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PHYSICS

Van der Waals mid-wavelength infrared detector linear
array for room temperature passive imaging

Tengfei Xu"?t, Fang Zhong>t, Peng Wang***, Zhen Wang?, Xun Ge?, Jinjin Wang>*, Hailu Wang?,
Kun Zhangz, Zhenhan Zhangz's, Tiange Zhao?, Yiye Yu?®, Min Luo??, Yang Wangz’s, Ruiqi Jiangz,

Fang Wangz, Fansheng Chen?, Qi Liu', Weida Hu***

Passive imaging for mid-wave infrared (MWIR) is resistant to atmospheric pollutants, guaranteeing image clarity
and accuracy. Arrayed photodetectors can simultaneously perform radiation sensing to improve efficiency. Room
temperature van der Waals (vdWs) photodetectors without lattice matching have evolved rapidly with optimized
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stacking methods, primarily for single-pixel devices. The urgent need to implement arrayed devices aligns with
practical demands. Here, we present an 8 by 1 black phosphorus/molybdenum sulfide (BP/MoS;) vdWs photode-
tector linear array with a fill-factor of ~77%, fabricated using a temperature-assisted sloping transfer method. The
flat interface and uniform thickness facilitate carrier transport and minimize pixel nonuniformities, showing an
average peak detectivity (D") of 2.34 x 10° cm-Hz""2W~" in the mid-wave infrared region. Compared to a single
pixel, push-broom scanning passive imaging is eight times more efficient and further enhanced through mean
filtering and fast Fourier transform filtering for strip noise correction. Our study offers guidance on vdWs arrayed

devices for engineering applications.

INTRODUCTION
Mid-wave infrared (MWIR) in the range of 3 to 5 pm is one of the
primary atmospheric windows for infrared radiation, with atmo-
spheric transmittance reaching as high as 80 to 85%. Passive imaging
technology for MWIR can effectively penetrate common atmo-
spheric pollutants, enabling the better capture of thermal radiation
signals from target objects and providing improved imaging results
even in complex environmental conditions. This technology plays
an important role in various fields such as security, medical, and in-
dustrial applications (I-3). Infrared (IR) photodetectors are the core
components of passive imaging technology to sense and receive IR
radiation signals. These photodetectors are generally based on nar-
row bandgap semiconductor materials or special structures, such as
InSb (4), HgCdTe (5), and type II superlattice (6). After decades of
development, these detectors have been scaled up to focal plane ar-
rays (7). However, the epitaxial growth process of these materials is
still susceptible to lattice mismatch and involves toxic materials.
Moreover, such detectors usually require a cooling system to reduce
thermal noise and increase sensitivity in practical applications,
which increases the complexity and cost of the imaging system.
Two-dimensional (2D) materials have shown great potential in
photodetection. MoS,, a key transition metal dichalcogenide (TMDC),
is notable for its semiconductor traits, high carrier mobility, and chem-
ical stability, making it ideal for optoelectronic devices, such as broad-
band photodetector and ultrafast photodiode (8, 9). The stacking
property enables advanced junction structures (10-12). In particular,
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the heterojunction constructed from atomically thin MoS, and carbon
nanotubes demonstrates unprecedented gate tunability in both electri-
cal and optical properties, which is not observed in bulk semiconduc-
tor devices (13). The trend of arrayed detectors has emerged and
continues to expand in scale (14-16), but it remains limited to the vis-
ible spectrum due to wide bandgaps. Arrayed noble metal dichalco-
genides with narrow bandgaps can be obtained by direct selenization
(17) and tellurium-vapor transformation (18) methods. However, the
materials obtained by such methods are generally polycrystalline
along with abundant defects, which affects the performance and uni-
formity. In addition, dispersed pixels reduce the utilization efficiency
of radiation incident on the pixels, and the extremely low fill-factor
further limits the sensitivity of arrayed devices. Consequently, such
detectors are often limited to applications in laser-assisted mask imag-
ing, with a very restricted range of use cases. Black phosphorus (BP) is
tavored for MWIR optoelectronic applications due to its high mobility
(19), tunable bandgap (20), and polarization sensitive (21). High-
sensitivity photodiodes with polarization-sensitive detection capabili-
ties have been successively reported (22, 23), leading to functional
devices such as image sensors (24), gas detectors (25), and spectrom-
eters (26). BP-based photodetectors offer capabilities akin to camera
detection chips (27, 28), allowing for passive imaging at room tem-
perature. However, the reported high-sensitivity photodetection is still
limited to single-pixel photodetector, which can only collect imaging
data pixel by pixel during passive imaging, making it much more chal-
lenging to obtain high-resolution images. The imminent need to un-
lock applications for arrayed BP-based devices is pressing, as the
potential for broader, innovative uses becomes increasingly evident.
In this work, we report an 8 by 1 BP/MoS; van der Waals (vdW's)
photodetector linear array fabricated by a temperature-assisted slop-
ing transfer method. The arrayed photodetector with a high fill-factor
exhibits an average peak detectivity (D) of 2.34 x 10° cm-Hz"2 W™
at 3.6 pm at room temperature. The smooth interfaces and uniform
thickness between pixels have been validated, providing a reliable ba-
sis for the excellent uniformity of optoelectronic performance among
array pixels. The push-broom scanning system is used to verify the
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passive imaging function of the linear array, and the eight-channel
parallel readout method increases the efficiency by eight times com-
pared to a single pixel, revealing the notable separation between tar-
gets and background under weak signal conditions. The appropriate
nonuniformity denoising methods have proven highly beneficial in
improving image quality and enhancing target recognition capability.

