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Abstract: Recently, the two-dimensional (2D) form of Ruddlesden-Popper perovskite (RPP) has been widely studied. However,
the synthesis of one-dimensional (1D) RPP is rarely reported. Here, we fabricated a photodetector based on RPP microwires
(RPP-MWSs) and compared it with a 2D-RPP photodetector. The results show that the RPP-MWs photodetector possesses a
wider photoresponse range and higher responsivities of 233 A/W in the visible band and 30 A/W in the near-infrared (NIR)
band. The analyses show that the synthesized RPP-MWs have a multi-layer, heterogeneous core-shell structure. This structure
gives RPP-MWs a unique band structure, as well as abundant trap states and defect levels, which enable them to acquire bet-
ter photoresponse performance. This configuration of RPP-MWs provides a new idea for the design and application of novel het-

erostructures.
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1. Introduction

As a type of semiconducting material with low-dimen-
sional structure, one-dimensional (1D) materials have been
widely researched in the field of photodetectors. Due to the
large specific surface area, the surface of 1D materials con-
tains a lot of trap states and defect levels, which can effec-
tively extend the carrier lifetime and broaden the response
band. Their low-dimensional quantum size effect also ensures
high carrier mobility, which enhances the responsivity and
on-off ratio of the photodetectors. In addition, the fabrica-
tion process of 1D materials-based devices is simple and inex-
pensive, which makes them suitable for low cost and high
performance photodetectors('-19, At present, several 1D mate-
rials have been successfully applied to produce photodetec-
tors in ultraviolet (UV), visible, and near-infrared (NIR) bands,
including binary compound materials®-'4, ternary com-
pound materials'5-7), organic materials!'8-20], and so on. In
addition to utilizing the optoelectronic properties of 1D materi-
als, methods of constructing heterojunctions have been used
to further improve their photoresponse performancel2!-26],
Specifically, the core-shell structure is widely applied in the
preparation of the heterostructure, due to its unique surface
characteristics and ease of realization[24-261, Such a heterojunc-
tion can significantly optimize the surface lattice structure
and band structure of materials, which allows them to
respond to more bands, achieve higher responsivity and detec-
tivity, and improve environmental stability.

Recently, Ruddlesden-Popper perovskite (RPP) has fea-
tured extensively in the research of photodetectorsi2’-29, The
typical organic RPP possesses the general molecular formula
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(RNHs),(A),-1MpX3p41. The ammonium cation RNH;* contains
a long-chain branch, typically phenylethylamine (PEA) cation,
working as a spacer between molecular layers. The micro-
molecule organic cation A, typically methylamine (MA)
cation, is inserted into the interspaces between the metal
halide octahedrons [MX¢]4. As the number of octahedral back-
bone layers n approaches 1, the specific surface area
increases, the quantum confinement effect becomes
stronger, and the RPP exhibits remarkable two-dimensional
(2D) optoelectronic properties. When n approaches infinity,
the layered backbone becomes very thick, the quantum con-
finement effect vanishes, and the RPP reverts to traditional
AMX; perovskite. In addition, with the hydrophobic property
of the long-chain branch in RNHs*, RPP possesses superior
environmental stability3%-34l, Various photodetectors with
excellent photoresponse performance and stability have
been developed using this property35-39, However, these stud-
ies are all aimed at exploring the optoelectronic characteris-
tics of 2D-RPP, while only a few works have synthesized RPP
with 1D structures and investigated its performance on pho-
todetectorst 0. Although the synthesis process of 2D-RPP has
been thoroughly studied, the process of fabricating RPP into
1D form has received far less attention. This aroused our inter-
est to investigate the synthesis method of 1D-RPP and their
optoelectronic properties.

In this work, we report a photodetector that is based on
RPP microwires (MWs) that are synthesized using the solu-
tion method (Fig. 1(a)). Compared with the photodetector
based on 2D-RPP with the same composition, the RPP-MW
photodetector has a broader response band in the visible
range and opens a detection window in the NIR region. In addi-
tion, the RPP-MW photodetector achieves higher responsiv-
ity in all response bands: 233 A/W in the visible band and
30 A/Win the NIR band. Following characterization and mecha-
nism investigation, we discovered that RPP-MWSs have a
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Fig. 1. (Color online) (a) Schematic diagram of the RPP-MWs photodetector. (b) Schematic of the mechanism of carrier generation when visible
and NIR light illumination is applied to the multi-layer core-shell RPP-MWs. (c) Schematic lattice structure of the RPP with different values of n in

different phases of the RPP-MWs.

multi-layer core-shell structure (Fig. 1(b)), with n increasing to
infinity when approaching the core; as shown in Fig. 1(c). This
configuration makes RPP-MWs possess more unique band
structures, and more abundant trap states and defect levels,
which provides ideas for the design and construction of hetero-
geneous RPP structures.

