancements of SERS inten-
sity and photocurrent. When the thickness of perovskite layers 
continues to increase, the “deep” perovskites beyond the effec-
tive photo-induced carrier transport range not only affect the 
carrier extraction but also lead to more undesirable traps in 
the inorganic layer, which will capture the carriers generated 
in the “shallow” perovskite. This process inhibits the charge 
transfer from the 2D perovskite to the PTCDA molecules, and 
thus both the SERS intensity and the photocurrent are reduced. 
According to the above analysis, the relationship between SERS 
results and photoelectric values can be established based on the 
interfacial charge transfer process. At this point, SERS can be 
taken as a novel tool for monitoring the charge transfer pro-
cess for the 2D perovskite/organic heterojunction, and organic 
material is not only a sensitive layer for enhancing the photo-
electric response but also a probe molecule for monitoring the 
internal charge transfer process.

2.3. SERS Measurements on 2D Perovskite Bulk Single Crystal

To gain further insights into the carrier transport properties 
caused by the quantum confinement effect within 2D perov-
skites, the Raman spectroscopy measurements on the bulk 
2D perovskites without PTCDA modification were performed 

to study the electron transport behaviors inside 2D perovskite 
materials with different crystal orientations under external 
voltage bias. The PEA cations in the organic layers of the 
2D perovskite can be taken as the probe molecule for the 
SERS measurements. To achieve the goal, the Au electrodes  
(20 mm × 5 mm) were deposited on the (001) and (010) planes 
of (PEA)2PbBr4 bulk single crystal with a size of 8 mm × 3 mm, 
respectively  (shown  in  Figure  3a and Figure S8a, Supporting 
Information, respectively), and the relevant microscope images 
of the devices after the deposition of Au electrodes are shown 
in the inset of each figure. Figure S9, Supporting Information 
shows the photo image of the bulk perovskite. The Raman 
spectra were then collected in the 2D perovskite with (001) and 
(010) planes under open circuit condition, short circuit condi-
tion, and load condition. The Raman spectra of PEABr powder, 
PbBr2 powder, (001) plane and (010) plane of (PEA)2PbBr4 single 
crystal are shown in Figure S10, Supporting Information, and 
the Raman band assignment for PEABr is listed in Table S2,  
Supporting Information. The results indicate that the charac-
teristic peaks of Raman spectra of (001) and (010) planes of 2D 
perovskite crystal are different due to the different molecule 
orientations exposed by different lattice planes. Furthermore, 
obvious Raman spectra changes occur between open circuit 
condition and short circuit condition on the (001) plane of 2D 
perovskite bulk crystal (see Figure  3b). Moreover, the relative 
Raman intensity ratio for the two bands at 1470 and 1484 cm−1 
on (001) crystal plane changes with the applied bias; while 
there is no spectral change on the (010) crystal plane under 
the open and short circuit conditions (Figure S8b, Supporting 
Information).

According to previous reports,[31,37] the structure of 2D 
perovskite (PEA)2PbBr4 can be regarded as a sandwich struc-
ture, that is, the [PbBr6]4− octahedral structure is sandwiched 
by large-sized layered organic PEA+ cations which work as 
insulating barriers and confine the charge carriers within a 
2D local regium.[37] The alternating arrangements of inorganic 
sheets and bulk organic interlayers result in the natural mul-
tiple quantum well electronic structure (Figure S11a, Supporting 
Information). The optimized crystal structures along the a and c 
axes are given in Figure S11b, Supporting Information, in which 
the (001) crystal plane shows periodically layered morphology, in 
perfect agreement with the 2D layered structure. The obvious 
changes of the relative band intensity on the (001) crystal plane 
can be attributed to the spatial confinement of the 2D crystal 
structure and the dielectric mismatch between the organic and 
inorganic layers in the (010) plane, leading to strong bound 
excitons with low mobility.[38] Moreover, due to the weak atomic 
orbital hybridization of the PEA+ cations, the charge distribution 
in the (010) plane is suppressed, resulting in a stronger disper-
sion of the charge distribution in the valence band maximum 
and conduction band minimum on the (001) plane than that on 
the (010) plane, which means that the electron excitation energy 
on the (001) plane is much lower than that on the (010) plane. 
Therefore, the carrier transport speed in the (001) plane is sig-
nificantly higher than that in the (010) plane.[25]

We further perform an internal carrier transport investiga-
tion on the 2D perovskite crystal through Raman spectroscopy 
by tuning the bias from 0 to 30 V (Figure 3c). The variations of 
the relative Raman intensity at 1470 and 1484 cm−1 bands on the 
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(001) plane are strongly dependent on the applied bias, which 
shows a trend of the first increasing and then decreasing with 
the increasing applied bias, with a maximum relative intensity 
ratio adjustment result at a bias of 24 V (Figure 3d).

