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Van der Waals junctions hold significant potentials for various applications

in multifunctional and low-power electronics and optoelectronics.

The multistep device fabrication process usually introduces lattice mismatch
and defects at the junction interfaces, which deteriorate device performance.
Here the layer engineering synthesis of van der Waals homojunctions
consisting of 2H-MoTe, with asymmetric thickness to eliminate heterogenous
interfaces and thus obtain clean interfaces is reported. Experimental

results confirm that the homostructure nature gives rise to the formation

of pristine van der Waals junctions, avoiding chemical disorders and defects.
The ability to tune the energy bands of 2H-MoTe, continuously through

layer engineering enables the creation of adjustable built-in electric field at the
homojunction boundaries, which leads to the achievement of self-powered
photodetection based on the obtained 2H-MoTe, films. Furthermore, the
successful integration of 2H-MoTe, homojunctions into an image sensor with
10 X 10 pixels, brings about zero-power consumption and near-infrared imag-
ing functions. The pristine van der Waals homojunctions and effective integra-
tion strategies shed new insights into the development of large-scale applica-
tion for two-dimensional materials in advanced electronics and optoelectronics.

interfaces facilitate the separation and
efficient transfer of photogenerated
carriers.| Subsequently, self-powered
photodetectors consisting of van der Waals
junctions convert light into electrical sig-
nals without external bias, demonstrating
promising prospect in zero-power con-
sumption image sensors.”~*l Nowadays, the
van der Waals junctions for self-powered
photodetection are mostly composed of
two or more types of materials.[1%12]
However, the lattice mismatch in hetero-
junctions and transfer process during
fabrication lead to contamination and
defects at the interface including discon-
tinuous band alignments,!'314] strains and
traps at interface,['>'®] and severe carrier
scattering,'’] restricting the application of
2D materials in integrated self-powered
optoelectronics.

Van der Waals homojunctions, com-
posed of a single material type, present ex-

5,6]

1. Introduction

Van der Waals junctions based on two-dimensional (2D) ma-
terials, characterized by their weak interlayer interactions and
strong light-mass interaction, exhibit great potential for high-
performance or multifunctional optoelectronics applications.!']
The built-in electrical fields formed at van der Waals junction

ceptional boundaries, avoid the rough inter-

faces in the heterojunctions. These bound-

aries featured by good uniformity and
continuous band alignment serve as high-quality carrier diffu-
sion channels in optoelectronic devices.['*201 Additionally, for
thickness-dependent van der Waals homojunctions, quantum
confinement effects of 2D materials induce energy band struc-
tures modification between thick and thin regions.?'?2l Con-
sequently, the built-in electric fields at the boundaries in ho-
mojunctions result in significant photovoltaic effect, endowing
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the homojunctions promising potential for the application in
the self-powered photodetectors.[?*24] Nevertheless, the current
fabrication of homojunctions relies on mechanically exfoliated
materials!?>2%l or synthesized single crystals,?! which suffer
from limitations such as uncontrollable thickness, small domain
size and irreproducible process. These drawbacks hinder the in-
tegration of van der Waals homojunctions into practical image
sensors. With the prosperous development of 2D materials in op-
toelectronics, it is also crucial to develop integrated strategies for
homojunctions that are controllable and scalable to wafer size.
Herein, we report the layer engineering of pristine van
der Waals homojunctions, which consists of 2H-MoTe, films
through thermally assisted tellurization of patterned molybde-
num precursors. The 2H-MoTe, homojunctions possess asym-
metric thickness, avoiding lattice mismatch, chemical bonding,
disorder, and defects at the junction boundaries. With the assis-
tance of layer-dependent energy bands of 2H-MoTe,, a control-
lable built-in electric field is formed at the boundaries in the ho-
mojunctions, contributing to the construction of a self-powered
photodetector with a broadband ranging from visible (520 nm) to
near-infrared region (1060 nm). Furthermore, an image sensor
is fabricated by integrating 2H-MoTe, homojunctions into 10 x
10 pixels, exhibiting self-powered imaging functions under near-
infrared illumination. This research presents a facile and feasible
approach to facilitate the development of 2D materials for inte-
gration into low-power and wide-spectrum imaging applications.

