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Supplementary Text

Note 1. Fabrication of vdWs photodetector linear array

Fig. S1 presents the process of fabricating vdWs heterojunction photodetector linear array using
the temperature-assisted sloping transfer method. The thin film materials are obtained through
mechanical exfoliation. To protect these thin film materials, both the exfoliation and transfer
processes are conducted inside a glovebox with an N> atmosphere.

The specific procedures for temperature-assisted sloping transfer method in Fig. S1 are as
follows:

(A) Thin-layer MoS; are obtained from bulk material following mechanically exfoliation method,
the tape is tightly adhered to polydimethylsiloxane (PDMS) and peeled off after 5 minutes. Some
thin-layer MoS; materials are released from the tape and adhere to the PDMS, and then the MoS»
with rectangular shape is transferred to a clean substrate. Further etching MoS; into sharp shapes
using polymethyl methacrylate (PMMA) as a mask.

(B) The etched MoS; flake was transferred to another clean substrate using poly propylene
carbonate (PPC) as the medium. The PPC is slowly released and heated to 50 °C until it is fully
in contact with the target MoS,. After being naturally cooled down to 30 °C, the PPC is slowly
lifted to stick the MoS,.

(C) The PPC with the etched MoS; is slowly released onto another clean substrate and heated up
to 120 °C. Under the high temperature, the PPC melts and remains on the substrate. Finally, the
PPC is removed in acetone.

(D) Similarly, a thin layer of BP material is obtained on the PDMS film. In order to minimize the
formation of bubbles during the stacking process and ensure a smooth interface, the PDMS tilt
angle is adjusted and gradually lowered, enabling the edges and corners of the BP to make initial
contact with the MoS». Due to the different thermal expansion coefficients between polymers
and inorganic materials, the contact interface between BP and MoS: gradually releases from one
side to the other during heating to 35 °C

(E,F) PMMA is spin-coated onto the silicon wafer, followed by patterning the electrodes using
EBL. Cr/Au is then deposited sequentially using thermal evaporation to obtain custom electrodes
of linear array device.

(G) The PMMAA is spin-coated onto the silicon substrate again for masking purposes, and ebl is
utilized to determine the etching windows.

(H) The exposed regions of the heterostructure are removed using reactive ion etching, resulting
in the formation of independent linear array heterojunctions.

(I) By rinsing the device in acetone to remove excess PMMA, a van der Waals array
photodetector can be obtained.

In addition, it is common practice to apply another layer of PMMA as a protective coating to
prevent oxidation of the detector during the later testing process. EBL is then utilized to create
windows in the electrode area.



Note 2. Theoretical calculations of density functional theory (DFT)

Our theoretical calculations were performed with Vienna Ab-initio Simulation Package
(VASP)(63, 66) using projector augmented wave (PAW) method(67). Exchange-correlation
effects were taken into account by the Perdew-Burke-Ernzerhof (PBE) functional(68). The
plane-wave cutoff energy was set to 520 eV. The structural relaxations were realized with energy
and force convergence criteria of 10 eV and 0.01 eV/A, respectively. To describe correctly the
weak interactions, we used a semi-empirical correction scheme of DFT-D3(69) approach for
PDMS/BP and BP/MoS; heterostructures. During optimization, first Brillouin zone of these
materials was sampled with a I'-centered mesh with reciprocal space resolution of 27x0.04 A,
In order to construct PDMS/BP and BP/MoS: stacking patterns with small lattice mismatch, we
chose 1x1x1 unit cell of PDMS and 3x3x1 unit cells of monolayer BP, 1x4x1 unit cells of
monolayer MoS: and 1x5%1 unit cells of monolayer BP, respectively. As shown in Fig. 1E(i), to
determine the stability of systems, the adhesion energy of PDMS/BP and BP/MoS; are defined
as Ep) and Evy, as follows:

Ev1 = Eppmsisp - Eppms - EBp Ev2 = EBpiMos2 - EBp - EMos2

Here, Erpmsep, EBPMos2, Eppms, and Esp and Ewmos: represent the energy of the PDMS/BP
heterostructure, BP/MoS; heterostructure, isolated PDMS, BP, and MoS,, respectively.

