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ABSTRACT: In this work, we report on the synthesis of InSe nanobelts through a catalyst-
free chemical vapor deposition (CVD) growth approach. A remarkable blue shift of the peak
photoresponse was observed when the thickness of the InSe nanobelt decreases from 562 to
165 nm. Silvaco Technology Computer Aided Design (TCAD) simulation reveals that such a
shift in spectral response should be ascribed to the wavelength-dependent absorption
coefficient of InSe, for which incident light with shorter wavelengths will be absorbed near the
surface, while light with longer wavelengths will have a greater penetration depth, leading to a
red shift of the absorption edge for thicker nanobelt devices. Considering the above theory,
three kinds of photodetectors sensitive to blue (450 nm), green (530 nm), and red (660 nm)
incident light were achieved by tailoring the thickness of the nanobelts, which can enable the
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spectral reconstruction of a purple “H” pattern, suggesting the potential application of 2D

layered semiconductors in full-color imaging.

wo-dimensional (2D) layered semiconductors have

emerged as the most promising material candidates for
next-generation electronic and optoelectronic devices because
of their unique structures and physical properties. > Unlike
bulk or thin-film materials, the atoms in 2D layered
semiconductors are held together by strong in-plane covalent
or ionic bonds while the atomic layers are stacked in the out-
of-plane direction with weak van der Waals interactions, which
facilitates the fabrication of thinner sheets and the extraction of
few-layer or even monolayer nanosheets exfoliated from their
parent bulk crystals.”* In addition, the unique layered structure
also results in intriguing merits, including high carrier mobility,
strong light—matter interactions, and layer-dependent elec-
tronic and optical properties.”

Indium selenide (InSe), a typical 2D layered semiconductor
with a direct bulk band gap of 1.25 eV, has been widely
explored in fields of high-performance broadband photo-
detection.”” "> For instance, Tamalampudi et al. have
demonstrated the broadband photodetection of few-layered
InSe photodetectors for the visible to near-infrared (NIR)
region (450—785 nm). The responsivity increased with the
decrease of the wavelength and reached 12.3 A/W at 450
nm."? Ajayan et al. have reported an avalanche photodetector
by exploitinﬁ the large Schottky barrier between InSe and Al
electrodes.'” The photocurrent response was extended to near-
infrared wavelengths and exhibited a peak at 510 nm. Very
recently, by virtue of a self-limited depletion region and a
vertical fully depleted channel, Hu et al. realized the ultrafast
and highly sensitive self-powered photodetection of 2D layered
InSe with the thickness of 110 nm. The device can detect
radiation ranging from UV to NIR and possesses a cutoff
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wavelength of around 1000 nm, showing a detectivity of 1.26 X
10" Jones and a response speed of ~200 ns at 400 nm."
To overcome the low yield and uncontrollable size of
mechanically exfoliated InSe layers, the vapor deposition
technique has also been explored for the large-scale synthesis
of layered InSe. For instance, Hao et al. reported the wafer-
scale synthesis of layered InSe nanosheets by pulsed laser
deposition (PLD), showing an optical band gap tuned from
1.26 to 2.20 eV when the thickness decreased to 1 nm. The
InSe-based phototransistor showed a broad photoresponse to
the wavelengths from UV to NIR, and the maximum
responsivity reached 27 A/W under 370 nm illumination.'®
Chen et al. synthesized monolayer InSe with lateral size of
approximately several tens of micrometers through the vapor
phase reaction of In,O; with Se.'” InSe nanoflakes with
tunable thickness have also been successfully realized through a
controlled chemical vapor transport (CVT), showing a band
gap change from 1.23 to 1.60 eV.'® According to the evolution
of the electronic band structure in few-layered InSe revealed by
Lei et al., the blue shift should be ascribed to the suppressed
interlayer electron orbital coupling with decreasing number of
layers.'” As the number of layers goes down below ~7 layers,
the electronic transition from p,-like orbitals to the bottom of
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Figure 1. (a) Schematic illustration for the synthesis of InSe nanobelt. Characterization of the obtained InSe nanobelts: (b) XRD pattern, (c)
FESEM images, (d) TEM image, and (e¢) HRTEM image. The inset in panel e shows the corresponding SAED pattern.
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Figure 2. (a) Schematic of the InSe nanobelt-based photodetector. (b) Current—voltage (I—V) curves of the 165 nm nanobelt photodetector in
the dark and upon illumination with different wavelengths at the light intensity of 0.8 mW/ cm? The inset shows the FESEM image of the device.
(c) Time-dependent (I—T) photoresponse of the device illuminated by incident light with various wavelengths at 3 V bias. (d) I-V curves of the
photodetector upon 450 nm illumination with varied light intensities. (e) The photocurrent as a function of light intensity. (f) Responsivity and

gain as a function of light intensity upon 450 nm illumination.