2. Experimental

2.1. Preparation of 2D-RPP and RPP-MW
photodetectors

Two groups of RPP precursor powders, PEAI, MAI, and
Pbl,, were measured at specific stoichiometric ratios accord-
ing to the molecular formula PEA,MAPD,l; (n = 2). One group
was dissolved in N,N-dimethylformamide (DMF) with a mass
ratio of 1%, and the other group was dissolved in DMF with a
mass ratio of 10%. Two groups of solutions were stirred at
60 °C for 12 h in a water bath and cooled to room tempera-
ture naturally. The solutions were filtered with a polytetrafluo-
roethylene syringe filter before use. The electrode patterns
were prepared on two Si-epitaxial SiO, substrates by a posi-
tive resist lithography process, and an Au film (50 nm) was
evaporated on the substrates. For 2D-RPP, the gold-coated sub-
strate was soaked in acetone to peel off the gold film out-
side the pattern and then treated with a plasma cleaner (Har-
rick PDC-32G-2). The 10% solution was spin coated on the sub-
strate at 2000 r/min for 60 s. After annealing at 100 °C for 1 h,

the 2D-RPP photodetector was obtained. For RPP-MWs, the
gold-coated substrate was treated directly with the plasma
cleaner and then soaked in acetone to peel off the gold film
outside the pattern. The 1% solution was spin coated on the
substrate at 500 r/min for 60 s. After annealing at 100 °C for
1 h, the RPP-MWs photodetector was obtained. The prepara-
tion, filtration, spin coating, and annealing of the solutions
were carried out in an argon-filled glove box.

2.2. Characterizing the materials and photodetectors

A scanning electron microscope (SEM; COXEM EM-30)
was used to characterize an image of the RPP-MWs. The X-ray
diffraction (XRD) spectrum was characterized by an X-ray pow-
der diffractometer (Bruker D8 ADVANCE, A = 1.5418 A). The
Raman spectra were characterized by a laser Raman confocal
microscope (Renishaw inVia-Reflex) excited at 532 nm. The
photoluminescence (PL) and time-resolved PL (TRPL) spectra
were characterized by a fluorescence spectrometer (Edin-
burgh FLS1000). The optical photographs of 2D-RPP and RPP-
MWs photodetectors were taken from an optical microscope
(CAIKON DMM-660C). The optoelectronic properties were
examined by a probe station equipped with a semiconduc-
tor analyzer (Keysight B1500A). A xenon light source (Beijing
China Education Au-light Technology Co., Ltd., CEL-HXUV300)
and a monochromator (SOFN Instruments Co., Ltd., 7ISW30)
were used to provide monochromatic light. All tests were per-
formed at room temperature.
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Fig. 2. (Color online) Characterization of the RPP-MWs. (a) SEM image of a single RPP-MW. (b) XRD spectrum of the RPP-MWs. (c) Raman spec-
trum of the RPP-MWs, with the characteristic peaks of Si marked with blue squares and the signals from the RPP-MWs marked with red stars.
Raman spectra of (d) PEA,Pbl, (n = 1) and MAPbI; (n = =) and (e) original RPP-MWs and MWs cauterized for 10 s and (f) for 60 s. (g) PL spectrum
of the RPP-MWs used to find the optimal excitation wavelength, excited at 200 nm. (h) PL spectrum of the RPP-MWs, excited at 396 nm.

(i) Schematic band structure of the RPP-MWs.