The adhesion energy of PDMS/BP and BP/MoS; without thermal expansion are calculated as Ep
=-0.4138 eV and En, = -0.7909 eV, respectively. Here, the larger the absolute value of adhesion
energy, the higher the adhesion energy between the two materials. It is obvious that the adhesion
energy between BP and MoS; is larger than that between BP and PDMS, indicating that BP is
more likely to adhere to MoS; and separate from PDMS. This result also theoretically explains
the previously reported direct use of PDMS-assisted transfer method to construct 2D material
heterojunctions(37). However, it cannot be ignored that due to the viscous behavior of PDMS,
removing PDMS requires overcoming the adhesion energy between PDMS and 2D materials,
which inevitably causes damage to the stacked heterojunctions, such as bubbles and wrinkles.
Previous studies have shown that the thermal expansion coefficients between polymers and
inorganic materials differ by about 2 orders of magnitude, for example, the thermal expansion
coefficient of PDMS is about 2x10* K'! at room temperature(42), and thermal expansion
coefficient of BP is about 10 order of magnitude at 293 K (70). This significant difference
means that PDMS is more sensitive to temperature changes and its adhesion energy is easily
affected. In our method, the temperature is generally raised from 25 °C to 35 °C. Therefore,
during the heating process, the expansion of PDMS is much greater than that of BP. When a
material is expands, its lattice structure will change, and the distance between atoms or
molecules may increase or decrease. Because the adhesion process involves the interaction
between surface atoms or molecules, the structural changes can affect the adhesion energy.

As shown in Fig. 1E(i), we applied biaxial tensile strain (+1% and +2%) equivalent to thermal
expansion to the PDMS/BP to investigate the trend of changes in adhesion energy. As shown in
Fig. 1E(ii), the adhesion energy of PDMS/BP shows a significant decrease trend (Epi: from -
0.4138 eV to -0.3904 eV, greater difference in adhesion energy with Ex=-0.7909 eV), indicating
the decrease in the adhesion force between PDMS and BP, making it easier for BP to separate
from PDMS and form heterojunction with MoS,. In addition, the removal of polymers may
require smaller forces or lower energy to reduce the risk of damage, such as bubbles, wrinkles, or
cracks, which is crucial for the uniformity of large-area heterojunctions.



Note 3. Analysis of the dark current for the pixels of the array

For a photodiode, the reverse current components include diffusion (Diff.) current, tunneling
current (including trap-assisted tunneling (TAT) and band-to-band tunneling (BBT)), and
Shockley-Read-Hall (SRH) current(717). Specifically, Diff. current is formed by electrons and
holes excited thermally or optically diffusing along the energy band to the electrodes, BBT
current is a tunneling current that electrons directly tunnel from the valence band to the
conduction band while TAT current involves the indirect tunneling across the junction by way of
intermediate trap. SRH current arises when electrons are excited to defect states near the middle
of the depletion region and transition to the conduction band, forming a current collected by the
electrode. In our work, the photodiode operates in the diffusion region at room temperature,
where Diff. current is the main source of dark current. The current-voltage characteristic for an
ideal diffusion-limited diode is given by
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Where 4 is the area, J; is the saturation current density, g is the electron charge, V4 is the voltage,
k is the Boltzmann constant, and 7 is the temperature. The saturation current density Js can be
expressed as
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where 7. and 7, the electron and hole lifetimes in the p-type and n-type regions, and ppo and 7.0
are the hole and electron majority carrier concentrations, respectively(72).

Previous studies have indicated that the thickness of two-dimensional materials affects the
concentration of charge carriers. Taking MoS; as an example, the carrier concentration can vary
by up to 10 times between single-layer and multi-layer MoS.. Detailed thickness statistics from
AFM reveal that the thickness of different pixels varies slightly, typically falling within the range
of 85 to 94 nm. Consequently, for BP/MoS; pn junctions, differences in thickness lead to
variations in carrier concentration, ultimately manifesting as differences in /-J current under
both forward and reverse bias conditions. Moreover, the variation in carrier concentration
distribution results in different depletion region potential barriers between pixels. Consequently,
under high reverse bias voltages, significant band bending increases tunneling probabilities,
altering the probabilities of tunneling currents, and amplifying current differences under reverse
bias.



Note 4. Comparative analysis of J-V currents of arrays fabricated by our method and
previous methods

To provide a more comprehensive analysis, as shown in Fig. S5, we statistically analyzed the J-V
curves of arrayed devices fabricated using PDMS-assisted transfer method, PPC-assisted
multiple-transfer method, PPC-assisted transfer method, and our temperature-assisted sloping
transfer method.