RESULTS
Device fabrication and characterizations
High-quality interface contact of all pixels in the array must be con-
sidered and solved when constructing a vdWs photodetector linear
array. In our work, the narrow-bandgap BP flake is used as the p-
type absorption layer, combined with the n-type MoS; to construct a
photodiode. As shown in Fig. 1A, the ideal vdWs heterostructure
generally manifests as atomically sharp interfaces, and photogene-
rated electron-hole pairs are effectively collected by the electrodes on
both sides driven by the built-in electric field. Classic transfer meth-
ods for vdWs heterostructure using various media have provided
numerous opportunities for constructing complex structures or
functional semiconductor devices (29-34), which are typically cate-
gorized into wet transfer and dry transfer methods. On the basis of
an in-depth study of the transfer process and interface issues, con-
tinually improved transfer methods have now enabled the creation
of near-ideal, bubble-free heterostructures, which is crucial for de-
veloping devices based on high-quality vdWs heterostructures (35,
36). Recent reports indicate that using transfer techniques to manu-
facture high-quality bubble-free vdW's heterostructure of arrays is
not only entirely feasible but also highly promising. Research on in-
terface engineering is crucial for achieving heterojunctions with
highly uniform electrical conduction interfaces (37). As the scale
increases, the transfer stacking of ideal interfaces faces substantial
problems (Fig. 1, B and C). Specifically, the transition of 2D materi-
als from a flexible polymer medium to a rigid substrate easily leads
to stress release, causing material wrinkling (Fig. 1C, i). There is no
effective contact between the two materials in these regions, and the
misestimation of the effective area directly leads to an incorrect cal-
culation of various figures of merit (38). On the other hand, the elec-
tron scattering caused by the flexural phonons generated by the
wrinkled structure significantly reduces mobility (39). Even in cases
of effective contact, rough interfaces often raise concerns (Fig. 1C,
ii). Impurities or defects at the interfaces may act as trap centers,
prolonging the carrier lifetime and sacrificing response time (40).
Furthermore, the substrate is partially etched, roughened, and con-
taminated with adsorbates (41) when MoS; is etched into regular
patterns (Fig. 1C, iii). Although surface unevenness may not sub-
stantially impede the stacking process, weak adhesion is highly
prone to result in the subsequent detachment and displacement of
heterojunctions, leading to irreversible damage to the arrayed devices.
To mitigate these adverse effects, we used a temperature-assisted
sloping transfer method for the transfer of large-scale 2D materials,
which was used in the fabrication of photodetector arrays (as shown
in Fig. 1D and fig. S1). On one hand, the differences in the thermal
expansion coefficients between polymers and inorganic materials
are notable, allowing for an automated stacking process through the
gradual expansion of the polymer during heating (42). On the other
hand, a high temperature, contact angle between films, and slow
contact speed are key factors in achieving high-quality bubble-free
interfaces, providing valuable insights into interface engineering
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(36, 37). The sloping angle guides the slow release and stacking of
the heterostructure, as well as the release of interface contaminants,
which is beneficial for the uniformity and contact quality of hetero-
junctions. The detailed process is described in the note S1. We used
density functional theory (DFT) calculations to analyze the varia-
tion in adhesion energy during the transfer process. As shown in
Fig. 1E, the adhesion energy between the polymer and BP gradually
decreases during the thermal expansion process (from —0.4138 to
—0.3904 eV), leading to a larger difference compared to the adhe-
sion energy between BP and MoS, (—0.7909 eV). This implies a
more favorable release of materials and interface bonding. The
change in adhesion energy may be associated with the material lat-
tice structure caused by thermal expansion, and the change in dis-
tance between atoms or molecules leads to a decrease in adhesion
energy. The calculation details and structure are provided in note S2
and fig. S2. The specific transfer process is illustrated in Fig. 1D (i to
iv). First, the BP was adjusted to ensure priority contact with spe-
cific edge of MoS, (Fig. 1D, i and ii). Second, polydimethylsiloxane
gradually expands during the heating process to 35°C (typically
10°C higher than room temperature), and the contact interface was
gradually released from one side to the other to minimize the pres-
ence of bubbles and wrinkles within the interface during the heating
process (Fig. 1D, ii and iii). Then, polymethyl methacrylate was used
as the mask for reactive ion etching to obtain the linear array device
(Fig. 1D, iv).