2. Results and Discussions

2.1. Construction of van der Waals Homojunctions

Figure 1a illustrates the fabrication and integration process of
pristine van der Waals 2H-MoTe, homojunctions. A thermally
assisted tellurization process is employed based on the molyb-
denum precursors!?’%! with asymmetric thickness. The experi-
mental process and detailed schematic illustrations are shown
in Figure la and Figure S1 (Supporting Information). First, the
molybdenum precursor films are deposited on sapphire sub-
strates using two-step photolithography and magnetron sputter-
ing processes to form molybdenum patterns with asymmetric
thickness. Then the construction of 2H-MoTe, homojunctions
array is achieved via tellurization of the molybdenum patterns
using the chemical vapor deposition (CVD) method. During the
tellurization process, the molybdenum film first is tellurided into
the metallic 1T'-MoTe, layer, which then transfers into 2H-MoTe,
due to the phase transportation 239 Figure S2a of the Support-
ing Information shows the optical image of the 1T’-MoTe, layer
with tellurization time of 10 min. The coarse surface of the sam-
ple indicates the low crystalline quality of 1T’-MoTe,. Raman
spectrum in Figure S2b of the Supporting Information with A,
peaks at 108, 128, 162, and 258 cm™! and B, peak at 191 cm™,
provides evidence for the successful synthesis of the layered 1T’-
MoTe,.B!l As the tellurization time increases, the solid-to-solid
phase transformation from metallic 1T"-MoTe, to semiconduct-
ing 2H-MoTe, takes place, driving the improvement of crystalline
quality and resulting in the disappear of surface particles, as
shown in Figure 1b. More details are illustrated in the Experi-
mental Section.
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Figure 1b displays the optical images of the molybdenum pre-
cursors and 2H-MoTe, homojunctions with asymmetric thick-
ness. Notably, the 2H-MoTe, layers exhibit significantly higher
contrast compared to the molybdenum layers. Moreover, the
brightness of the image increases with an increase in the thick-
ness of the 2H-MoTe, layer. Besides, the thickness difference of
2H-MoTe, is determined by Raman spectra and atomic force mi-
croscope (AFM) characterizations. As shown in Figure 1c, the
Raman spectrum of the thin 2H-MoTe, layer possesses typical
Ay, (172 cm™), E',, (234 cm™), and B',, (291 cm™') peaks,
while the thick 2H-MoTe, layer only shows one dominant E',,
peak at 234 cm™. The disappearance of the A, and B',, Raman
modes can be attributed to the breaking of translational symme-
try caused by the increased thickness of MoTe,.[?"232] Moreover,
Figure 1d reveals the spatial distribution of the layer-engineered
2H-MoTe, homojunction by the mapping of peak at 234 cm™!.
All region exhibits a uniform color distribution, with the low-
contrast and high-contrast areas corresponding to thick and thin
layers, respectively. The AFM image and corresponding height
profile of 2H-MoTe, homojunctions in Figure le show that the
thickness of thin MoTe, and thick MoTe, layer is 5.5 and 22.5 nm,
respectively.

2.2. Boundaries Characterization of van der Waals
Homojunctions

This one-step tellurization method takes advantage of the phase-
transition induced nucleation of 2H-MoTe,, resulting in single
crystal nucleation sites at the homojunction boundaries with
asymmetric thickness. Therefore, the 2H-MoTe, homojunction
is free from lattice mismatch, strain, and defects, which is de-
fined as the pristine van der Waals homojunction in this work.
Transmission electron microscope (TEM) is employed to dis-
close the morphology of 2H-MoTe, homojunction, as shown in
Figure 2a. Three distinct regions can be identified, including dark
thick 2H-MoTe, region, interface region, and bright thin region.
Besides, to investigate the stoichiometry of the grown 2H-MoTe,
layer, energy dispersive X-ray spectroscopy (EDS) is conducted.
The results show that the Te/Mo atomic ratio is 2.02, indicat-
ing that there are sufficient Te atoms in the prepared homo-
junction, which is conducive to the formation of the 2H-MoTe,
phase (Figure 2b). Moreover, the crystal quality of three regions is
analyzed at an atomic level using aberration-corrected scanning
transmission electron microscopy (STEM). The STEM images
shown in Figure 2c disclose that both the thick and thin MoTe, re-
gions exhibit high crystal quality with a lattice spacing of 0.35 nm,
which is associated with (001) plane of 2H-MoTe,.[?”:*] Different
from the distinct atomic stripes with periodic arrangement at re-
gions I and III, the atoms at the homojunction interface are dif-
ficult to identify, which may be attributed to the large thickness
difference. Additionally, Figure S3 of the Supporting Information
illustrates the selected area electron diffraction (SAED) patterns
of thick 2H-MoTe,, the homojunction boundaries and thin 2H-
MoTe,. The hexagonal patterns observed in Figure S3a,c of the
Supporting Information demonstrate the excellent crystallinity
of the 2H-MoTe, phase, while diffraction rings corresponding to
polycrystal appear at the homojunction boundaries (Figure S3b,
Supporting Information). These findings are consistent with the
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Figure 1. Patterned 2H-MoTe, homojunction. a) Schematic of the fabrication processes. b) Optical images of patterned Mo layers, layers of different
thicknesses, and resulted 2H-MoTe, homojunctions. ¢) Raman spectra. d) Raman mapping of E‘zg mode of the 2H-MoTe, homojunction with different
thicknesses. e) Atomic force microscope (AFM) image of the 2H-MoTe, homojunction. Inset is the corresponding height profile.