The PDMS-assisted transfer method mainly keeps the material in a horizontal state, vertically
pressing and lifting the PDMS to obtain a heterojunction. The loss of rectifying characteristics in
various pixels may be related to the thickness of the heterojunctions. It is difficult to obtain
materials with uniform thickness on a larger scale through mechanical exfoliation. For large-area
heterojunctions, the rapid stacking transfer process leads to a more severe interface bubble
phenomenon. Due to the viscous behavior of PDMS, the removal process may damage the
heterojunction, and disrupt uniformity, leading to significant differences in J-V characteristics
between pixels (Fig. SSA-up) and three orders of magnitude difference in the current density
between pixels under a bias voltage of -1 V (Fig. SSA-down).

The PPC-assisted method allows for free picking and transfer of 2D materials. Therefore, we
adopted two methods, including PPC-assisted multiple-transfer method of heterojunctions to the
same substrate (Fig. S5B) and PPC-assisted transfer method of large-area heterojunction (Fig.
S5C). For PPC-assisted multiple-transfer method in Fig. S5B, all pixels come from different
materials, and the thickness cannot be consistent, which means that the carrier concentration and
depletion region are different, exhibiting differences in J-V characteristics (Fig. SSB-up) two
orders of magnitude difference in the current density under -1 V (Fig. S5B-down). As shown in
Fig. S5C, the direct transfer method of large-area heterojunctions by PPC may improve the J-V
performance. However, when the heterojunction is large or thick, the PPC melted on the
substrate is prone to forming a certain step height difference near the edge of the heterojunction,
which may lead to polymer fracture and residual issues. Although the current density between
pixels is similar at -1 V (Fig. SSC-down), individual pixels exhibit different J-V" characteristics,
which may be related to polymer fracture and residual issues (Fig. S5C-up).

Our method benefits from the reduced adhesion energy, facilitating not only the release of BP
but also minimizing damage to heterojunctions during polymer removal. This approach is
effective for constructing uniform and smooth heterojunctions, where the approximate thickness
ensures similar carrier concentrations and depletion potential barriers between pixels. All pixels
exhibit similar rectification behavior (Fig. SSD-up) and J-V differences controlled within an
order of magnitude (Fig. SSD-down), showing the smallest difference compared to other
methods.



Note 5. Performance comparison of photodetector linear array fabricated by different
methods

Figure S6A shows the /-V curve of the detector fabricated through multiple-transfer processes. It
can be observed that the variations in material thickness due to the different materials used result
in differences in electrical performance, leading to significant variations in the rectifying
characteristics among these devices. Additionally, it can be noted that some devices did not
exhibit rectifying characteristics, which can also be primarily attributed to variations in the
thickness of MoS». As shown in Fig. S6B the thick MoS; gradually exhibits weak p-type
behavior with increasing MoS» thickness(73), leading to a weaker potential barrier at the pn
junction. This hinders the effective blocking of the transport of reverse bias downstream carriers,
resulting in a weak rectification effect. The repeated release, heating, and dissolution processes
of PPC in the multiple-transfer steps have significantly detrimental effects on the pre-existing
heterojunctions on the substrate. Figure S6C demonstrates the blackbody D" of the two types of
photodetector linear arrays. The D" the array devices obtained through multiple-transfer
approaches is nearly on the order of 10 (blue region), with a significant performance gap
between pixels. On the other hand, the blackbody D" of the latter method (red region) is
improved by an order of magnitude, reaching a level comparable to that of a single-pixel device.



Note 6. Comparison and discussion between our work and representative photodetector
arrays based on TMDCs

