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High-sensitivity shortwave infrared photodetectors of metal-organic
frameworks integrated on 2D layered materials

Fakun Wang, Jie Wu, Yue Zhang, Sijie Yang, Na Zhang, Huigiao Li and Tianyou Zhai"

ABSTRACT Photodetectors operating in the shortwave in-
frared region are of great significance due to their extensive
applications in both commercial and military fields. Narrow-
bandgap two-dimensional layered materials (2DLMs) are
considered as the promising candidates for constructing next-
generation high-performance infrared photodetectors.
Nevertheless, the performance of 2DLMs-based photo-
detectors can hardly satisfy the requirements of practical ap-
plications due to their weak optical absorption. In the present
study, a strategy was proposed to design high-performance
shortwave infrared photodetectors by integrating metal-
organic frameworks (MOFs) nanoparticles with excellent op-
tical absorption characteristics and 2DLM with high mobility.
Further, this study demonstrated the practicability of this
strategy in a MOF/2DLM (Ni-CAT-1/Bi,Se;) hybrid hetero-
junction photodetector. Due to the transfer of photo-gener-
ated carriers from the MOF to Bi,Se;, the MOF nanoparticles
integrated on the Bi,Se; layer can increase the photocurrent by
2-3 orders of magnitude. The resulting photodetector pre-
sented a high responsivity of 4725 AW and a superior de-
tectivity of 3.5 x 10" Jones at 1500 nm. The outstanding
performance of the hybrid heterojunction arises from the sy-
nergistic function of the enhanced optical absorption and
photogating effect. In addition, the proposed device con-
struction strategy combining MOF photosensitive materials
with 2DLMs shows a high potential for the future high-per-
formance shortwave infrared photodetectors.

Keywords: shortwave infrared photodetector, 2D layered mate-
rials, metal-organic frameworks, hybrid heterojunctions

INTRODUCTION

Shortwave infrared (SWIR) photodetector is one of the core
components in modern electronics industry, which demon-
strates a vital role in various fields such as military defense,
industrial production, medical diagnosis and optical commu-
nication [1-5]. Two-dimensional layered materials (2DLMs)
with narrow bandgap and high mobility are considered as the
promising candidates for next-generation infrared optoelec-
tronics due to their unique structures and photoelectric prop-
erties [6-11]. At present, considerable efforts have been devoted
to demonstrating the SWIR photodetection performance of
2DLMs [1,5]. However, most of the 2DLMs-based SWIR pho-

todetectors suffer from low responsivity (107°~10' AW™") due to
the intrinsic weak optical absorption induced by their atomically
thin nature [5]. In photodetectors, the responsivity (R) is jointly
determined by the external quantum efficiency (EQE) and the
photoconductivity gain (G) according to the equation of

R= % x EQE x G, where h, ¢, e and A refer to the reduced

Planck constant, light velocity, elementary electronic charge and
incident wavelength, respectively. EQE is positively correlated
with the optical absorption efficiency. As a result, the respon-
sivity can be improved by enhancing optical absorption and
introducing high photoconductivity gain. An effective strategy
to achieve high responsivity is to combine a strong light
absorption layer with high mobility 2DLMs [9,12]. In this
configuration, the photosensitive layer absorbs photons and
generates the electron-hole pairs under illumination. Then, the
photo-generated carriers are transferred to the 2DLMs, thus
enhancing the responsivity. In the meanwhile, part of the photo-
generated carriers (electrons or holes) are captured by the traps
or defects in the photosensitive layer and can form a photo-
induced localized field (photogating effect). As a result, the
carriers can recirculate repeatedly in the 2DLM channel before
the recombination, further increasing the responsivity.

Currently, the selected photosensitive layers mainly contain
plasmonic nanostructure [13,14], colloidal quantum dots (e.g.,
PbS, PbSe, HgTe) [12,15,16], low-dimensional perovskites [17-
19], and inorganic nanoparticles [20,21]. For example, the
HgTe-sensitized MoS, photodetector demonstrates an out-
standing responsivity on the order of 10> A W' at a wavelength
of 2um [15]. The hybrid Ti,O3 nanoparticles/graphene device
achieves a high responsivity of 300AW™ in a broadband
wavelength range up to 10 um [20]. Even though these photo-
sensitive materials have been effective on improving the
responsivity of 2DLM-based photodetectors, they still have some
shortcomings in practical applications. The enhancement of
plasmonic nanostructure is limited by its resonant frequency
and the toxicity of colloidal quantum dots is harmful to human
health. The instability of perovskite limits device applications,
and the high dark current of inorganic nanoparticles will gen-
erate low detectivity. Therefore, it is of great significance to
develop a promising photosensitive material that can overcome
the above-mentioned drawbacks.