the conduction band (corresponding to the band gap of 1.4
eV) is strongly suppressed while the transition from p, -like
orbitals to the bottom of the conduction band (corresponding
to the band gap of 2.4 eV) does not change appreciably.

Herein, we reported the synthesis of InSe nanobelts through
a catalyst-free growth approach in a CVD system, and a blue
shift of the photoresponse peak was observed with decreasing
the thickness of InSe nanobelt from 562 to 165 nm. Silvaco
Technology Computer Aided Design (TCAD) was used to
simulate the absorption of incident light within the InSe
nanobelt, which revealed that the blue shift of photoresponse
peak should be ascribed to the wavelength-dependent
absorption coefficient of the InSe crystal.”’ Photodetectors
sensitive to blue (450 nm), green (530 nm), and red (660 nm)
incident light were obtained, separately, and the spectral
reconstruction of a purple “H” has been realized by using the
three devices, suggesting the potential application of spectral
engineering in full-color imaging.

The InSe nanobelts were synthesized in a horizontal tube
furnace by using high-purity InSe powder as the evaporation
source (as illustrated in Figure la), and more experimental
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details can be found in the Supporting Information. Figure 1b
presents the X-ray diffraction (XRD) pattern of the as-obtained
products. The remarkable diffraction peaks correspond to the
crystal planes (002), (004), (006), (008), and (110) of
hexagonal InSe (JCPDS No. 34-1431),”" which suggests a
strong preferential orientation along the c-axis. Field-emission
scanning electron microscopy (FESEM) images (Figure 1c)
and transmission electron microscopy (TEM) images (Figure
1d) show nanobelt structure with smooth surfaces and high
aspect ratios. The width is mostly 400 nm, and the length is up
to tens of micrometers. The energy dispersive spectrometry
(EDS) spectrum taken from a typical InSe nanobelt is shown
in Figure S1, which reveals that the nanobelt mainly consists of
indium (In) and selenium (Se) elements. The atomic ratio of
In/Se is calculated to be about 1.09, which is very close to the
stoichiometry of InSe. Further, the element mapping results
shown in Figure S2 reveal the homogeneous distribution of the
elements In and Se throughout the whole structure. The high-
resolution TEM (HRTEM) image taken from the edge of a
single InSe nanobelt is shown in Figure le. The well-defined
2D lattice fringes indicate the decent crystallinity of InSe
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Figure 3. (a) I-V curves of 364 nm InSe nanobelt-based photodetector in the dark and upon illumination with different wavelengths at the light
intensity of 0.8 mW/cm? (b) I-V curves of 562 nm InSe nanobelt-based photodetector in the dark and upon illumination with different
wavelengths at the light intensity of 0.8 mW/cm® (c) Normalized I-T curves under illumination with varied wavelengths. (d) Normalized
photoresponse of devices based on nanobelts with different thicknesses. (e) The simulated attenuation of light intensity versus depth and (f) the

normalized attenuation curve.

nanobelt, and the interplanar spacing of 0.34 nm corresponds
to the (100) lattice plane of hexagonal InSe. Combining this
with the selected area electron diffraction (SAED) pattern
(inset in Figure le), we can find that the nanobelt grew along
the [110] direction and gave rise to a flat surface parallel to the
(001) lattice plane.”” This is consistent with the layered
structure of InSe (Se—In—In—Se layer stacked along c-axis)
and the preferential orientation shown in the XRD pattern
(Figure 1b).