3. Results and discussions

3.1. Characterization of materials

Fig. 2(a) shows the SEM image of a single RPP-MW
located on a pair of Au electrodes. It can be clearly seen that
the radius of the RPP-MW is about 1 um. This abnormal thick-
ness is due to the multi-layer core-shell appearing in the syn-
thetic process. The specific formation reason for this will be
explained later in the characterization. Fig. 2(b) gives the XRD
spectrum of the RPP-MWs. The crystal plane diffraction peaks
demonstrate good consistency with the layered backbone
structure of the RPP crystals. The Raman spectrum of the
RPP-MWs is shown in Fig. 2(c). Since the laser used in Raman
test will partially irradiate the Si-epitaxial SiO, substrate,
some interference peaks corresponding to the Raman shift of
Si will appear. By excluding the characteristic peaks of Si, sev-
eral signals from the RPP can be identified in the spectrum,
including signals near the Raman shift of 200,400, and 600 cm~1,
which are derived from the Raman modes of the organic com-
ponents in the RPPL To further study the corresponding
Raman shifts of the organic components, another two groups
of RPP films with n = 1 and n = « (i.e., PEA,Pbl, and MAPblI;)
were synthesized and subjected to Raman tests ranging from

100 to 250 cm~, as shown in Fig. 2(d). After comparison, the
Raman peak near 127 cm~' only exists in MAPbIs, implying
that MA* corresponds to the Raman shift of 127 cm~', while
the peak near 213 cm~" only exists in PEA,Pbl,, implying that
PEA* corresponds to the Raman shift of 213 cm~'. To investi-
gate the internal structure of RPP-MWs, we used the laser
equipped in the Raman test to cauterize the MWs, and per-
formed the Raman tests on them in the same range (100—
250 cm~"). After 10 s of cauterization, the Raman peak of
PEA* obviously decreases; as shown in Fig. 2(e). After 60 s of
cauterization, the Raman intensity of PEA* becomes exceed-
ingly weak; as shown in Fig. 2(f). It can be inferred from these
tests that RPP-MWs may have gradual components inside
and the value of n increases from outside to inside.

To investigate the band structure of RPP-MWs, a PL test
was first carried out with a laser beam of 200 nm to find the
best excitation wavelength. When the high-energy photon
hits the material, some electrons will be directly ionized and
cannot return to the material to produce fluorescence, while
some electrons can jump from the vacuum level back to the
original level. A PL peak will then appear in the spectrum and
the wavelength corresponding to the peak is the optimal
wavelength to excite the material. As shown in Fig. 2(g), a
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Fig. 3. (Color online) Photoresponse performance comparison of the 2D-RPP and RPP-MW photodetectors. (a) Current curve of the 2D-RPP pho-
todetector. Inset is the optical microscopic photograph of the 2D-RPP photodetector. (b) Responsivity curve of the 2D-RPP photodetector.
(c) The power density of monochromatic light used in the tests. (d) Current curve of the RPP-MW photodetectors. Inset is the optical microscopic
photograph of the RPP-MWs photodetector. (e) Responsivity curve of the RPP-MWSs photodetector. (f) TRPL spectra of 2D-RPP and RPP-MWs.

dominant spectrum appears near the wavelength of 396 nm,
which was selected as the excitation wavelength of laser. As
shown in Fig. 2(h), a main peak at 750 nm is observed in the
spectrum, which corresponds to the bandgap of the phase
when n approaches infinity. In addition, three obvious emis-
sion peaks are observed at 525, 575, and 625 nm, correspond-
ing to the phases of n = 1, 2, and 3. This indicates that multi-
ple phases with different n values exist inside the RPP-MWs.

According to the synthetic method of the RPP-MWs,
when the solvent of the dilute RPP solution volatilizes, the
small-n phases preferentially gather on the outside, while the
large-n phases congregate in the center region!3¢, Since the
channel part of the substrate has not been cleaned with
plasma while the electrode part has, the solution has strong
affinity to the electrodes and weak affinity to the channel. As
the solvent concentrates under annealing, the solution tends
to converge into a line across the channel under the action
of surface tension. In the end, multi-layer core-shell MWs are
formed on electrodes across the channels in a self-assembly
way. The band structure of Au and RPP-MWs can be obtained
by calculating the bandgap of each phase, as shown in Fig. 2(i).
It can be found that since the bandgaps of phases get nar-
rower closer to the core, the lines connected by the conduc-
tion and valence bands of these phases form two arcs that
gradually tighten from the shell to the core, which is also con-
sistent with the band structure explanation in other
reports3® 371, This graded band structure is very favorable for
the separation and conduction of photogenic carriers.