2.4. Intrinsic Carrier Transport Mechanism Analysis

To elucidate the underlying carrier transport mechanism 
behind the varying Raman spectra, theoretical simulation was 
carried out to explore the process and to explain the above 
observations. As for the Raman analysis results, the vibration 
mode of the bands at 1470 and 1484  cm−1 can be attributed to 
the HCH bending mode of alkyl chain and CH in plane 
bending mode of benzene, respectively (Figure S12, Supporting 
Information). The NH2 group of the PEA molecules directly 
connect to the inorganic layer of the 2D perovskite and a slight 
electronic perturbation among the inorganic layer will directly 
affect the polarizability of PEA, resulting in the change of the 
Raman intensity. To further explore the effect of the electronic 
perturbation on the vibration mode of organic layers, the mole-
cular orbital and the intramolecular electron transitions of the 
PEA molecules are further calculated. Figure 4a shows the fron-
tier orbitals of the HOMO, LUMO, and LUMO+1 level of the 
PEA molecules from the DFT simulations. When applied the 

bias on the (001) plane, the electrons transit along the inorganic 
layers and affect the electron density of the PEA molecules. The 
contribution of the laser-induced electronic transition from the 
HOMO level to the LUMO+1 level can increase, which further 
improves the polarizability around the CH2 group. This phe-
nomenon is proved by the theoretical simulation of electron–
hole distribution of the first excited state constructed by the 
LUMO and LUMO+1 levels with 44% and 56% contributions, 
respectively, as shown in Figure 4b. The obtained results exhibit 
an obvious delocalization phenomenon owing to high contri-
bution of LUMO+1; as a result, the relative Raman intensity 
values of both 1471 and 1484 cm−1 can change accordingly.

In the actual situation, the carrier transport properties in 
halide perovskite single crystals are also severely affected by 
their inherent charge trap defects, particularly the solution-
processed cases. Figure  4c presents the schematic diagram of 
carrier transport mechanism with the increasing bias. When 
the appropriate bias is applied, the injected charges will pas-
sivate the defects within the perovskite materials,[39,40] and 
these filled defects will no longer trap the carriers, which would 
be beneficial for the charge transport and thus lead to the 
increase in the charges’ number in the inorganic layer. More-
over, according to the theoretical simulation, such phenom-
enon can result in the increased polarizability of PEAs. As a 
result, the relative Raman spectra intensity increases. However, 

Figure 3. Voltage-dependent intrinsic Raman spectra of bulk 2D perovskite single crystals. a) Schematic of the 2D perovskite crystal devices. b) Raman 
spectroscopy of the device based on (001) plane of the (PEA)2PbBr4 single crystal under short circuit and open circuit conditions. c) Raman spectros-
copy for the (001) plane device under varying bias voltages. d) The variation in relative Raman intensity of two bands (1470 and 1484 cm−1) as a function 
of the applied bias voltage in the photodetector made on (001) plane of the bulk 2D perovskite single crystal.
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when the excessive bias is applied, the excessive charges will 
not only passivate the inherent defects of the material but also 
trap holes through charge recombination. Therefore, the exces-
sive injected charges can act as new additive defects and hinder 
the transport of carriers, affecting the electronic disturbance 
in the inorganic layer and further weaken the polarizability of 
PEA groups.[41,42,43] Meanwhile, the relative Raman intensity 
decreases accordingly. Besides, for the (010) plane, due to the 
quantum confinement effect, the extraneous electrons cannot 
be injected into the perovskite, and the Raman spectra on the 
(010) plane show nearly no change with the increase of the bias 
(Figure S8c,d, Supporting Information), which indicates that 
the carrier transport is blocked by the insulating layers.