STEM results, indicating that the thick and thin MoTe, regions
are single crystals, and the boundary part is polycrystalline.
Furthermore, high-resolution TEM is performed to investi-
gate the cross-sectional atomic structure at the homojunction
boundaries. As displayed in Figure 2d,e, the sharp and clean
atomic structure in each layer can be clearly identified. Mean-
while, disordered atomic arrangements are only observed in a
small range at the boundaries, providing intuitive evidence for
the existence of pristine van der Waals homogeneous junctions.
Figure 2f presents the line profile extracted from the blue rectan-
gle region in Figure 2e, and the distance between atomic layers in
2H-MoTe, is calculated to be 0.68 nm. Additionally, Figure 2g,h
presents the EDS mapping of the 2H-MoTe, homojunction, re-
vealing the uniform distribution of telluride, molybdenum, and
platinum elements. These results unambiguously demonstrate
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the formation of pristine 2H-MoTe, homojunction, which holds
great potentials for the fabrication of multifunctional optoelectri-
cal devices.

2.3. Layer-Engineered Energy Bands of 2H-MoTe,

The energy band structures of 2D semiconductor materials play
a crucial role in determining their electrical and optoelectri-
cal properties.**] To investigate the changes in energy band
structures of layer-engineered 2H-MoTe, and gain insights into
the photodetection mechanism of 2H-MoTe, homojunctions, we
have deposited molybdenum layers with increased thicknesses
to synthesize 2H-MoTe, layers. Figure 3a shows the digital im-
ages of 2H-MoTe, films on sapphire substrates with thickness of
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Figure 2. Transmission electron microscope (TEM) images of the 2H-MoTe, homojunction. a) TEM image at low magnification of the 2H-MoTe,
homojunction structure. b) EDS result of the 2H-MoTe, layer. c) STEM images of the thick 2H- MoTez, 2H-MoTe, homojunction interface, and the thin
2H-MoTe, regions, respectively. d) Cross-sectional TEM image of the 2H-MoTe, homojunction with different thicknesses. The scale bar is 10 nm. e) A
large-scale STEM image of 2H-MoTe, homojunction atomically sharp interfaces between the thick layer and the thin layer on SiO,. f) The line profile
extracted from the area of the 2H-MoTe, in cross-sectional STEM result marked with a blue rectangle. g,h) EDS elemental mapping images of the
2H-MoTe, homojunction interface, exhibiting the distribution of Te (green), Mo (red), and Pt (blue) elements, respectively. The scale bar is 10 nm.
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Figure 3. Thickness-dependent properties of 2H-MoTe, layers. a) Photograph of the 2H-MoTe, layers with different thicknesses on sapphire substrates.
The middle images are the corresponding AFM images with the scale bars of 2 um. b) The Tauc’s plot of (ahv);, versus E, of 2H-MoTe;, layers with
different thicknesses. c) Second electron cut-off regions and d) the energy difference between the Fermi level (E¢) and valance band maximum (VBM)
extracted by ultraviolet photoemission spectroscopy (UPS) analysis. e) Plot of energy band gaps (E,) versus the number of layers of MoTe, based on
DFT calculation results, indicating the decrease in the bandgap energy by increasing the number of layers. f) Schematic diagram of the energy band

structure before and after contact between thin and thick 2H-MoTe, layers.

5.6,7.2,16.5,25.3, 36.2, and 64.1 nm. As the thickness increases,
the color of the wafer gradually deepens from light to dark gray.
The AFM and height profiles depicted in Figure 3a and Figure
S4 (Supporting Information) serve as compelling evidence that
reveals the thickness of the 2H-MoTe, layers. Meanwhile, the
dominant Raman peak (E,,') at 234 cm™ in Figure S5 of the
Supporting Information shows a sudden decrease as the thick-
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ness increases to 16.5 nm, which is consistent to the reported
work.[21]