In the present work, a novel strategy was proposed by utilizing
metal-organic frameworks (MOFs) nanoparticles as the photo-
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sensitive materials of 2DLM-based photodetectors. MOFs
formed by the coordination of metal ions and organic ligands
exhibit highly tailorable bandgap, optical absorbance and elec-
trical conductivity through varying the metal, ligand, and/or the
growth conditions [22-28], which can be applied to different
situations in line with the requirements of detection bands.
Among them, MOF (Ni-CAT-1) possesses a narrow bandgap of
0.48¢eV and strong optical absorption in the SWIR region
[29,30], making it appropriate to combine with 2DLM to achieve
high-performance SWIR photodetection. In addition, the mod-
erate electrical conductivity induced by the high porosity of
MOF does not significantly increase the dark current, thus
retaining the high detectivity of the device [24,29]. Conse-
quently, we demonstrated the high-sensitivity SWIR photo-
detectors by hybridizing Ni-CAT-1 nanoparticles with high-
mobility 2D Bi,Se; flakes, where a high responsivity of
4725 AW™ and a superior detectivity of 3.5 x 10" Jones at
1500 nm were obtained in the present Ni-CAT-1/Bi,Se; hybrid
heterojunction. The outstanding performance can be attributed
to the synergistic function of the enhanced optical absorption
and photogating effect. The obtained results indicate the great
potential of combining MOF materials with 2DLMs for high-
performance infrared optoelectronic applications.

EXPERIMENTAL SECTION

Preparation of 2D Bi,Se; flakes

The 2D Bi,Se; flakes were obtained via van der Waals epitaxial
growth in a horizontal single-zone furnace equipped with a
quartz tube. Bi,Se; powder (0.2 g) and fresh mica substrate were
employed as the precursor and growth substrate, and were
placed at the center and the downstream region of the furnace,
respectively. The center region was heated up to 600°C over
30 min and maintained at 600°C for 45 min under 80 standard
cubic centimeter per minute (sccm) Ar carrier gas flow. Then
the furnace was naturally cooled down to room temperature,
and then the high-quality 2D Bi,Se; flakes were obtained on the
mica substrates.

Synthesis of Ni-CAT-1 nanoparticles

In this study, 0.01 x 10”mol HHTP (2,3,6,7,10,11-hexahy-
droxytriphenylene) and 0.05 x 1072mol nickel acetate
(Ni(CH;3COO),) were dissolved separately in deionized water by
sonication to prepare stock solutions. Next, 3 mL of each stock
solution was added into a 20-mL cylindrical pressure vial and
Ni-CAT-1 nanoparticles were formed after heating the vial at
85°C for 12h.

Heavily-doped Si (gate)

Fabrication of 2D Bi,Ses;/Ni-CAT-1 hybrid heterojunction device
First of all, the as-grown 2D Bi,Se; flakes on mica substrate were
transferred onto a silicon wafer with 300 nm thermalized SiO,
layer by the poly(methyl methacrylate) (PMMA) and poly(pro-
pylene carbonate) (PPC)-assisted transfer technique ([31].
Afterwards, the Bi,Se;-based back-gate field-effect transistor was
fabricated by the standard electron beam lithography (ELPHY
Plus, Raith GmbH) and thermal evaporation (Nexdep, Ang-
strom Engineering). Subsequently, the as-fabricated BiSe;
device was immersed in a mixture of HHTP and Ni(CH;COOQO),
stock solution, and the Ni-CAT-1 nanoparticles self-assembled
on the surface of Bi,Se; flakes after heating at 85°C for 12h.
Finally, the Bi,Se;/Ni-CAT-1 hybrid heterojunction device was
washed with deionized water for several times and annealed at
100°C for 10 min to remove the moisture.