According to the above discussions, the polarization on (001) 
plane leads to the change of charge distribution at the interface 
of organic and inorganic layers, therefore the vibration mode 
of the PEA molecules is affected, which shows the changes 
of the relative intensities at 1471 and 1480  cm−1 bands. In the 
(010) plane case, the electron transition is inhibited, and the 
electronic environment keeps stable even with the bias applied, 
while the Raman spectra show no obvious change under this 
condition. The findings indicate that the (001) plane is more 
conducive for the carrier transport along the plane of the inor-
ganic sheet in comparison to the (010) plane perpendicular to 
the sheets, which are affected by the special structure of 2D 
perovskite. Thus, we can conclude that the electron transition 
among the perovskites can be intuitively reflected by the Raman 
spectra of PEA molecules and the Raman spectra measurement 
can be taken as a powerful route to study the quantum confine-
ment effect accordingly.

To explore the reversibility of the voltage polarization phenom-
enon, the relative intensities of the bands at 1470 and 1484 cm−1 
are further investigated on the dependence of the polariza-
tion time upon the bias of 6  V on the (001) plane of the bulk 

(PEA)2PbBr4 single crystal (polarization time of 10 s for each 
point). As shown in Figure  5a, the relative intensity ratio con-
tinues to increase, reaching the saturation at 40 s as the polari-
zation time increases; when the voltage is removed, the relative 
intensity ratio drops rapidly and returns to the initial state before 
polarization (Figure  5b). The obtained results are further sum-
marized in Figure  5c. Interestingly, the reversible polarization-
recovery phenomenon is highly repeatable, indicating high 
stability of the 2D perovskite crystals. And the relative intensity 
ratio shows an obvious on/off switching behaviors with the vari-
ation of the applied bias in five cycles measurements (Figure 5d 
and Figures S13–S16, Supporting Information). We also explored 
the relationship between the Raman spectra of the 2D perovskite 
on (010) plane and the polarization time (Figure S17, Supporting 
Information), which shows no significant changes with the 
increase of polarization time. This should also be attributed to 
the quantum confinement effect of the 2D perovskite crystals.

3. Conclusion

In conclusion, we investigate the carrier transport properties 
in 2D perovskite thin crystals through SERS technique. The 
interfacial and internal charge transfer processes can be clearly 
monitored by evaluating the vibration mode changes of their 
Raman spectra. The enhanced Raman spectra of 2D perovs-
kite-based heterojunction with the added PTCDA molecules 
indicate the interfacial charge transfer process, which can help 
enhance the photoelectric response properties upon a 532-nm 
laser irradiation, holding great promise for designing the high-
performance optoelectronic devices. Additionally, the thickness-
dependent Raman and photocurrent intensities exhibit the 
consistent change trends for the heterojunctions, that is, first 
increasing and then decreasing, which can be assigned to the 

Figure 4. Anisotropic transport mechanism. a) The frontier of the HOMO, LUMO, and LUMO+1 levels of the PEA molecules. b) The electron–hole 
distribution of the first excited state. The blue and red iso-surfaces represent the hole and electron distributions, respectively. c) The schematic diagram 
of carrier transport mechanism for 2D perovskite crystal with different bias.

Small 2021, 17, 2103756



2103756 (8 of 10)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

quantum confinement effect within 2D perovskite crystals. Due 
to the unique structural characteristics, the clear difference of 
the charge carrier transport modes between in the (001) plane 
and (010) plane for the bulk 2D perovskite single crystals were 
obtained. Through the SERS measurements combined with 
the theoretical simulations, we further investigated systemati-
cally the related mechanisms. The anisotropic transport prop-
erties along various crystallographic orientation affected by 
the quantum confinement effect are observed and are identi-
fied from the distinct differences in the Raman spectra. This 
work not only highlights a novel approach for studying car-
rier transfer model and carrier transport properties within the 
2D perovskite crystals but also paves the way for performance 
enhancement strategies in the related devices in the perspective 
of Raman spectra, which are thus of significance for optoelec-
tronic device designs and optimizations.