Furthermore, the changes in energy band structures of 2H-
MoTe, with varying thicknesses are systematically investigated
using both UV-vis absorption spectroscopy and ultraviolet pho-
toemission spectroscopy (UPS).3%] Figure S6a of the Supporting
Information illustrates the UV—-vis spectra of 2H-MoTe, samples
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and Figure 3b shows the corresponding Tauc’s plots extracted
from Figure S6a of the Supporting Information with increasing
thicknesses. The intensity of light absorption gradually intensi-
fies, and the bandgap obtained from Tauc’s plots decreases. The
bandgaps of 2H-MoTe, exhibit a reduction from 0.88 to 0.7 eV
as the thickness increases from 5.6 to 36.2 nm. Moreover, the
bandgap remains stable at 0.7 eV when the thickness exceeds
36.2 nm, as depicted in Figure S6b of the Supporting Informa-
tion. Additionally, UPS characterizations are employed to illus-
trate the second electron cut-off regions and the energy difference
between the Fermi level and valence band in 2H-MoTe, layers.
These results are shown in Figure 3c,d. Combining the results
from UV-vis and UPS, the work function (W;), valance band
maximum (VBM), and conduction band minimum (CBM) values
of layer-engineered 2H-MoTe, are obtained. As shown in Figure
S7 of the Supporting Information, the W, decreases from 4.63
to 4.59 eV, VBM values increase from —5.02 to —4.93 eV, and
CBM values decrease from —4.14 to —4.23 eV as the thickness
increases from 5.6 to 64.1 nm. And it is worth noting that the en-
ergy band structure remains similar when the thickness exceeds
36.2 nm.

In order to gain a deeper understanding of the variation in en-
ergy band of 2H-MoTe, with different layers, density functional
theory (DFT) calculations are performed to simulate the relaxed
structures, energy bands, and density of states (DOS).[?83¢] De-
tailed simulation results are illustrated in Figures S8-S10 of the
Supporting Information. Figure S8a of the Supporting Informa-
tion shows the lateral and top views of the relaxed structure of
2H-MoTe, in Figure S8a of the Supporting Information, while
Figure S8b of the Supporting Information displays the top and
side views of charge density for 2H-MoTe,. These results reveal
that the electron density of the telluride atom, which has a higher
electronegativity than that of molybdenum atom. Besides, the
layer-engineered band structures and DOS of 2H-MoTe, have
been meticulously analyzed to uncover the connection between
electronic properties and the MoTe, with a single layer, 2, 3, 4
layers and bulk structure, which are shown in Figures S9-S10
of the Supporting Information. As the layers of 2H-MoTe, in-
creases, the bandgap decreases until approaches the bandgap
value of bulk MoTe,. This observation aligns with previous stud-
ies. Figure 3e summarizes this relationship between bandgaps
and the layer numbers of MoTe,. The relationship between the
energy band and thickness of 2H-MoTe, is consistent in the the-
oretical and experimental results. However, there exist discrepan-
cies in the precise thickness values, which can be attributed to the
simulated environment in a vacuum at absolute zero centigrade,
as well as the presence of defects in the synthesized 2H-MoTe,
layers.

Through the layer-dependent energy bands of 2H-MoTe,, a
self-powered photodetector is achieved by creating a 2H-MoTe,
homojunction with asymmetric thickness. Figure 3f illustrates
the band diagrams of the homojunction both before and after
contact. The presence of a higher Fermi level in the thick region
compared to the thin region leads to the transfer of electrons in
Fermi level from the thick layer to the thin layer upon contact,
establishing an equilibrium state. This process creates a built-
in electric field at the boundary, with the electric field direction
directing from the thick region to the thin region. As a result,
the energy bands of the thick and thin regions bend upward and
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downward, respectively. When the homojunction is illuminated
with light, electrons in the valence energy band are excited to the
conduction energy band, generating electron—hole pairs. Then
the photogenerated electrons migrate from thin sections to thick
section and photogenerated holes transfer from thick section to
thin section under the influence of the built-in electric field. This
migration of carriers results in the generation of photocurrent.
Remarkably, the self-powered photodetection of the 2H-MoTe,
homojunction is achieved under both visible and near-infrared
light illumination.