3.2. Performance comparison of 2D-RPP and RPP-MWs

photodetectors

To investigate the difference of photoresponse perfor-
mance between 2D-RPP and RPP-MWs, we prepared photode-
tectors using these two materials and tested their optoelec-

tronic performance. Fig. 3(a) shows the current generated by
the 2D-RPP photodetector under different wavelengths of
light. The inset is an optical photograph of the device shot
from the microscope. It can be found from the current curve
that the device has a response current to the band from vio-
let to yellow (400-600 nm) in visible range (400-780 nm).
However, when the wavelength is above 600 nm, the device
no longer responds to the light. Throughout the entire NIR
region (780-1350 nm), the device has almost no response cur-
rent. In addition, the device also has a response to the UV
band (150-400 nm). Since the power intensity of monochro-
matic light modulated by the monochromator varies greatly,
another index needs to be introduced to eliminate this varia-
tion. The responsivity is utilized to measure the photore-
sponse performance of the device, which can be defined as

A ight — lark

R=ps=—pm (1)

where R is the responsivity of the device, photocurrent Al =
light = laark is the difference value of light current and dark cur-
rent, P is the light power intensity, and S is the effective illumi-
nation areal'3), Through calculation, the responsivity curve of
the 2D-RPP photodetector with respect to the wavelength is
obtained in Fig. 3(b). It can be found from the curve that the
device is only responsive to light with wavelengths of
300-500 nm. Given that the power densities of the monochro-
matic light outputted by the optical fiber from the monochro-
mator vary greatly, the curve of the active light power den-
sity corresponding to the wavelength is provided in Fig. 3(c)
for ease of calculation.

The current curve of the RPP-MWSs photodetector at differ-
ent wavelengths is shown in Fig. 3(d), whose optical micro-
scopic photograph is provided in the inset. Obviously, com-
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Fig. 4. (Color online) (a, b) I-V characteristic curves and (c, d) switching tests of the RPP-MWSs photodetector tested at 550 nm and 1064 nm, respec-
tively. The insets show the time-resolved current curves after illumination for 60 s. (e, f) Schematic band structure of the RPP-MWSs photodetec-

tor when tested at visible light and NIR light, respectively.

pared with 2D-RPP photodetector, the RPP-MWs photodetec-
tor has a wider response band in the visible range. Notably,
in addition to a response peak at 450 nm, which is identical
to that of the 2D-RPP photodetector, the RPP-MW:s photodetec-
tor also has a response peak at 550 nm. This may result from
the uneven thickness of the RPP-MWs when they form on the
electrodes. In addition, the RPP-MWs photodetector opens a
response window in the NIR region compared to the 2D-RPP
photodetector. Similarly, the responsivity at different wave-
lengths is calculated using formula (1), and the curve is given
in Fig. 3(e). Responsivities of 233 A/W are acquired at
450 nm in the visible band and 30 A/W at 850 nm in the NIR
band. Since the effective illumination area of the RPP-MWs
photodetector is smaller than that of the 2D-RPP photodetec-
tor, although the response current of the former is lower
than that of the latter in some bands, the overall responsiv-
ity of the former is much higher than that of the latter. The rea-
son for these phenomena is that 2D-RPP has a single compo-
nent and a simple band structure, which is not conducive to
the generation of carrier pairs for low-energy photons and
the separation of photo-generated carriers, while RPP-MWs
have a gradual composition and a complex band structure,
which can absorb photons of various energies and separate
electrons and holes effectively. To confirm that the carrier life-
time of RPP-MWs is longer than that of 2D-RPP, TRPL tests
were carried out on both materials. As shown in Fig. 3(f), RPP-
MWs possess a longer fluorescence lifetime than 2D-RPP,
which is consistent with the mechanism explanation.

3.3. Tests and analyses of optoelectronic properties

To further study the optoelectronic properties and pho-
toresponse mechanism of the RPP-MWs photodetector, more
photoresponse tests were carried out on the device. First, the
current-voltage (I-V) characteristic curve of the device was
tested using a semiconductor analyzer. Two wavelengths of

monochromatic light were selected in the visible and NIR
bands, and different power densities were used to illuminate
the device. In the visible band, the wavelength of 550 nm
with the highest responsivity was selected as the wave-
length of the visible light test. In the NIR band, the wave-
length of 1064 nm, which has a wide range of applications,
was selected as the wavelength of the NIR light test. The
sweep voltage scans from -3 to 3 V, the sampling interval is
0.06 V, and 101 test points are included in each curve.