Characterization and measurements

The phase and structure of the as-synthesized Ni-CAT-1
nanoparticles were determined by a powder X-ray dif-
fractometer (XRD, D2 Phaser, Bruker) and transmission elec-
tron microscopy (TEM, Tecnai G2 F30, FEI). The morphology of
the as-fabricated Bi,Se;/Ni-CAT-1 hybrid heterojunction was
obtained by optical microscopy (BX51, OLYMPUS), atomic
force microscopy (AFM, Dimension Icon, Bruker) and scanning
electron microscopy (SEM, Quanta 650, FEI). Raman spectra
were collected using a confocal microscope spectrometer (Alpha
300R, WITec) equipped with a 532-nm laser. Besides, the optical
absorption spectra were recorded on an ultraviolet visible near-
infrared spectrophotometer (SolidSpec-3700, SHIMADZU). The
electrical measurements were conducted on a probe station
(CRX-6.5K, Lakeshore), which was connected to a semi-
conductor analyzer (4200-SCS, Keithley). In terms of photo-
detection, the incident light with a variety of wavelengths was
provided by a broadband laser-driven light source (EQ-1500,
Energetiq).

RESULTS AND DISCUSSION

The schematic diagram of the proposed MOF/2DLM (Ni-CAT-
1/BiSe;) hybrid heterojunction photodetector is displayed in
Fig. la. It represents the configuration of 2D Bi,Se; channel
decorated with Ni-CAT-1 nanoparticles. Ni-CAT-1 exhibits a
layered structure (Fig. 1b) and strong light absorption in the
near-infrared region. As a result, it can be easily epitaxially
grown on the surface of layered BiSe; flakes and used as an
efficient light absorber to enhance the light absorption capacity
of the heterojunction device. As shown in Fig. 1c, incident SWIR
light was absorbed by the MOF nanoparticles film under illu-

b MOF (Ni-CAT-1) N e N

Figure 1 2D Bi,Ses/MOF hybrid heterojunction photodetectors. (a) Schematic diagram of the 2D Bi,Ses/MOF hybrid heterojunction. (b) Crystal structure of
MOF (Ni-CAT-1). (c) Schematic band diagram of the heterojunction photodetector under illumination.
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mination. At the same time, photo-generated electron-hole pairs
were separated at the interface between the MOF and Bi,Se;. The
photo-generated electrons were transferred to the Bi,Se; channel
to contribute photocurrent. The photo-generated holes
remained within the MOF layer as a local gate to regulate the
channel conductance, so as to enhance the photoconductivity
gain of the device, which thus achieved high performance SWIR
photodetection.

The Ni-CAT-1 nanoparticles were synthesized by a simple
solution process, in which the HHTP and Ni(CH;COO), stock
solutions were used as the precursors (Fig. Sla). As shown in the
XRD pattern in Fig. 2b, all diffraction peaks were in good