As shown in Fig. 1F, cross-sectional transmission electron
microscopy (TEM) measurements were performed on the BP/
MoS, heterostructure to further validate the quality of the inter-
face. The thicknesses of monolayer BP and Mo$, are 6 and 5.5 A,
respectively. The TEM image reveals a vdWs interface with atomic-
level flat contact, indicating the absence of lattice mismatch. The
energy dispersive spectrometer mapping shows that no oxidation
occurred between the BP and MoS; flakes during the entire transfer
process, which was conducted in an N, protective atmosphere. This
high-quality interface contact ensures efficient photoelectric con-
version and charge transfer, laying the foundation for high-
performance photodetection of the linear array device. The optical
microscope photograph of the 8 by 1 BP/MoS, vdWs photodetector
linear array is displayed in Fig. 1G, and BP and Mo§, are marked in
purple and blue regions, respectively. For arrayed IR detectors, pix-
els are divided into photosensitive and nonsensitive areas. The fill-
factor is defined as the ratio of the pixel's photosensitive area to the
product of the lateral and vertical center-to-center distances be-
tween adjacent pixels, which has been widely adopted in the con-
text of arrayed devices (43). The calculation method is shown in
fig. S3. In our work, the fill-factor is approximately 77%. The height
result of the linear array extracted by atomic force microscopy
(AFM) is shown in Fig. 1H, which indicates a thickness of approxi-
mately 92 nm for a heterostructure (indicated by the red line in
Fig. 1G). Meanwhile, the method of reactive ion etching can effec-
tively separate different pixels, and the gap between the two pixels
is very obvious (Fig. 11, indicated by the blue line in Fig. 1G). The
thickness of all pixels is summarized in Fig. 1], and detailed thick-
ness information is displayed in fig. S4. Since all pixels of linear ar-
ray device come from the same material, the thickness of all pixels
remains around 90 nm, which can reduce device deviations caused
by thickness differences, ensuring that these pixels have similar
photoelectric characteristics during the photoelectric conversion
process, thereby achieving closer signal detection capabilities.
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Fig. 1. Schematic diagram of the fabrication and characterizations for vdWs photodetector linear array. (A) Ideal BP/MoS, vdWs heterostructure contact with sharp and
clear interface. Left: Schematic diagram of molecular structure and transport of photogenerated carriers. Right: Cross-sectional TEM image of the ideal interface. (B and C) Prob-
lems in the stacking of large-scale 2D materials, including wrinkled material (i), poor interface (ii), and weak adhesion (iii). Cross-sectional TEM images were captured under these
phenomena. (D) Fabrication process for vdWs photodetector linear array. Schematic diagram of temperature-assisted sloping transfer method (i); adjust the tilt angle of BP to
contact with the edge of MoS; (ii); contact interface was released during the heating process (iii); polymethyl methacrylate (PMMA) as a mask for reactive ion etching(iv).
(E) Schematic diagram of adhesion energy for polydimethylsiloxane (PDMS)/BP (Ey1) and BP/MoS; (Ey>) (i) calculated by DFT, showing reduced adhesion energy Ey (ii). (F) Cross-
sectional TEM image and energy dispersive spectrometer mapping of BP/MoS; vdWs heterojunction, showing the unoxidized atomically flat contact. (G) Optical microscope
photograph of the 8 by 1 BP/MoS, vdWs photodetector linear array. (H to J) Thickness measurement of linear array, including the heterostructure (H), normalized gap (1) and
statistics of all the pixels (J). a.u., arbitrary units.
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Optoelectronic properties of BP/MoS; vdWs photodetector
linear array