Wavelength and blackbody response

TMDC:s films for arrayed photodetectors are currently mainly grown directly through methods
such as chemical vapor deposition (CVD)(48, 49), metal-organic chemical vapor deposition
(MOCVD)(50, 51), molecular beam epitaxy (MBE)(47, 52), tellurization(/8), and selenization
(53). These methods enable the efficient production of large-area TMDCs films. As listed in
Table S1, detector arrays based on TMDC:s typically feature larger pixel areas and larger array
scales. For example, the pixel area of MoS2/InGaAs heterojunctions grown by MBE can reach
300x300 um?(51), or the scale of array devices can be expanded to 16x16(52). However,
TMDCs materials (MoS,, MoSe>, WS>, and WSe») typically exhibit wide band gaps. The
bandgaps of MoS; and WS; are relatively close, generally around 1.3 eV, and MoTe: is around
1.2 eV. Reported wavelength range of photoresponse is usually in the visible to short-wavelength
infrared ranges. Noble metal dichalcogenides films are generally obtained through selenide or
telluride noble metal films deposited by magnetron sputtering on of, so the scale of the films is
sufficient to reach wafer level. For example, PtTe; has been able to achieve 4x4 array scale and
stable laser response at 10.6 um(/8, 74, 75). The rich material system, wide band coverage, and
efficient preparation methods for large-area thin films provide a good guarantee for achieving
TMDCs photodetector arrays. However, the photoresponse of the implemented TMDCs
photodetector arrays is from the laser source, and there are currently no reports of two-
dimensional material detector arrays that achieve blackbody response. Simply put, lasers are
monochromatic light with high energy density, and the radiation of blackbody is closely related
to the temperature, including light waves of various wavelengths with lower energy density.
Only a few infrared photodetectors based on quantum dots, carbon nanotubes, and BP have
shown responses to blackbody radiation(63), and arrayed devices are even less reported.

In our work, we employ BP/MoS: as the primary device structure, using p-type narrow bandgap
BP as the mid-infrared absorption layer and n-type MoS; as the contact layer. So far, the avenues
for obtaining large-scale BP films are extremely limited, with the only effective means being
mechanical exfoliation from bulk single crystals. Although there have been reports on BP film
growth, it is still confined to relatively thick polycrystalline materials(60), making it challenging
for high-performance detector arrays. In our work, to achieve a highly homogeneous infrared
detector array with blackbody response, we opt to mechanically exfoliate BP and MoS; thin
films from large single crystals. We employ heterojunction stacking as the primary method,
optimizing the transfer process from the perspective of uniform interfaces. Ultimately, we
achieve an average blackbody peak D* of 2.34x10° cm-Hz!?-W-!. Therefore, due to the size
limitations imposed by mechanical exfoliation of materials, the scale of our arrayed device
remains limited when compared to TMDCs arrayed devices. However, our current research
approach for 2D vdWs heterostructure infrared detector array remains applicable. The epitaxial
growth of high-quality 2D films is under investigation and the transfer of large-area vdWs
heterostructures for arrayed devices will likely become an inevitable trend. The origins of dark
current components remain similar, and the mechanism of photoelectric detection remains
unchanged. Therefore, our work holds reference value for the long-term study of low-
dimensional infrared detector arrays.



Imaging methods

As shown in Table S1, for TMDCs detector arrays, whether work in the visible or IR spectrum,
the mainstream imaging method involves using laser-assisted illumination to image the mask
pattern. This imaging method relies on actively emitted laser beams, using a mask with specific
hollow patterns to block the incident laser, allowing the laser to pass only through the hollow
part of mask onto the surface of array. That is to say, under the block of the mask, the light
illuminated on the array has the same pattern with the mask. Finally, imaging information can be
obtained by recording the current of the detector. Therefore, laser-assisted mask imaging method
mainly depends on the block of the mask, and the imaging results usually can only present
patterns similar to the mask, unable to record other information about the target. In addition,
most TMDCs detector arrays typically image specific areas in a relatively fixed manner, rather
than scanning along specific directions, so their imaging results are limited to simple patterns or
letters composed of several pixels. At present, it has also been reported that a 1x10 PtSe./Ge
array controlled by a stepper motor is used for scanning imaging(53), but its scanning range is
relatively limited, and the imaging resolution is only 20x20 pixels. The final result is also a
pattern similar to a hollow mask.