Fig. 4(a) shows the |-V characteristic curves of the RPP-
MWs photodetector when 550 nm monochromatic lights
with different power densities are illuminated to the device.
It is clear that the curves are almost flat from the beginning
to the end of the test, with no charge depletion or accumula-
tion process. In addition, the response curve changes of the
device are very stable under different light power densities.
Since adjustment of the power intensity is relatively uniform,
it can be inferred that the photocurrent of the device under
visible light illumination has good linearity with the optical
power intensity, which implies that the absorbed photons
can stably generate photo-generated carriers and that the
external electric field can effectively separate electrons and
holes. When the RPP-MWs photodetector is illuminated with
1064 nm monochromatic light, a charge depletion process
occurs at the beginning of the voltage sweep, as shown in
Fig. 4(b). This may be due to the accumulation of photo-gener-
ated carriers in the energy bands at the interfaces of the
multi-layer core-shell structure. The carriers generated by NIR
photons are mainly distributed in the region near the core of
RPP-MWs. These electrons and holes are first captured and
stored by conduction and valence bands at the interfaces.
When voltage bias is applied, these accumulated carriers are
first depleted before the charge concentration in the mate-
rial returns to normal.

The switching tests of the RPP-MWSs photodetector at
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550 nm are shown in Fig. 4(c), which are similar to the tests
at 1064 nm as shown in Fig. 4(d). The two curves have a com-
mon characteristic (i.e., the current value will gradually
decrease after reaching the peak value at the moment the illu-
mination is on). This phenomenon may be caused by the exis-
tence of a large number of trap states on the surface of the
RPP-MWs. When the illumination is off, the carriers in the trap
states are in a stable state and almost do not participate in
the drift motion of the carriers under the external electric
field. At the moment when the illumination is on, the stored
carriers in the trap states are excited along with the photo-gen-
erated carriers. At this time, the mobility of the carriers sud-
denly increases and a strong current is formed. The carriers
then refill the trap states and a dynamic equilibrium with the
process of photon excitation of the carriers in the trap states
is formed, which extends the lifetime of the carriers. To fur-
ther demonstrate the mechanism, the device was tested by
applying bias after exposing the device to light for 60 s. As
shown in the insets in Figs. 4(c) and 4(d), the light current no
longer gradually decreases and remains stable. This implies
that the dynamic equilibrium of carriers trapping and excit-
ing has been already formed before applying bias.

Based on these tests, the band structure of the RPP-MWs
photodetector is analyzed. As shown in Fig. 4(e), the graded
band structure in RPP-MWs can be approximated as two con-
cave curves, which will be twisted into a hook shape under
the bias. When visible light illuminates the RPP-MWs, elec-
trons near the shell are directly excited to the conduction
band. Due to the external electric field, the electrons near the
positive pole enter the Au electrode directly from the conduc-
tion band, and the holes move along the bending direction
of the valence band towards the other pole. Conversely, the
holes near the negative pole recombine with the electrons in
the metal and the electrons move to the other side along the
bending direction of the conduction band. When the NIR
light illuminates the RPP-MWs, electrons near the core are
excited to the conduction band and then pass through the
shell into the gold electrode under the action of bias (Fig. 4(f)).
Since a large number of defect levels are formed at the inter-
faces of adjacent phases in the annealing process of RPP-
MWs, electrons can be excited to the defect levels by pho-
tons with energies lower than the narrowest bandgap. They
then enter the conduction band and separate from electron-
hole pairs under the action of the quantum tunneling effect
and other mechanisms.

4, Conclusion

In summary, we fabricated a photodetector based on
RPP-MW:s by adjusting the concentration of the precursor solu-
tion, the treatment method of the substrate, and the speed
of spin coating. The prepared device expands the response cut-
off band of the photodetector based on 2D-RPP from 600 to
1350 nm and improves the responsivity comprehensively.
The responsivity of the RPP-MWs photodetector can reach up
to 233 A/W in the visible band and 30 A/W in the NIR band.
After analysis, the synthesized RPP-MWs form a multi-layer
core-shell structure, which gives them a graded band struc-
ture. In addition, the interfaces between RPP phases provide
a large number of trap states and defect levels, which extend
the lifetime of carriers and the response band. Compared

with the single-component 2D-RPP device, the RPP-MWs pho-
todetector will have broader application prospects in engineer-
ing, production, medicine, and other fields.
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