With high-quality interface contact and well thickness uniformity
as prerequisites, the optoelectronic properties of the BP/MoS;
vdWs photodetector linear array were further characterized at
room temperature under zero bias. Figure 2 (A and B) shows a
schematic diagram of a linear array and a detailed structural dia-
gram of the pixel, respectively. In our study, we implemented a het-
erojunction configuration of p-type BP stacked on n-type MoS,.
Photodiodes with similar structures have been shown to exhibit
excellent performance for IR photodetection (22, 27, 28). Figure 2C
displays the I-V curve of the linear array, consistently exhibiting
the typical rectification behavior of the pn junction. Still noticeable
are the differences in the I-V curves among different pixels, likely
attributable to the uneven distribution of carrier concentration
caused by subtle differences in thickness (44). Significant band
bending occurs under large reverse bias voltages, increasing the
probability of tunneling and amplifying differences in electrical
performance. Furthermore, polymer contamination during device
fabrication, inherent nonuniformity of the dielectric, and localized
charge impurities evolving during measurements can also adverse-
ly affect the electrical performance of array devices (45, 46). We
provide a detailed analysis of the dark current in note S3. In addi-
tion, arrayed devices can also be fabricated by previously reported
transfer methods (31, 32). However, nonuniform contact and re-
sidual polymers significantly affect the uniformity of device perfor-
mance. We conducted a detailed comparative analysis of the I-V
curves of arrayed devices fabricated by different methods, as de-
scribed in figs. S5 and S6 and notes S4 and S5. Compared to other
methods, our approach benefits from improved processes, result-
ing in uniform contact interfaces, presenting more similar I-V
curves between pixels with differences less than an order of magni-
tude. To determine the spectral response range, we performed a
spectral response measurement by a Fourier transform infrared
spectrometer on the BP/MoS, IR photodetector. As shown in
Fig. 2D, our device exhibits peak response and cutoff wavelengths
of approximately 3.6 and 3.8 um, respectively, indicating the detec-
tion capabilities in the MWIR at room temperature. Furthermore,
we use a wavelength-tunable MWIR pulse laser to characterize the
mid-IR detection performance of the device. As displayed in Fig. 2E,
time response curves are obtained at wavelengths of 2.6, 3.1, 3.4,
3.6,3.8,4.0, 4.1, and 4.2 pm. Stable performance at different wave-
lengths demonstrates the reliability of photoresponse in vdWs pho-
todetector linear array.