The push-broom passive imaging achieved in our work is used to image a blackbody like object.
Any object above absolute zero in nature is radiating energy outward, and the radiated energy
follows the Planck radiation distribution in accordance with Planck's law. The wavelength and
power of external radiation from an object are related to its temperature. When the temperature
of a blackbody changes, the radiation power and peak wavelength of radiation also change,
providing us with the foundation for passive imaging. As shown in Fig. 4A in the manuscript, a
glass-sealed U-shaped curved carbon fiber heating tube was employed as a blackbody-like
radiation heat source, with the highest center temperature of the resistance wire around 1300 K.
We use a len to focus light from the natural environment onto the detector array, and with the
help of an 8-channel push-broom imaging system, record the position and collect photoelectric
signals. Due to the signals from 8 pixels can be collected in parallel, while single-pixel imaging
can only collect signals from 1 pixel at a time, the high-resolution imaging efficiency is directly
increased by 8 times. Ultimately, we can directly map the collected signals on the computer to
obtain passive imaging results, which provides more information compared to the commonly
used laser-assisted mask imaging in TMDCs arrays.

Imaging results

The push-broom scanning passive imaging technology for 2D vdWs photodetector arrays can
provide more resolution and imaging information compared to laser-assisted mask imaging
method. The static laser-assisted mask imaging method has not fully realized the superiority of
array scale, the imaging results only rely on the pixel information collected in a single
acquisition. In this case, the imaging resolution is constrained by pixel density and array scale,
making it difficult to achieve higher resolution imaging results. Push-broom scanning imaging
technology for 8x1 vdWs detector array can alleviate the limitations of array scale on imaging
resolution. Through periodic push and sweep actions, integrating and utilizing information
between adjacent pixels, detector arrays can image areas within a certain range, achieving high-
resolution imaging.

On the other hand, for TMDC:s arrayed detectors, the core of their imaging lies in the patterning
of the laser illuminated on the array by the masks. For pixels, there are only two situations,
namely being illuminated by laser and not. Therefore, its imaging results can only show two



effects, bright and dark, and display patterns similar to the masks. In our work, the len only
serves the purpose of focusing, and the irradiated light comes entirely from the signal radiated by
the object itself in the environment. Therefore, the passive imaging results can directly reflect the
information of the object in the real environment. As shown in Fig. 4D and Fig. 4E in the
manuscript, the grayscale and flame images come from the same imaging results, with only the
difference in color mapping. The heated U-shaped resistance wire can be significantly
distinguished from the background environment, and the contour of the U-shaped wire can also
be clearly displayed. In addition, the center temperature of the resistance wire is higher, while the
surrounding temperature gradually decreases, resulting in the brightest area and a gradient
phenomenon in the imaging. This temperature distribution pattern is consistent with Planck's
radiation law, indicating that passive imaging technology can accurately reflect the temperature
distribution of objects. After noise reduction processing, the imaging results further highlight
these features. Firstly, the high temperature resistance wires form a clear boundary with the
background, making them more clearly separated in the image and enhancing the visual
perception of object contours. Secondly, temperature differences are clearly visible in the image.
The resistance wire has a higher temperature and is the brightest in the image. The temperature
on the periphery of the resistance wire is lower than the temperature at the center, appearing
slightly bright. The lowest ambient background temperature is the darkest in the image. The
color and brightness changes in different temperature regions are more pronounced, enhancing
the perception of the distribution of object temperature. Although they are all about imaging
methods of 2D arrayed devices, there are significant differences between the two imaging
methods and their results. Unlike the patterns obtained from mask imaging, passive imaging
provides more information about objects, backgrounds, and temperature distribution in natural
scenes. Therefore, these two imaging methods correspond to the needs of different detecting
scenes.



Note 7. Image non-uniformity correction for vdWs photodetector linear array

Uniformity correction is an image processing technique that eliminates the uneven brightness

and contrast in an image, resulting in consistent brightness and contrast across the entire scene.

In our work, considering the filtering effect and computational efficiency, we employed two
methods for uniformity correction: mean filtering and Fast Fourier Transform (FFT) filtering.
Among them, mean filtering is a linear filtering method where the values of the surrounding
pixels are averaged to determine the value of the central pixel, helping to smooth the image. On
the other hand, FFT filtering is based on Fourier transform analysis in the frequency domain. The
filtered image is obtained by selectively removing or suppressing specific frequency components.
The specific details of these two filtering methods are as follows:

Mean filtering

1. Grayscale conversion: Converting the original image into a grayscale image for subsequent
processing.

2. Mean filtering: Applying a filter to the grayscale image to smooth irregular brightness
variations.

3. Contrast stretching: Scaling the pixel values of the image using a linear transformation to
enhance details and contrast.

4. Color mapping: Adding specific color mappings, such as a flame map, based on
requirements to improve the visual appearance of the image.