consistence with the simulated peaks, indicating that the as-
synthesized Ni-CAT-1 nanoparticles possessed high purity.
Moreover, the small full width at half maximum of the XRD
peaks demonstrated the high crystallinity of the as-synthesized
Ni-CAT-1 nanoparticles. The high-resolution TEM (HRTEM)
image shown in Fig. S1b further confirmed the high crystalline
quality of the as-synthesized Ni-CAT-1 nanoparticles. Therefore,
the simple solution process was further adopted to prepare the
2D Bi,Ses/Ni-CAT-1 hybrid heterojunctions. As illustrated in
Fig. 2a, the 2D Bi,Ses;-based device prepared before hand was
immersed in the mixture of HHTP and Ni(CH;COO), stock
solutions. After heating at 85°C for 12h, the surface of the 2D
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Figure 2 Fabrication and characterization of the 2D Bi,Ses/Ni-CAT-1 hybrid heterojunction. (a) Epitaxial growth of Ni-CAT-1 nanoparticles on multilayer
Bi,Se; flakes in a sealed glass tube with ethanol solution. (b) XRD patterns of the as-synthesized Ni-CAT-1 nanoparticles. (c) Raman spectra of the Bi,Se; flake
and Bi,Se;/Ni-CAT-1 hybrid heterojunction. (d) Output characteristic curves of the pristine Bi,Se; and Bi;Se3/Ni-CAT-1 hybrid heterojunction at Vg = 0V.
(e) Transfer characteristic curves of the pristine BiSe; and Bi,Ses/Ni-CAT-1 hybrid heterojunction at Vg = 1V.
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Bi,Se; flakes was covered with a thin film composed of Ni-CAT-
1 nanoparticles, thus forming the 2D Bi,Ses/Ni-CAT-1 hybrid
heterojunctions. Details concerning the experimental process are
provided in the EXPERIMENTAL SECTION. Fig. S2a shows an
optical microscopic image of the 2D Bi,Se;-based device before
and after growing Ni-CAT-1 nanoparticles. Obviously, the
morphology and structure of the 2D Bi,Se; channel still main-
tained its integrity, indicating that the preparation process was
relatively mild and did not cause damage to the 2D Bi,Se;
channel, which ensured the electrical and optoelectronic mea-
surements of the 2D Bi,Ses/Ni-CAT-1 hybrid heterojunction
devices. The SEM image shown in Fig. S2b indicated that the Ni-
CAT-1 nanoparticles were uniformly covered on the surface of
the 2D Bi,Se; flakes. According to Fig. Slb, the size of these
particles was on the order of nanometers. The thickness of the
Ni-CAT-1 nanoparticles thin film was determined to be
~140 nm (Fig. S2b) by AFM. Fig. 2c presents the Raman spectra
of the 2D Bi,Se; flakes, Ni-CAT-1 nanoparticles and Bi,Se;/Ni-
CAT-1 hybrid heterojunctions. Additionally, three peaks located
at 73, 134, and 177cm™ were found in the 2D Bi,Se; flakes,
which were assigned to the A'y,, E%, and A%, modes, respec-
tively [32,33]. Four peaks at 1371, 1410, 1457, 1551 cm™ were
observed on Ni-CAT-1 nanoparticles, and attributed to the
vibrations of C-C bonds of HHTP linkers in Ni-CAT-1 [29,34].
Regarding the Bi,Se;/Ni-CAT-1 hybrid heterojunction, the peaks
of Bi,Se; and Ni-CAT-1 were observed, revealing that the suc-
cessful combination of the Ni-CAT-1 nanoparticles on the 2D
Bi,Se; flakes.

The electrical characteristics of the pristine 2D Bi,Se; flake and
2D Bi,Ses/Ni-CAT-1 hybrid heterojunction were measured in
the configuration of back-gate field-effect transistor. Fig. 2d
illustrates the output characteristic curves (drain current, Iy vs.
drain voltage, Vy,) of the Bi,Se; and Bi,Ses/Ni-CAT-1 hybrid
heterojunction in the dark. Obviously, the value of drain current
for the Bi,Ses/Ni-CAT-1 hybrid heterojunction was higher than
that of the pristine 2D Bi,Ses flake. In the meanwhile, the pris-
tine Ni-CAT-1 nanoparticles did not exhibit noticeable electrical
conductivity, as shown in Fig. S3. Therefore, the main con-
ducting channel was ascribed to the 2D Bi,Se; flake in the Bi,Ses/
Ni-CAT-1 hybrid heterojunction device. The increased electrical
conductivity in the Bi;Ses/Ni-CAT-1 hybrid heterojunction
might be caused by the electronic doping of Ni-CAT-1 to Bi,Ses.
In addition, the transfer characteristic curves (drain current, Iy
vs. gate voltage, V) shown in Fig. 2e also presented an increase
in the drain current of the Bi,Ses/Ni-CAT-1 hybrid hetero-
junction in comparison with that of the pristine Bi,Se; device.
The log-scale curves in Fig. 2e indicated that the on/off current
ratio of the Bi,Ses/Ni-CAT-1 hybrid heterojunction slightly
increased from 139 to 244. The electrical characteristics revealed
that the electronic doping effect occurred in the 2D Bi,Se; flake
after the combination of the Ni-CAT-1 nanoparticles, which was
in accordance with the previously reported results in graphene/
Ni-CAT-1 structure [29]. The field-effect mobility (u) of the
pristine 2D Bi,Se; flakes and Bi,Ses/Ni-CAT-1 hybrid hetero-
junction was evaluated by the equation [35]: u = (Aly/Alg)(L/
WCoxV4s), where L, W and C,y represent the channel length,
width and gate capacitance, respectively. As a result, the field-
effect mobility of the pristine Bi,Se; and Bi,Ses/Ni-CAT-1 hybrid
heterojunction was calculated to be 6.7 and 15.1cm?V~'s™,
respectively. This enhancement (by ~2 times) of field-effect
mobility in the Bi,Ses/Ni-CAT-1 hybrid heterojunction was due
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to the possible electronic doping effect [36].