To clarify the photoresponse mechanism of the BP/MoS, pho-
todetector under the zero bias operating mode, we prepared a
single-pixel vdWs photodiode with sharp edges and measured
their photocurrent generation positions using scanning photocur-
rent microscope mapping measurement under 637 nm and 2-pm
laser illumination, as shown in fig. S7. It can be observed that the
photoresponse originates from the junction region and exhibits
consistent sharp edges, indicating that an effective junction can
drive the separation of photo-generated carriers. Response time is
an important parameter to assess a photodetector’s response capa-
bility. In this work, we used two methods to extract the response
time of the photodetector. The corresponding frequency when the
photoresponse decreases to an initial 0.707 times is defined as the
cutoff frequency f, also known as —3-dB bandwidth (38). As shown in
Fig. 2F, the cutoff frequency of the detector was obtained at 4 kHz
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using a blackbody as the radiation source. The Tysing can be calculated
to be approximately 87.5 ps using the formula Tyising = 0.35/f (—3 dB).
On the other hand, the response time of the photodetectors is
extracted from the time-resolved response measured by a com-
mercial oscilloscope with a 2-pm laser illumination. As shown in
Fig. 2G (up), Trising and Trlling are 56 and 79 ps, respectively. The
slight differences in response time obtained from different meth-
ods are mainly related to the incident light source. Compared to a
laser, the blackbody radiation source covers the entire spectrum,
making it difficult to focus. However, both methods yield results
that reflect the detector's ability to respond quickly to signals (27).
As shown in Fig. 2G (down) and fig. S8, the rising time and falling
time of the linear array device exhibit excellent uniformity, indi-
cating that each pixel can rapidly respond when the light signal
arrives and quickly recover to its normal state when the light signal
disappears. This consistent and fast response capability is crucial
for a photodetector linear array, as it ensures accurate capture of
signals and reduces errors and uncertainties caused by variations
in response times between pixels. The relationship between photo-
current and incident intensity can be expressed as I, = cP% where
c is a constant and P is the incident light power, and « is obtained
from the power law relationship. Figure 2H (up) shows the mea-
sured and fitted variation of photocurrent with incident intensity,
resulting in a nonlinear fitting value of a = 0.95. Excellent linearity
can be well maintained under laser irradiation at other wave-
lengths as well (Fig. 2H, down, and fig. S9), indicating that the
photocurrent steadily increases linearly with the incident power
whether at longer or shorter wavelengths. Internal quantum effi-
ciency (IQE) is the ratio of collected charge carriers (Nc) to the
number of photons absorbed by the device (N4), which can be ex-
pressed as IQE = Nc/Ny = Rhc/neh, where R is the responsivity, h
is the Planck constant, c is the speed of light, n is the light absorp-
tion efficiency, e is the electron charge, and A is the wavelength of
the incidence light. As shown in fig. S10, The IQE of all pixels re-
mains around 20%, consistent with previous discussions. Figure 2I
and fig. S11 display the spectral noise current of the detector linear
array. The noise currents are close to the testing limits of the sys-
tem, and all pixels exhibit noise currents within the same order of
magnitude, showing great uniformity. The consistent noise charac-
teristics among different pixels ensure the steadiness of the detec-
tor linear array during operation.

Specific detectivity (D) is another important performance pa-
rameter of IR photodetectors. We investigate the photoelectric
characteristics of photodetector linear array under blackbody radia-
tion at room temperature. Here, D~ can be calculated by the equa-
tion: D' = (AAf)m/NEP = R(AAj)”Z/iN, where iy is the noise
current, R is the responsivity, A is the effective area of the photode-
tector, and Af is the bandwidth (38). The room temperature D asa
function of wavelength for one pixel of the linear array at different
blackbody temperatures is shown in Fig. 3A. Room temperature
peak D" is up to 2.58 x 10° cm-Hz">W™~" in the MWIR region, and
it always remains constant as the blackbody temperature changes.
As shown in Fig. 3B, similar phenomena can be observed in the
other pixels of the photodetector linear array, and room tempera-
ture peak D" at different blackbody temperatures was calculated to
demonstrate the stability of the detector linear array. The improved
fabricating process takes into account both the performance of
a single pixel and the overall uniformity of the array. For one
pixel, peak D" remains relatively constant with varying blackbody
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Fig. 2. Optoelectronic characteristics of vdWs photodetector linear array at room temperature. (A and B) Schematic diagram of the BP/MoS; vdWs photodetector
linear array (A) and detailed structural diagram of a heterojunction (B). (C) I-V characteristic curves of all pixels in linear array. (D) Normalized spectral response of the BP/
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current of a BP/MoS; device (up) along with the background and the statistics of all the responsive pixels (down).