Fast Fourier Transform filtering

1. Fast Fourier Transform: Transforming the original image from the spatial domain to the
frequency domain.

2. Filtering: Perform filtering operations in the frequency domain by removing or suppressing
specific frequency components.

3. Apply the inverse Fourier transform to the filtered frequency domain image, converting it
back to the spatial domain.

4. Contrast stretching: Performing contrast enhancement on the image after inverse
transformation.

5. Obtain the filtered image, which exhibits reduced or suppressed specific frequency
components.



Note 8. Potential strategies to overcome the scaling limitations

For narrow bandgap 2D materials:

Large-scale single-crystal BP and Te should both be given priority consideration. Each of these
materials possesses unique advantages. BP exhibits higher blackbody D" in the mid-wavelength
infrared range (typically around 10°-10'°, compared to Te nanosheets at 10%). BP is conducive to
forming vdWs heterostructures with other layered materials to construct photodiodes,
significantly reducing dark currents and improving sensitivity. The instability of BP is a major
obstacle currently limiting its application in optoelectronic devices. Existing experimental and
theoretical studies commonly believe that the instability is closely related to oxygen, water, and
light(62). Particularly, the oxidation and decomposition processes of BP are significantly
accelerated under illumination. However, the actual mechanisms of synergistic effects have not
yet been clearly explained, making the study of the physical and chemical processes of BP
oxidation increasingly crucial. Methods such as physical encapsulation and passivation, surface
functionalization, and surface modification have been developed to enhance the stability(76—79).
Common practices include covering the BP surface with a layer of aluminum oxide or boron
nitride or using spin-coated polymers for physical isolation. Additionally, passivation or
modification of BP with organic molecules or metal atoms has also proven to be a convenient
and effective method. These stabilization techniques can temporarily extend the lifespan of BP
while maintaining its optoelectronic properties. Future research should continue to explore
material engineering or novel chemical treatment methods to extend environmental stability,
making it more suitable for long-term applications in optoelectronic devices. Research into this
issue is expected to reveal new physical phenomena and chemical laws, providing a theoretical
foundation and technical support for the passivation of two-dimensional materials.

Large-area single-crystal BP films are essential for the development of larger-scale arrayed
devices. Currently, layered BP is primarily obtained through mechanical exfoliation from bulk
materials. This top-down approach typically produces samples with higher crystal quality and
exhibits excellent electronic and optical performance, making it particularly suitable for the
development of prototype optoelectronic devices. However, mechanical exfoliation usually relies
on manual operations, and the materials prepared often lack consistency in size, thickness, and
shape, which is unacceptable for the development and application of large-scale arrayed devices
requiring high sensitivity and consistency. Therefore, developing methods for exfoliating large-
area uniform films becomes especially important. The reported large-area mechanical exfoliation
and transfer methods for materials like graphene and transition metal dichalcogenides (TMDCs),
given the similar structural characteristics of black phosphorus, suggest that improved and
scalable techniques for larger-area BP films are feasible. It is necessary to comprehensively
consider the physical and chemical stability of BP films during the exfoliation and integration
process, such as material damage, control of scale and thickness, interface fundamentals,
mechanical stress, and contamination. For instance, improper interface contact could reduce
carrier transport efficiency, while residues from polymers and contamination from organic
solvents could affect the electrochemical stability and photoresponse of the material.
Inappropriate release of mechanical stress may introduce micro-cracks or other structural defects,
further reducing the material's reliability and lifespan.

Due to the unique structure of the black phosphorus (BP) phase, simultaneous research and
development of epitaxial growth techniques for single-crystal thin films are particularly crucial
for breaking through the scalability limitations of BP array devices. Further research is needed in
deposition techniques and nucleation principles to achieve large-area, uniform, high-quality BP



thin films. Additionally, the ability to integrate these single-crystal films into existing
semiconductor processes can greatly expand the potential applications of BP, especially in
optoelectronic technologies. Progress has also been reported in the study of Te materials. Te
grown under specific conditions has demonstrated excellent sensitivity in the infrared range,
making Te a material system with tremendous potential, especially in mid-wavelength infrared
detection. Te can maintain a relatively stable state in the air without oxidation. There have been
reports on both n-type and p-type characteristics of Te(63, 80), providing flexibility in direct or
separately grown and transferred structures, and offering a richer design space for constructing
homogeneous photovoltaic devices. Moreover, focusing solely on the absorber layer material is
far from sufficient. Constructing photodiode array devices also requires addressing the growth of
the contact layer material and involves methods for building heterojunction structures, whether
through scalable transfer techniques or direct heteroepitaxy. This process may be a long-term,
gradual resolution for the entire research field.