2.4. Self-Powered Photodetection of 2H-MoTe, Homojunctions
with Thickness Difference Increasing

As the Fermi level of 2H-MoTe, gradually increases with increas-
ing thickness within a certain range, the built-in electric field
of the 2H-MoTe, homojunction with asymmetric thickness will
also be impacted. To comprehensively explore the self-powered
photodetection of the 2H-MoTe, homojunctions influenced by
the thickness difference in the homojunction, a series of two-
terminal devices have been fabricated. The thickness of the thin
2H-MoTe, region is maintained ata constant 5.5 nm. Meanwhile,
the thickness difference between the thick region and the thin
region is increased from 8.5 up to 63 nm. Figure 4a shows the
corresponding schematic diagrams of the 2H-MoTe, homojunc-
tion device. To ensure the successful formation and modulation
of the built-in electric field at the homojunction boundaries with
thickness difference increasing, Kelvin probe force microscopy is
adopted to characterize the surface potential difference between
thin and thick 2H-MoTe, layers.[*’=°! Figure 4b displays the sur-
face potential mapping images of the 2H-MoTe, homojunction.
And the corresponding surface potential profiles are shown in
Figure S11 of the Supporting Information. As the thickness dif-
ference increases from 8.5 to 63 nm, the surface potential dif-
ference in the homojunction gradually rises from 35 to 184 mV,
which means that the built-in electric field is enhanced by in-
creasing the thickness difference of the 2H-MoTe, homojunc-
tion. However, when the thickness difference exceeds 26 nm, the
surface potential difference of the homojunctions becomes sim-
ilar, which correlates with the changes in Fermi level as the 2H-
MoTe, thickness increases.

Moreover, the output curves of the 2H-MoTe, layers with in-
creased thickness are tested and shown in Figure 4c. As the
2H-MoTe, thickness increases, the current at a constant volt-
age increases, which suggests the enhancement of conductiv-
ity for the lateral 2H-MoTe, device. The output curves of 2H-
MoTe, homojunctions are shown in Figure 4d. The conductivity
of the 2H-MoTe, homojunction is also enhanced by increasing
the thickness difference. Figure 4e displays the photoresponse
of the 2H-MoTe, homojunction device with increased thickness
difference under 1060 nm illumination with 703 nW at zero
bias. The obvious photoresponse at zero bias demonstrates that
this 2H-MoTe, homojunction device has self-powered photode-
tection. Moreover, the photoresponse is enhanced under the syn-
ergistic effect of the enhancement of the built-in electric field and
conductivity with increasing thickness. The photocurrent is de-
fined as the difference between the current in the presence of
light and in the dark condition at zero bias, which is equal to
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Figure 4. 2H-MoTe, homojunctions with thickness difference increasing. a) Schematic diagram of the 2H-MoTe, homojunction device with thickness
difference between thick region and thin region increasing. b) The Kelvin probe force microscopy (KPFM) mapping of the 2H-MoTe, homojunction with
thickness difference increasing. The scale bar is 1 nm. c) Output curves of 2H-MoTe, devices with channel thickness increasing from 5.5 to 68.5 nm
under dark condition. d) Output curves of 2H-MoTe, homojunction devices with thickness difference increasing from 8.5 to 63 nm under dark condition.
e) Photocurrent response of 2H-MoTe, homojunction devices with thickness difference increasing. f) Short-circuit current as a function of thickness
difference in the 2H-MoTe, homojunction under 1060 nm illumination with 703 nW light power. g) The corresponding light power dependent responsivity

and detectivity of the device, respectively.

the short-circuit current (I ) to evaluate the photoresponse capa-
bility of self-powered photodetector. Consequently, the thickness
difference in the 2H-MoTe, homojunction increasing from 8.5 to
63 nm results in an increase in the short-circuit current from 255
to 460 pA, which is shown in Figure 4f.

Figure 4g displays the thickness difference-dependent respon-
sivity and detectivity, respectively, which are extracted from the
data shown in Figure 4e. The responsivity (R) of the 2H-MoTe,
homojunction-based photodetector reflects the ability to convert
incident light into an electrical signal. The R value is calculated
by R = I/ P, where P is the effective light power at a wavelength
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of 1060 nm. Additionally, the sensitivity of a self-powered pho-
todetector, which represents the ability to detect the smallest de-
tectable signal, is another important figure of merit. It can be
quantified using the detectivity (D") with the following formulal®

VAB
Di=— »~ R
NEP [2414
A

where A and I, are the effective area and current under dark con-
dition, respectively. Due to the positive effect of the increase in

1)
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thickness difference for the 2H-MoTe, homojunction on the pho-
toresponse under zero bias, both the responsivity and detectivity
are enhanced with the thickness difference increasing.