Before evaluating the enhancement of the photodetection
performance of the BiSes/Ni-CAT-1 hybrid heterojunction
compared with that of the pristine Bi,Ses, the optical absorption
properties of the device before and after Ni-CAT-1 nanoparticles
hybridization were investigated in this study. According to
Fig. 3a, the pristine Bi,Se; exhibited a certain light absorption
capacity within the range of 500-1500nm. However its
absorption in the range of 1500-2500 nm was weak, while the
Ni-CAT-1 nanoparticles demonstrated a better absorption
capacity than that of the pristine Bi,Se; in the range of 500-
2500 nm. When the Ni-CAT-1 nanoparticles were grown onto
the Bi,Se; channel, the Bi,Se;/Ni-CAT-1 hybrid heterojunction
exhibited enhanced absorption from 500 to 2500 nm, which was
ascribed to the synergetic absorption effect of Ni-CAT-1 nano-
particles and Bi,Ses flake. Moreover, the Bi,Se;/Ni-CAT-1 hybrid
heterojunction presented a strong absorption peak at around
1500 nm, which was absent in the individual 2D Bi,Se; flake and
Ni-CAT-1 nanoparticles. This phenomenon may be caused by
the energy transfer between Bi,Se; and Ni-CAT-1 [37]. The
enhanced absorption and possible energy transfer enabled the
Bi,Ses/Ni-CAT-1 hybrid heterojunction as the high-performance
broadband photodetector.

Then, we concentrated our efforts on the photoelectric per-
formance of the Bi,Ses/Ni-CAT-1 hybrid heterojunction device.
Fig. 3b, ¢ show the photoelectric properties of the pristine Bi,Se;
and Bi,Ses/Ni-CAT-1 hybrid heterojunction under illumination
with various wavelengths ranging from 500 to 2000nm,
respectively. Based on the curves in Fig. 3b, the pristine 2D
Bi,Se; flake exhibited an obvious photo-response in the spectral
range of 500-1600 nm, yet had a weak response in the near-
infrared region with the wavelength of 1000-1600 nm due to its
weak light absorption. Under the same light irradiation condi-
tion, the 2D Bi,Se;/Ni-CAT-1 hybrid heterojunction showed
stronger photo-response than the pristine 2D Bi,Se; flake
(Fig. 3c) because of its higher light absorption. In addition, on
account of the broad spectral absorption of Ni-CAT-1 nano-
particles, the photo-response range of the Bi,Se;/Ni-CAT-1
hybrid heterojunction was extended to 2000nm, which was
difficult to be achieved in a single 2D Bi,Se;-based photodetector
[33,38]. Fig. S4 displays the photo-response switching of the
Bi,Se;/Ni-CAT-1 hybrid heterojunction under illumination at
500, 1000, 1500, and 2000 nm, respectively, indicating the highly
reproducible and stable photo-response properties. These results
further demonstrated that the Ni-CAT-1 nanoparticles hybri-
dization not only enhanced the photodetection performance of
the 2D Bi,Se; flake, but also broadened its photodetection range.