In summary, the unique properties of BP and Te make them ideal choices for mid-wavelength
infrared photodetectors, providing reliable and efficient solutions for mid-wavelength infrared
imaging and sensing applications. Future research directions will focus on achieving large-scale
single-crystal growth of BP and Te, followed by the study of focal plane array devices,
addressing key scientific issues during this process, and subsequently breaking through critical
technologies, which is imminent soon.

For wide bandgap TMDCs materials:

Ultra-thin wafer-scale TMDCs materials are beneficial for achieving high-performance
electronic devices. However, for optoelectronic detectors, such as MoS,, when the layer is too
thin, light absorption is reduced on one hand, and the common S vacancies causing defect states
will affect the photoelectric process, diminishing the detector's performance. To further increase
the thickness and scale of TMDCs materials' epitaxial growth, we believe it is essential to delve
deeper into the growth mechanism, thoroughly analyzing the principles of TMDCs material
growth. This includes understanding reaction kinetics, surface diffusion, and gas-phase transport
under various growth conditions. The research strategy primarily focuses on breaking through in
single-layer material achievement initially, gradually extending to the controllability study of
multi-layer materials, aiming for the growth of single-crystal films. Current trends indicate
progress in this direction, with reports on monolayer, bilayer, and multi-layer TMDCs
materials(43, 81, 82).



Supplementary Table

Table S1 Comparison of arrayed photodetectors based on 2D materials.

Devices Fill-factor Wavelengths Function Ref.
8x1 BP/MoS: ~77% ( /111::[3’31}; ) P“Slf:;’sriov"e“i‘nﬁ;:;ing This work
1x4  Te/Graphene ~64% (;Lcmi/lﬁ\zlﬁ um) - (83)
7x8  Graphene/MoS,/Graphene - 405~904 nm Laser-assisted mask imaging (50)
5x5  MoSy/Ings3Gag47As - 405~1550 nm Laser-assisted mask imaging (62))
8x8  MoS; - 405~638 nm Laser-assisted mask imaging (15)

10x10  MoS; - 520 nm Laser-assisted mask imaging (16)
4x4  MoSex/Si ~32% 360~1550 nm Laser-assisted mask imaging (84)
8x8  MoSe: - 450~785 nm Laser-assisted mask imaging 48)
6x6 WS, - 405~852 nm Laser-assisted mask imaging (49)

6x10  WSe»/Graphene - 450~633 nm Laser-assisted mask imaging (85)
6x6  WSe; - 445~635 nm Laser-assisted mask imaging (86)
16x1  GaSe/GaSb - 637~1550 nm Passive imaging 47)

16x16  GaSe/Graphene - 532 nm Light-assisted mask imaging (52)
4x4  GeSer/GaN ~32% 205~400 nm Laser-assisted mask imaging (74)
4x4  PtTe/Si - 808 nm~10.6 pm Laser-assisted mask imaging (18)
8x8  PtTey/Si ~16% 200~1200 nm Laser-assisted mask imaging (75)

1x10  PtSe)/Ge - 400~2200 nm Laser-assisted mask imaging (53)
4x4  Ga03 ~7% Acutoft=265 nm Laser-assisted mask imaging (87)

10x10  (PMA)FAPb:I; ~6% 405~904 nm Laser-assisted mask imaging (88)

12x11  (BA):Pbls - 405~1550 nm Laser-assisted mask imaging (89)
8x8  MAPbI;/Si ~16% 405~638 nm Laser-assisted mask imaging (90)
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Fig. S1. Schematic diagram of the temperature-assisted sloping transfer method for vdWs

photodetector linear array.

(A) Etching MoS: into sharp shapes using polymethyl methacrylate (PMMA) as a mask.

(B) Using poly propylene carbonate (PPC) as the medium to pick up the eched MoS..

(C) Transfer the etched MoS: onto another clean substrate.

(D) Using the temperature-assisted sloping transfer method to transfer and stack BP onto MoS..