2.5. Self-Powered Photodetection Properties Based on 2H-MoTe,
Homojunctions

To comprehensively explore the self-powered photodetection, a
two-terminal device based on the 2H-MoTe, homojunctions with
thickness difference of 63 nm has been fabricated and detected
under near-infrared and visible illumination. Figure 5a illustrates
the output curves of the 2H-MoTe, homojunction device under
1060 nm illumination. As the light power is gradually enhanced
from 4.9 to 703 nW, the photogenerated carriers are increased,
resulting in an increase in the short-circuit current from 5.5
to 460 pA. And the output curve under dark condition passes
through the zero-point, which is due to there is no net current
in the material under the dynamic equilibrium between the dif-
fusion and drift of carriers. Figure 5b shows the photoswitching
behaviors under different light power of the 2H-MoTe, homo-
junction device. The photocurrent increases significantly with
the enhancement of light power under 1060 nm illumination.
This can be attributed to more photogenerated carriers in the ho-
mojunction device under higher light power. Figure 5c shows the
light power-dependent photocurrent, which are extracted from
the data shown in Figure 5b. The photocurrent exhibits a nearly
positive correlation with the light power. The fitted power law
for the relationship between the I, and the P at a wavelength of
1060 nm is I o P*98 =09 The exponent in the formula, slightly
less than 1, is indicative of the complex photoexcitation process
in the 2H-MoTe, homojunction-based photodetector. This pro-
cess includes the generation, recombination, and trapping of
electron-hole pairs, which lead to a deviation from a simple lin-
ear relationship between I and P.8*% Moreover, the exponent
value close to 1 signifies the high quality of the 2H-MoTe, homo-
junction, indicating efficient photoresponse characteristics and a
well-optimized performance.

Additionally, the responsivity and detectivity shown in Figure
S12 of the Supporting Information decrease with the increased
light power and remains relatively stable with values of 0.63 +
0.03 mA W' and 1.38 + 0.05 x 10° cm Hz!/2W~! as the light
power increases more than 14.9 nW. The consistent R and D"
across different light power indicate that the photoelectric con-
version efficiency and sensitivity of the photodetector is not sig-
nificantly influenced by light power. Furthermore, to assess the
response and recovery speeds of the 2H-MoTe, homojunction
photodetector, a single photoswitching cycle is examined using
a high time resolution, as shown in Figure S13 of the Support-
ing Information. The rising time is 15 ms, which is calculated as
the time for the current to rise from 10% to 90% of its maximum
value. Similarly, the falling time is calculated to be 17 ms.

The stability and reliability of photoswitching are crucial fac-
tors for assessing the potential of 2D materials-based photodetec-
tors in practical application.”! Figure S14 of the Supporting Infor-
mation presents the results of the photoswitching process of the
self-powered photodetector based on 2H-MoTe, homojunction.
This result involves hundreds of cycles, with each cycle consist-
ing of a 5 s on-state and a 5 s off-state for 5 s under 1060 nm illu-
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mination. Notably, there is no obvious deviation in the photocur-
rent under light illumination, demonstrating excellent stability
and reliability of the self-powered photodetector. However, it is
worth noting that there are slight differences in the largest cur-
rents after switching the light illumination in these cycles. This
is attributed to the inevitably weak fluctuations in the light power
of the light source.

The photoresponse of the 2H-MoTe, homojunction under vis-
ible illumination has been investigated. Figure S15a of the Sup-
porting Information illustrates the output curves of the device
under both dark condition and 520 nm illumination. The higher
light power at zero bias leads to the generation of more electron—
hole pairs. Consequently, the short-circuit current is enhanced,
as shown in Figure S15b of the Supporting Information. This in-
dicates that the performance of the photodetector improves with
light power increasing. Additionally, Figure S15c of the Support-
ing Information displays the photoresponse results of five switch
cycles conducted at varying light power. These results further
demonstrate that the short-circuit currentis enhanced by increas-
ing the light power of 520 nm. Moreover, Figure S16 of the Sup-
porting Information illustrates the responsivity and detectivity of
the device under 520 nm illumination. Remarkably, both the re-
sponsivity and detectivity remain nearly unchanged values o 0.52
+0.03 mA W' and 1.13 + 0.06 X 10° cm Hz!/*W~! with the light
power increasing higher than 149 nW at zero bias. Figure S17 of
the Supporting Information presents the photoresponse of the
device over hundreds of cycles in a long-time range under 520 nm
illumination at zero bias. The 2H-MoTe, homojunction device
exhibits excellent stability and reversible response. These pho-
toresponse characteristics highlight the stable and self-powered
photodetection capability of the 2H-MoTe, homojunction-based
device in the near-infrared and visible range. It shows great po-
tential for optoelectronics application with low consumption and
a wide photodetection range.