In order to study the photoelectrical properties of the InSe
nanobelt, a two-terminal device was constructed by using an
individual InSe nanobelt as the building block, and the
schematic of the device is shown in Figure 2a. A representative
SEM image of the device is inset in Figure 2b, and the atomic
force microscopy (AFM) image (Figure S3) reveals that the
thickness of the InSe nanobelt is about 165 nm. Figure 2b plots
the current—voltage (I-V) curves of the device measured in
the dark and upon illumination with different wavelengths at
the same intensity (0.8 mW/cm?). Apparently, the device
shows an excellent photoresponse to a broadband spectrum
from 265 to 1050 nm. The cutoff edge corresponds to the
band gap of InSe (1.25 ¢V) deduced from the plot of (ahv)*—
hv (shown in Figure S4b). As one can learn from the time-
dependent photoresponse shown in Figure 2c, the device can
be reversibly turned between low- and high-conductance states
with good repeatability. The highest photoresponse exists
under 450 nm illumination, giving the I /I ¢ ratio of about 30.
Figure 2d shows the I-V curves of the device under 450 nm
illumination with different light intensities. It is apparent that
the photocurrent increased monotonously from 0.061 to 1.85
nA when the light intensity rose from 1.12 pW/ cm’to 1.72
mW/cm® The dependence of photocurrent on light intensity
can be further fitted with the widely employed power law I}, ~
P?, where I, is defined as the net photocurrent (I, = Lighe —
I3aa) and 0 is an empirical value. The 0 value was fitted to be
about 0.468, the deviation of which from the ideal value (6 =
1) indicated the existence of recombination loss in the
device.”>**
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Responsivity (R) and gain (G) are two key figure-of-merit
parameters to quantitatively assess the photodetector perform-

ance, which can be calculated by the following equations:***°
P
SE, (1)
oo R
ngA @)

where S, Py, h, ¢, q, 17, and 4 represent the effective illumination
area (about 2.58 X 107* cm® for this device), incident light
intensity, Planck constant, velocity of light, electronic charge,
internal quantum efficiency, and incident wavelength,
respectively. As is shown in Figure 2f, both R and G increase
gradually as the light intensity declines. This can be attributed
to the higher recombination loss upon light irradiation with
higher intensity because more carriers are generated. By
assuming 100% internal quantum efficiency, R and G reached
the values of 1.49 X 10> A/W and 4.11 X 10° at a 3 V bias
under an intensity of 1.12 yW/cm? respectively, which are
much higher than those of most previously reported InSe
devices with a similar structure (shown in Table S1).

To evaluate the ability of the device to detect a weak optical
signal, the specific detectivity (D*) was calculated by the noise

equivalent power (NEP)>"**
31/2
NEP =
(3)
/
D* = M
NEP (4)

where i’ i is the root-mean-square value of the noise current
and Af denotes the specific bandwidth. The highest NEP and
the highest D* were calculated to be 3.15 X 1077 W/Hz?
and 5.35 X 10'* Jones, respectively, showing the ability to
detect the weak light signals.

The optoelectronic characteristics of photodetectors based
on 364 and 562 nm InSe nanobelts were further studied and
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Figure 4. (a) Schematic illustration of the visible light imaging system. (b) 2D gray mapping of 165 nm InSe nanobelt-based photodetector upon
illumination by using the blue filter. (c) 2D gray mapping of 364 nm InSe nanobelt-based photodetector upon illumination by using the green filter.
(d) 2D gray mapping of 562 nm InSe nanobelt-based photodetector upon illumination by using the red filter. (e) Spectral reconstruction of the

original purple “H” pattern.

are plotted in Figure 3a—d and Figures S6—S8. Figure 3a
depicts the I-V curves of the 364 nm InSe nanobelt-based
photodetector in dark and upon illumination with different
wavelengths (light intensity: 0.8 mW/cm?). We can notice that
the device shows a broadband photoresponse to incident light
from 265 to 1050 nm, with the highest photocurrent under
530 nm illumination. In addition, for the 562 nm InSe
nanobelt-based photodetector, the peak photocurrent is
located at 660 nm illumination (Figure 3b). As can be seen
from the normalized I-T curves (Figure 3c) and spectral
response (Figure 3d), the peak response of InSe nanobelt-
based photodetectors presents an apparent blue shift with
decreasing thickness from 562 to 165 nm. The blue shift of the
spectrum should not be ascribed to the suppressed interlayer
electron orbital coupling because the layers of InSe are far
beyond 7. Therefore, the thickness-dependent spectral
engineering of layered InSe is still to be systematically studied.