(E) PMMA is spin-coated onto the silicon wafer, followed by patterning the electrodes using

EBL.

(F) Electrodes obtained by thermal evaporation.

(G) The PMMAA is spin-coated again for masking purposes.

(H) The exposed regions of the heterostructure are removed using reactive ion etching.

(I) Rinsing the device in acetone to remove PMMA.
The details have been described in Supplementary Text Note 1.
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Fig. S2. The structures of PDMS/BP (A) and BP/MoS: (B) for DFT calculations.
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Fig. S3. Calculation method for the fill-factor of linear array (A) and array devices (B).
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Fig. S5. J-V curves (up) and current density under bias of -1 V (down) of the linear array
prepared by different methods. (A) PDMS-assisted transfer method, (B) PPC-assisted
multiple-transfer method, (C) PPC-assisted transfer method, and (D) our temperature-assisted
sloping transfer method.
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Fig. S6. Characterization of vdWs photodetector linear array. (A) /-V curves of the
photodetector linear array fabricated by PPC-assisted multiple-transfer method. Inset: Optical
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band structure of the BP/MoS: pn junction. (C) The peak detectivity D* and average peak
detectivity D" for the array devices fabricated by these two methods were evaluated at a
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Fig. S7. Scanning photocurrent microscope mapping measurement of the photodiode using
visible and infrared laser as sources. (A) Optical microscope photograph of the single-pixel
BP/MoS: photodiode with sharp edges. (B,C) Scanning photocurrent microscope mapping
measurement under 637 nm (B) and 2 pm (C) laser illumination.
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Fig. S8. Time-resolved photoresponse of all pixels in the photodetector linear array at 2 pm.
(A) Response time of pixel 1.
(B) Response time of pixel 2.
(C) Response time of pixel 3.
(D) Response time of pixel 4.
(E) Response time of pixel 5.
(F) Response time of pixel 6.
(G) Response time of pixel 7.
(H) Response time of pixel 8.
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Fig. S9. Power dependence of the BP/MoS: vdWs photodetector photocurrent under laser
illumination with different wavelengths.

(A) Power dependence of photocurrent under 520 nm.

(B) Power dependence of photocurrent under 830 nm.

(C) Power dependence of photocurrent under 940 nm.

(D) Power dependence of photocurrent under 1060 nm.

(E) Power dependence of photocurrent under 1310 nm.

(F) Power dependence of photocurrent under 2 pm.
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Fig. S11. Spectral noise current of all pixels of the photodetector linear array and the

background.

(A) Spectral noise current of pixel 1.

(B) Spectral noise current of pixel
(C) Spectral noise current of pixel
(D) Spectral noise current of pixel

2.
3.
4.

(E) Spectral noise current of pixel 5.
(F) Spectral noise current of pixel 6.

(G) Spectral noise current of pixel
(H) Spectral noise current of pixel

7.
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Fig. S12. Image non-uniformity correction using mean filtering with different kernel sizes.
Four images in each group, from left to right, are original image by push-broom scanning passive
imaging, image after mean filtering, image after contrast enhancement, and image after flame
map mapping, respectively.

(A) Kernel size of mean filtering is set to 10x10.

(B) Kernel size of mean filtering is set to 20x20.

(C) Kernel size of mean filtering is set to 30x30.

(D) Kernel size of mean filtering is set to 40x40.

(E) Kernel size of mean filtering is set to 50x50.

(F) Kernel size of mean filtering is set to 60x60.

(G) Kernel size of mean filtering is set to 70x70.

(H) Kernel size of mean filtering is set to 80x80.

The details have been described in Supplementary Text Note 7.
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Fig. S13. Image non-uniformity correction using FFT filtering with different radii.
Four images in each group, from left to right, are original image by push-broom scanning passive
imaging, image fast Fourier transform, image after filtering, and image after inverse Fourier
transform and flame map mapping, respectively.

(A) Radius of FFT filtering is set to 3.

(B) Radius of FFT filtering is set to 6.

(C) Radius of FFT filtering is set to 15.

(D) Radius of FFT filtering is set to 30.

(E) Radius of FFT filtering is set to 45.

(F) Radius of FFT filtering is set to 60.

(G) Radius of FFT filtering is set to 75.

(H) Radius of FFT filtering is set to 90.

The details have been described in Supplementary Text Note 7.
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