2.6. Integrated 2H-MoTe, Homojunctions for Self-Powered
Imaging

Motivated by the fabrication process of patterned 2H-MoTe,
homojunctions and excellent self-powered photodetection in
the near-infrared range, an image sensor has been developed.
This image sensor comprises a grid of 10 x 10 individual 2H-
MoTe, homojunction devices with thickness difference of 17 nm.
Figure 5d displays the corresponding optical images of the fabri-
cated devices array and the single device. The image reveals the
constructed 10 x 10 2H-MoTe, homojunctions, which appear as
the gray regions. Additionally, bright yellow part in the optical im-
age represents the deposited 50 nm/10 nm Au/Pd electrodes and
the channel area measures 30 x 10 um?. Figure 5e illustrates the
schematic diagram of the imaging process. In this setup, near-
infrared light is directed through a “rabbit” mask to selectively il-
luminate the array of 2H-MoTe, homojunction devices. The right
section in Figure 5e provides a detailed view of the single device
structure, revealing that each pixel within this array is composed
of a layer-engineered 2H-MoTe, homojunction device.

Upon illuminating the image sensor through the mask at zero
bias, the pixels in the dark condition exhibit ultralow current and
other pixels under light illumination display short-circuit current
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85UB01 SUOWILIOD SAIESID 9 eI {dde au) Ag pousRAE 912 A1 YO ‘98N JO'SIINI 10§ ARIGIT SUIUO ABJIA UO (SUOIIPUOO-PUB-SLLIBWOY' A3 1 ARIGIBUIIUO//ScY) SUORIPUOD PUE SWLB 1 84} 39S *[5202/0T/80] Lo ARIqIT8UIUO ABJIM ‘INOH DN NH ALISHIAINN OINHOZLATOd ONOY ONOH AQ ET0V0YZ02 BWPe/Z00T OT/I0p/W00 A3 1M ARG B U0 PEOURADE//SANY WOJ} PAPeo|umoq ‘€2 ‘G202 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Dark
a 4 4.9 nW
14.9 nW
——119 nW
= —318 nW
E —— 703 nW
= 0
4 ¥
-20 0 20
c Ve (MV)
© Data
4001 Power law fit
<
&
3 2001 Isc o P 0:98+0.04
ot
0 300 600
Light power (nW)
e

Light power increases from 4.9 nW to 703 nW

www.advmat.de
b A:1060nm V0V 703 nW
__ 400+ W F
<
&
€ 318 nW
£ 200}
=
O
14.9 nW
0 —I 1 1 - _ L J -
0 100 200
Time (s)

d

INTOTNTNTNTNT (T (-

W W W W 1)
€ £~ d~ a1 ot g1 20w 20w

XXX%E%K%

%K%%XXX
RERRRR

\‘V
[ (\ ]

W W
LN (N

r:n;cnannm---------

Cl el Ml e

[
5x104

0.02

Figure 5. Self-powered imaging functions of integrated 2H-MoTe, homojunctions. a) Output curves of the device in the dark and under 1060 nm light
illumination with different light intensities. b) Photocurrent response of the 2H-MoTe, homojunction under 1060 nm with increased light intensities at
zero bias. c) Short-circuit current as a function of light intensities of the 1060 nm light. d) The digital image of the 2H-MoTe, homojunction devices

array and the corresponding optical image of the single device with thickness difference of 63 nm. e)

Schematic diagram of imaging process based

on the 2H-MoTe, homojunction devices array and right image is the detailed structure of 2H-MoTe, homojunction device with asymmetric thickness.
f) The imaging results under the wavelength of 1060 nm with light power of 4.9, 14.9, 119, 318, and 703 nW at zero bias.
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of several hundreds of picoampere, respectively. Figure 5f illus-
trates the rabbit-pattern imaging result obtained from the image
sensor with progressive improvement in imaging quality as the
light power increases. As the light power increases from 4.9 to
703 nW, the imaging results of the “rabbit” shape becomes more
distinct. This demonstrates the capability to distinguish between
light and dark conditions under near-infrared environment. The
uniformity of devices performance within the array is a crucial
factor to evaluate the quality of an image sensor. Figure S20 of
the Supporting Information displays the imaging result through
an imaging process without a mask. The unified color distribu-
tion observed under 1060 nm illumination serves as compelling
evidence for the consistency across the entire array, which indi-
cates that the devices exhibit similar characteristics and perform
reliably. These imaging results utilizing the 10 x 10 array of 2H-
MoTe, homojunction devices demonstrate promising prospects
for the practical applications in the field of ultralow power con-
sumption and infrared imaging.

3. Conclusion

In summary, a pristine van der Waals homojunctions based on
2H-MoTe, layers has been proposed and fabricated by telluriz-
ing molybdenum precursors with asymmetric thickness. This
approach enables the creation of high-quality boundary between
thin and thick 2H-MoTe, layers without lattice mismatch, strain,
and defects. Moreover, the layer-engineered energy bands of the
2H-MoTe, layers induce difference in Fermi levels at the homo-
junction boundary, facilitating the formation of built-in electric
fields. This enables the fabrication of self-powered photodetec-
tors capable of detecting light in the visible and near-infrared
range. Furthermore, imaging functions under near-infrared il-
lumination are achieved by constructing a 10 x 10 array of 2H-
MoTe, homojunction devices. This work introduces a universal
fabrication method for patterned 2D homojunctions with asym-
metry thickness, paving the way for integrated photodetectors
based on 2D materials with low power consumption.