To reveal the thickness-dependent photoresponse of the
InSe nanobelt, the photon absorption in InSe crystal upon light
illumination with different wavelengths was simulated by
Silvaco TCAD. Because of the wavelength-dependent
absorption coefficient,”’ the photon absorption in InSe crystal
varies for incident light with different wavelengths. As depicted
in Figure S9, the photo absorption rate of incident light with
short wavelength is relatively large on the surface of InSe
crystal because of the high absorption coefficient (shown in
Table S2), but it attenuates faster when penetrating into the
crystal. According to the normalized attenuation curve of
incident light (shown in Figure 3e,f), the penetration depth
(defined as the distance where the energy of incident light is
reduced to 1/e when it propagates in the medium)* for 450
nm incident light is deduced to be approximately 192 nm.
With increasing wavelength, the absorption coeflicient
decreases greatly, giving rise to a lower photon absorption
rate on the surface and a larger penetration depth
(approximately 384 nm for 530 nm incident light and 581
nm for 660 nm incident light, respectively). This well explains
the blue shift of photoresponse with decreasing thickness of

the InSe nanobelt shown in Figure 3d. Within the 165 nm InSe
nanobelt, the attenuation of 450 nm incident light reaches
approximately 57.4%, which is only approximately 34.7% for
530 nm incident light and 24.5% for 660 nm incident light.
The higher photon absorption rate will bring about more
photogenerated carriers in the semiconductor, leading to a
higher photocurrent at 450 nm. When the thickness of the
InSe nanobelt increases to 364 nm, both 450 and 530 nm
incident light could be completely absorbed, leading to the red
shift of the peak photoresponse. However, the photocurrent
under 450 nm illumination is slightly decreased, which may be
ascribed to the higher surface recombination arising from the
inevitable defects and surface states.”® Notably, the thickness-
dependent spectral engineering has also been observed in
many 2D layered semiconductors, such as two-dimensional
transition metal dichalcogenide (TMDC) MoS,”" and 2D
perovskites.”

Inspired by the thickness-dependent spectral engineering of
InSe nanobelt-based photodetector, we then explored the
potential application in the full-color imaging using the setup
shown in Figure 4a. A polychromatic purple light-emitting
diode (LED) was used as the light source, and a lab-built mask
(5 cm X § cm) with a hollow pattern of “H” was placed under
it to obtain a color image. Color filters with central wavelength
(CWL) of 660 nm (red filter), 530 nm (green filter), and 450
nm (blue filter) were used to obtain RGB signals, and the
devices based on 562, 364, and 165 nm InSe nanobelts were
adopted to detect the R, G, and B signals, respectively. The
devices were fixed on an automatic displacement system to
progressively scan horizontally (x-axis) and vertically (y-axis),
and the photocurrent of every spot was recorded. The
photocurrents were normalized by the maximum photo-
currents of the corresponding RGB pixels for full-color image
processing and converted into corresponding gray values (from
0 to 255),” which were then incorporated into the 2D gray
mappings (shown in Figure 4b—d). Through combination of
the three different color images, a composite color image (a
purple “H” pattern) could be obtained (Figure 4e). Clearly,
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any color visible light could be detected by this way. This
indicates that the full-color imaging can be realized by the
thickness-dependent spectral engineering of 2D layered
semiconductors.

In conclusion, we have demonstrated the fabrication of
photodetectors with tunable spectral response by utilizing InSe
nanobelts with different thickness as the building blocks.
Because of the wavelength-dependent absorption coeflicient of
InSe, incident light with shorter wavelengths are absorbed near
the surface while longer-wavelength light has a larger
penetration depth, leading to a blue-shift of the peak
photoresponse for InSe nanobelt-based photodetector with
decreasing thickness. Photodetectors sensitive to blue, green,
and red incident light were obtained, which enables the
spectral reconstruction of a purple “H” pattern. This provides a
simple and effective method for spectral engineering and
indicates the potential application of 2D layered semi-
conductors in full-color imaging.
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