To better understand the performance improvement of the
device based on the 2D Bi,Se; flake by Ni-CAT-1 nanoparticles
hybridization, the photocurrent (I,;), responsivity (R), and
detectivity (D*) of the pristine Bi,Se; and BiSe;/Ni-CAT-1
hybrid heterojunction were systematically studied under differ-
ent excitation wavelengths. R and D* denote two important
characteristic parameters to evaluate the performance of a
photodetector, representing the ability of generating photo-
current under illumination and detecting minimum illumination
signal, respectively. The calculation formula is expressed as
follows [39] Iph = Iiuminated — ldare R = Iph/(PS)x D* =
R(S/2el4a) "%, where the Iiiuminated> ldar P> S, and e refer to the
device current under illumination, dark current, power density
of incident light, device effective area, and elementary electronic
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Figure 3 Broadband photodetection performance of the pristine 2D Bi,Se; flake and 2D Bi,Ses/Ni-CAT-1 hybrid heterojunction. (a) Optical absorption
spectra of the pristine Bi;Ses, Ni-CAT-1 nanoparticles and Bi,Ses/Ni-CAT-1 hybrid heterojunction. (b) Iu-Vgs curves of the pristine Bi,Se; device in the dark
and under illumination with various wavelengths ranging from 500 to 1600 nm. (c) I4,- Vs curves of the Bi,Se3/Ni-CAT-1 hybrid heterojunction in the dark
and under illumination with various wavelengths ranging from 500 to 2000 nm. (d) Photocurrent, (e) responsivity and (f) detectivity of the Bi,Se; devices with
and without Ni-CAT-1 nanoparticles hybridization at wavelengths from 500 to 2000 nm, respectively.

charge, respectively. Fig. 3d shows the I, actually obtained from
Fig. 3b, c under different wavelengths, while Fig. 3e, f present the
calculated R and D* based on Fig. 3d. Clearly, the photocurrent
of the Bi,Ses/Ni-CAT-1 hybrid heterojunction under excitation
at different wavelengths was 2-3 orders of magnitude higher
than that of the pristine Bi,Se;, indicating that hybridization is
an extremely effective strategy to improve the photodetection
performance of the 2D Bi,Se; flake. Regarding the BiSe;/Ni-
CAT-1 hybrid heterojunction, the R values were calculated to be
94.5, 22.6, 50.5, and 32.8 A W' at 500, 1000, 1500, and 2000 nm,
respectively. Comparatively, the pristine 2D Bi,Se; flake exhib-
ited much smaller R values of 1.7, 0.8, and 0.14 AW at 500,
1000, and 1500 nm, respectively. Similarly, the D* of the Bi,Ses/
Ni-CAT-1 hybrid heterojunction reached up to 1.4 x 102, 3.3 x
10", 7.5 x 10"}, and 4.8 x 10'! Jones at 500, 1000, 1500, and
2000 nm, respectively, which were much higher than that of the
pristine 2D Bi,Se; flake (4.4 x 10' Jones at 500 nm, 2.1 x 10
Jones at 1000 nm and 4.1 x 10° Jones at 1500 nm). In addition,
the EQE values of the pristine 2D Bi,Se; flake and Bi,Se;/Ni-
CAT-1 hybrid heterojunction were estimated by the following
formula: EQE = hcR/e\, where h, ¢, e, A and R refer to the Planck
constant, light velocity, elementary electronic charge, incident
wavelength and responsivity, respectively. The as-estimated EQE
values of the Bi,Ses/Ni-CAT-1 hybrid heterojunction were
23,495%, 2809% and 4185% at 500, 1000 and 1500 nm, higher
than that of the pristine 2D Bi,Se; flake (423%/99%/11% at 500/
1000/1500 nm). Briefly, the Bi,Se;/Ni-CAT-1 hybrid hetero-
junction photodetector demonstrated an overall improvement in
the aspect of photocurrent, responsivity, detectivity and EQE
compared with the pristine Bi,Se;.
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From the above analyses, the Bi,Ses/Ni-CAT-1 hybrid het-
erojunction exhibited a superior photodetection performance at
1500 nm compared with the pristine Bi,Ses;. Thus, the excitation
wavelength used in the following studies was set to 1500 nm.
Fig. 4a displays the output characteristic curves of the Bi,Se;/Ni-
CAT-1 hybrid heterojunction under 1500 nm illumination with
various power densities (from 0.012 to 1.012mW cm™). The
drain current monotonically increased with the increasing power
density. The photocurrent as a function of power density at
Vas = 1V was plotted in Fig. 4b, which was fitted in a simple
power law I, ~ P% The « is a constant related to the generation,
trapping and recombination of photo-generated carriers. The
fitted « is 0.38, indicating the presence of trap-assisted photo-
generated electron-hole pairs recombination at the interface of
the Bi;Ses/Ni-CAT-1 hybrid heterojunction [40,41]. Addition-
ally, the responsivity as a function of power density was plotted
in Fig. 4c. The obtained maximum responsivity was calculated to
be 395 A W' at a low incident power density of 0.012mW cm™.
Moreover, the photo-response switching of the Bi,Ses/Ni-CAT-1
hybrid heterojunction exhibited good stability, which was found
in Fig. S5. Through careful analysis of one of the cycles, it was
found that the Bi,Se;/Ni-CAT-1 hybrid heterojunction exhibited
a fast photo-response rate. According to Fig. 4d, the rising time
(Trising) and decay time (Tgecay) Of the heterojunction were ~130
and ~6 ms, respectively, faster than those of the individual Bi,Se;
device (Tising ~0.54 'S, Taecay ~0.47 ) [33]. The fast photo-response
rate in the Bi,Se3/Ni-CAT-1 hybrid heterojunction was possibly
attributed to the Schottky contact at the electrode/Bi,Se; inter-
face, as inferred from the non-linear I4- V4 curves. The Schottky
barrier efficiently promoted the separation of photo-generated
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Figure 4 Photoresponse properties of the Bi,Ses/Ni-CAT-1 hybrid heterojunction under 1500 nm illumination. (a) Is-Vas curves of the BiSes/Ni-CAT-1
hybrid heterojunction in the dark and under illumination with various power densities ranging from 0.012 to 1.012mW cm 2. (b, ¢) Light-power-dependent
photocurrent and responsivity at Vg4 = 1V. (d) Response rate of the Bi,Ses/Ni-CAT-1 hybrid heterojunction with a rising time of 130 ms and a decay time of