4. Experimental Section

Material Synthesis:  The synthesis of 2H-MoTe, layers on sapphire sub-
strates (1 cm x 1 cm) was carried out by using a CVD method. To cre-
ate patterned Mo layers with varying thicknesses, a combination of stan-
dard photolithography and magnetron sputtering techniques was em-
ployed. The thickness of the patterned Mo layer was controlled by adjust-
ing the sputtering time, ranging from 15 to 120 s. Subsequently, a thermal-
assisted tellurization process was utilized to synthesize 2H-MoTe, homo-
junctions with asymmetric thickness. This involved the use of 1.0 g high
purity Te powder (99.99%, Aladdin) placed upstream of the quartz tube,
along with the Mo layer precursors at the heating center. During this tellur-
ization process, the system was heated to 660 °C within 20 min and main-
tained for 150 min, using a mixed flux of H, (5 sccm) and Ar (4 sccm).
After the tellurization process, the system was cooled to room tempera-
ture using a high flux of Ar (200 sccm).

Characterization: The shapes and sizes of the Mo layer precursor, 2H-
MoTe, homojunctions, and the 2H-MoTe, device were characterized using
an optical microscope (LEICA DMLM). The thickness of the 2H-MoTe, lay-
ers was determined by an AFM (Dimension Icon, Bruker). Raman spectra
and the Raman mapping were obtained using a Renishaw Raman RM3000
scope with the 514 nm excitation from an Argon laser. Ultraviolet photo-
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electron spectroscopy (UPS) analysis was performed by a PHI 5600 (Phys-
ical Electronics) instrument. The UV-vis absorption spectroscopy of the
layer-dependent 2H-MoTe, layers was conducted using a Lambda 1050+
spectrophotometer (PerkinElmer). For the synthesized MoTe, films on
sapphire substrates, the polymethylmethacrylate layers were coated onto
the MoTe, film. These films were exfoliated from the substrates onto a
copper grid for the transmission electron microscopy (TEM), scanning
mode TEM (STEM), SAED, and energy dispersive spectrometer (EDS)
characterizations, which were carried out using a JEM 2010F (JEOL)
instrument.

Device Fabrication and Measurement: The fabrication of the 2H-MoTe,
homojunction devices array involved standard photolithography and elec-
tron beam evaporation to deposit a 30 nm thick layer of Au onto the 2H-
MoTe, array. The optoelectronic characterization of the 2H-MoTe, homo-
junction device was performed using a combination of a Keithley 4200 SCS
semiconductor parameter analyzer and a probe station (FormFactor MPS
150, Livermore, CA, USA). lllumination of the device was realized by light
with wavelengths of 520 nm (MW-GX-520/700 mW) and 1060 nm (MW-
GX-1060/1000 mW). The corresponding light intensities were measured
through a power meter (Vega Color Laser Power & Energy Meter). Each
individual device within the 2H-MoTe, homojunction devices array was il-
luminated and measured sequentially. All measurements were conducted
at atmospheric pressure and room temperature. The pixel of the 10 x 10
self-powered photodetectors array was illuminated and measured one by
one, and the pixel current was received sequentially. The light source was
placed above the device with distance of 20 cm.

Theoretical Calculation: The energy bands and structures of 2H-MoTe,
with different layers were simulated using DFT. The Perdew-Burke—
Emzerhof was employed, along with plane-wave cutoff energy of a 520 eV.
For structural relaxation, a 6 X 6 X 1 k-point grid was utilized in the Bril-
louin zone, following the Gamma-point scheme. To avoid interactions be-
tween periodic structures in the simulation of thin layered materials, a vac-
uum space of 20 A was included in a 1 x 1 supercell of 2H-MoTe, (with
dimensions of 3.57 A x 3.57 A), which was shown in Figure S8a of the
Supporting Information. The convergence criteria for the simulation were
set to 107° eV for energy and 0.025eV A~ for atomic forces. Moreover,
DFT-D3 method was employed to account for van der Waals structure of
2H-MoTe,. For the calculation of the DOS and energy bands, a 12 x 12 x
1 k-point grid was used for the Brillouin zone, and a convergence criteria
of 1077 eV was applied.

Supporting Information

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