4. Experimental Section
Chemicals: Phenethylammonium bromide (PEABr, ≥99.5%) 

was purchased from Xi'an Polymer Light Technology Corp. Lead 
bromide (PbBr2, 99%) was purchased from Aladdin Company. N, 
N-Dimethylformamide (DMF, 99.8%) was purchased from Sigma-
Aldrich. Perylene-3, 4, 9, 10-tetracarboxylic dianhydride (C24H8O6, 98%) 
was purchased from Shanghai Macklin Biochemical Co., Ltd. (China). All 
the reagents were used as received without further purification.

(PEA)2PbBr4 Single Crystal Synthesis: 1.835 g  of PEABr and 2.01 g  of 
PbBr2 were mixed in 4.4 mL DMF and then stirred at room temperature 
for 24 h to obtain a 0.873 g  mL−1 perovskite precursor solution. The 
solution was then filtered using a PTFE filter with a 0.2-µm pore size. 
3  mL of the prepared precursor solution was taken and placed in 
a reaction vessel sealed with a plastic plate. In order to control the 
evaporation rate of the solution, a few holes with a diameter of 1 mm 
were on the plastic plate. The reaction vessel was placed at room 
temperature, and the transparent crystals appear after 24 h.[44,45,46]

Characterization: The optical image was performed by a KEYENCE 
VK-X200 3D laser scanning microscope. Raman spectra were carried out 
using a LabRAM HR Evolution Raman spectrometer (Horiba Jobin Yvon). 
All Raman spectra were collected under the same conditions with an 
acquisition time of 5 s using a holographic grating of 1200 grooves mm−1.  
The spectrometer was calibrated with the Raman spectrum of the silicon 
wafer at 520.7 cm−1. The SEM image and energy dispersive spectrometry 
mapping result of the (PEA)2PbBr4 single crystal were collected by 
using a Phenom Pro-X. XRD spectra were measured using a BRUKER 
D8 FOCUS. The absorption spectra were carried out by an Agilent Cary 
5000. The TRPLs were recorded on a home-built confocal microscope 
(with objective lens N.A. =0.4) using a pulsed supercontinuum laser 
(OYSL Photonics, SC-Pro, 150  ps pulse lengths) at 2  MHz repetition 
rate. The focused pump laser power through an objective lens was 
0.25 nW. The scattered light from the pump laser to the detector was 
filtered by a long-pass filter with a 532-nm edge (Semrock). The SPCM-
AQRH Single Photo Counting Module (SPCM-AQRH-15, Excelitas 
Technologies) detected the PL and the lifetime module was TimeHarp 
260 P (PicoQuant). AFM characterizations were performed on a 
Bruker's Dimension Icon system. Photocurrent-voltage characteristics 
were measured by a Keithley 4200A semiconductor parametric analyzer 
(Tektronix) with a C-100 probe station from TPSi Company in the air at 
room temperature. Different biases on the gold electrode were applied 
through two probes connected with a DC power supply (MCH-K605DN) 
to measure the Raman spectrum of the 2D perovskite single-crystal bulk.

The Hybrid Photodetector Construction: The prepared (PEA)2PbBr4 thin 
single crystals were transferred to the SiO2/Si substrate by mechanical 
peeling, and then the 1-nm PTCDA molecules were vaporized on the 
thin single crystals through a thermal evaporation-induced assembly 
method and the 100-nm gold electrodes were vaporized using a mask. 
The electrode spacing was 20 μm. Finally, the hybrid photodetector can 
be successfully fabricated.

DFT Calculations: The geometries of PEA were optimized by DFT 
using the basis set B3LYP with a triple split valence basis set of 6-311+G*. 
At this geometry, frequency calculation was obtained at the same level, 
with a scaling factor of 0.9680.[47] The simulated Raman spectra were 
performed with Lorentzian expansion in a line width of 10  cm−1 at 
laser line 532 nm and 298 K. And electronic transitions were calculated 
with time-dependent DFT, which only singlet-singlet excitations were 

Figure 5. Characterizations of the reversibility of voltage polarization. a) Raman spectra of the device based on (001) plane under different polarizations 
times with a 6-V bias. b) Raman spectra of device under different delay times after removing voltages. c) The relative intensity ratio of Raman spectra 
in the two bands (1470 and 1484 cm−1) varies with the applied on/off potential. d) Five cycles of on/off status.
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evaluated. The wavefunction analysis and visualization of energy levels 
of molecules were performed by Multiwfn and VMD.[48,49] All calculations 
were carried out by the Gaussian 09 program.[50]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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