6 ms.

electron-hole pairs, leading to a fast photo-response dynamics
[14,42].

To explore the possible photo-response mechanism in the
Bi,Ses/Ni-CAT-1 hybrid heterojunction, the gate-modulated
photo-response was further investigated in detail. The transfer
characteristic curves of the Bi,Ses/Ni-CAT-1 hybrid hetero-
junction in dark and under 1500 nm illumination with various
power densities are illustrated in Fig. 5a. The drain current of the
heterojunction increased with the increasing power density in
the gate voltage range of —60-60 V. In addition, the Bi,Se;/Ni-
CAT-1 hybrid heterojunction presented a stable and repeatable
photo-response under 1500 nm illumination with a power den-
sity of 1.012mW cm ™ at Vg, = 1 V and Vi, = 0V (Fig. 5b). Fig. 5¢
depicts the power density dependence of photocurrent at dif-
ferent gate voltages, which were fitted by the power law of I, ~
P# Regarding a photodetector, the « value is related to the two
photo-response mechanisms of photogating effect (¢ < 1) and
photoconductive effect (¢ =~ 1) [43,44]. The a values of the
Bi,Se;/Ni-CAT-1 hybrid heterojunction at different gate voltages
are displayed in Fig. 5d. Therefore, it was found that the
obtained « value varied from 0.26 to 0.41 in the gate voltage
range from —60 to 60 V, much smaller than 1, manifesting that
the photogating effect was the dominating photo-response
mechanism. Under the photogating effect, the photo-generated
electrons in the Bi,Ses/Ni-CAT-1 hybrid heterojunction circu-
lated multiple times in the channel due to the modulation of the
charged trap states, resulting in a high photoconductive gain (G).
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[45,46] The G can be estimated by the equation [39]: G = T/
Tiran» Where the Ty and 7., are the lifetime of photo-generated
carriers and the drift transit time of carriers, respectively. The
lifetime (7iie) could be presented by the response time (~6 ms)
and the transit time (Tiqn) was written as [39]: Tyan = L (4 Viias)
where L, y and Vi refer to the channel length, carrier mobility
and bias voltage, respectively. The calculated G reached up to 6.3
x 10%, indicating that high photodetection performance was
obtained in the Bi,Se;/Ni-CAT-1 hybrid heterojunction.

Fig. 5e, f demonstrate gate-modulated responsivity and
detectivity of the Bi,Ses/Ni-CAT-1 hybrid heterojunction, which
increased sharply with the increase of the applied gate voltage.
The behavior was explained by a gate-modulated energy band
structure [17,36]. Under the equilibrium conditions of no illu-
mination and gate voltage, the photoelectrical properties were
mainly affected by the Schottky barrier at the contact interface
(Fig. 5g). The Schottky barrier significantly increased at the
negative gate voltage, leading to negligible thermionic and tun-
neling current. As a result, the channel current was contributed
by the photo-generated carriers of Bi,Se; and Ni-CAT-1 under
illumination (Fig. 5h). Under positive gate voltage, in addition to
the photo-generated current, the thermionic and tunneling
current gradually increased as a result of decreasing Schottky
barrier height, thus forming a significantly increased channel
current (Fig. 5i). Therefore, on account of the synergistic effect
of tunable Schottky barrier and photogating mechanism, the
channel current remarkably increased at the positive gate vol-
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Figure 5 Gate-modulated photodetection performance of the Bi,Ses/Ni-CAT-1 hybrid heterojunction under illumination at 1500 nm. (a) Transfer char-
acteristic curves of the Bi,Ses/Ni-CAT-1 hybrid heterojunction in the dark and under 1500 nm illumination with various power densities ranging from 0.012 to
1.012mW cm % (b) Time-resolved photoresponse at a power density of 1.012mW cm ™2, V4 = 1V and Vg = 0V. (c) Power-dependent photocurrent at
different gate voltages. (d) Exponent («) extracted from (c) for each gate voltage. (e) Light-power-dependent responsivity at different gate voltages.
(f) Responsivity and detectivity as a function of gate voltage. The carrier transport mechanism and band energy diagram of the Bi,Ses/Ni-CAT-1 hybrid
heterojunction at (g) equilibrium state, (h) Vi < 0V, and (i) Vg > 0V.

Table 1 Comparison of photodetection performance between the Bi,Ses/Ni-CAT hybrid heterojunction and other photodetectors with similar structure

Bias

Device Wavelength (nm) ) Responsivity (A W) Detectivity (Jones) Response rate Ref.
. . Vis =1 13 .
Bi,Ses/Ni-CAT-1 1500 V.. = 60 4725 3.5 x 10 130/6 ms This work
g =
Bi,Ses/MoOs; 1550 Vs = 20 739 ~3 x 10" 62/76 ps [2]
Bi,Tes/pentacene 1550 Vi =0 ~1 ~10° 3.26/5.07 ms [47]
Graphene/HgTe 2500 Vas = 1 6.5 x 107 ~ 10° 1075s (48]
Ve = 2.5
MoS,/PbS 1200 Vas =2 0.543 2.68 x 10" - [49]
MoS,/CulnSe; 1064 Vs = 1 74.8 7.1 x 101 1.5/1.2's [36]
Vi = 60
Ge/Perovskite 980 Vs =1 32 2.2 x 10° 2.1/5.7 ms [50]

tage, causing the high photodetection performance. Obviously,  sivity of 4725 AW™" and a detectivity of 3.5 x 10" Jones at V,, =
the Bi,Ses/Ni-CAT-1 hybrid heterojunction reached a respon-  60V. Based on Table 1, the present device performance of
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Bi,Se;/Ni-CAT-1 is superior to that of the reported photo-
detectors with similar structure.

CONCLUSIONS

To conclude, a high-performance infrared photodetector based
on 2D Bi,Se; flakes was fabricated with the hybridization of
MOF (Ni-CAT-1) nanoparticles through a simple solution
process. Benefiting from the strong optical absorption of MOF
(Ni-CAT-1) nanoparticles and the high carrier mobility of 2D
Bi,Se; flake, the Bi,Ses/MOF hybrid heterojunction demon-
strated excellent photo-response performance in the wavelength
range of 500-2000 nm, with 2-3 orders of magnitude higher
than that of the pristine Bi,Ses-based photodetector. Specifically,
an outstanding responsivity of 4725 A W™ and a high detectivity
of 3.5 x 10" Jones were achieved at 1500 nm due to the syner-
gistic effect of photogating effect and the gate-modulated
Schottky barrier. These results demonstrated the potential of
MOF nanomaterials in enhancing the photodetection perfor-
mance of photodetectors based on 2D layered materials.
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