temperatures, exhibiting stable room temperature IR detection abil-
ity. For different plxels, in Fig. 3C, the peak D remains at the same
magnitude of 10 even at different blackbody temperatures, which
means that photodetector linear array can provide stable and simi-
lar signals at the same radiation. Here, the average blackbody peak
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D" reaches 2.34 x 10° cm-Hz"~ W™, providing the opportunity to
use other means to mitigate the impact of performance nonunifor-
mity. The D'()) of the BP/MoS, vdWs photodetector linear array
is compared with other commercial noncooled IR photodetectors
in Fig. 3D, demonstrating performance on par with commercial
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Fig. 3. Optoelectronic characteristics of vdWs photodetector linear array with blackbody as the source at room temperature. (A) D" of one pixel as a function of
wavelength at different blackbody temperatures. (B and C) Peak D* of a pixel (B) and the photodetector linear array (C) at different blackbody temperatures demonstrate
the stability of the photodetector linear array. (D) Blackbody detectivity comparison of 8 by 1 BP/MoS, vdWs photodetector linear array with other commercial room
temperature IR photodetectors, including InAs (Hamamatsu, P10090-01), InAsSb array (Hamamatsu, P15742-016DS), HgCdTe (VIGO, PV-5-AF1 x 1-TO39-NW-90), and
HgCdTe (VIGO, PV-5-AF0.1 x 0.1-TO39-NW-90) photodetectors. PV, photovoltaic. (E) Wavelength coverage range and pixel scale of 2D material photodetectors. UV, ultra-
violet; VIS, visible; NIR, near infrared (0.75 to 1.1 pm); SIR, short-wave infrared (1 to 3 pm); MIR, mid-wave infrared (3 to 5 pm); LIR, long-wave infrared (8 to 12 pm).

devices and showcasing the potential of our arrayed detector in
room temperature IR photodetection. Figure 3E shows a compari-
son of the scale and detection wavelength range of representative
2D material-based single-pixel and arrayed photodetectors at room
temperature. Our work successfully extends the photodetection ca-
pability of BP-based photodetectors to linear arrays and achieves
photodetection in the MWIR range compared to other 2D material
arrayed photodetectors.
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Room temperature push-broom scanning passive imaging
and image nonuniformity correction

The eight-channel passive imaging system was designed to verify the
passive detection capability of vdWs photodetector linear array. The
schematic diagram of the passive imaging system was presented in
Fig. 4A, where the linear array was used in place of the camera's de-
tection chip, and a glass-sealed U-shaped curved carbon fiber heat-
ing tube was used as a blackbody-like radiation heat source. As the
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pixels are not identical, the data were preprocessed on the basis of
the set normalization parameters, mainly including the dark current
and photocurrent, which is a common practice in arrayed device im-
aging (47). As depicted in Fig. 4B, the dark current of the linear array
devices is subtracted and zeroed to ensure that the net photocurrent
is collected during imaging, and then the amplification factor of
each pixel in the array is adjusted to make the response signal as
consistent as possible when the light source is activated. After pre-
processing the dark current and photocurrent of the photodetector
linear array, we conducted push-broom scanning passive imaging at
room temperature. As shown in Fig. 4C, the arrayed detector was

A Passive imaging system B

8-Channel data

acquisition card 1

Signal preprocessing C

g Zeroing dark current

driven to the desired XY positions by stepper electrodes. The target
signal was captured by the imaging lens and received by the photo-
detector linear array, and imaging results were mapped in real time
on a computer. With the high sensitivity of the linear array, the im-
age displays the distinct curved and straight features of the U-shaped
heating tube. Furthermore, the U-shaped target and the background
environment are successfully differentiated, resulting in a clear con-
trast and providing a reliable foundation for accurate target identifi-
cation and analysis in the imaging results. We provide a comparison
of reported arrayed 2D material photodetectors and our work in
table S1. The scale of current photodetector arrays is relatively large
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Fig. 4. Room temperature push-broom scanning passive of vdWs photodetector linear array and nonuniformity correction of the image. (A) Schematic diagram
of the eight-channel passive imaging system, where the stepper motor drives the detector to the set XY position, and the photoresponse signal is collected by an eight-
channel data acquisition card. (B) Schematic diagram of the signal preprocessing includes zeroing dark current and scaling photocurrent. (C) Schematic diagram of push-
broom scanning process, results were mapped in real-time on a computer. (D) Process of nonuniformity correction of the image using mean filtering. Original image (i);
filtered image with different kernel sizes (ii); contrast enhancement and color mapping after filtering (iii). (E) Process of nonuniformity correction of the image using FFT
filtering. Frequency spectrum of the original image after FFT (i); filtered image with different filter radii (ii); inverse Fourier transform and color mapping after filtering (iii).
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due to the large-area thin-film growth processes such as chemical
vapor deposition (48, 49), metal-organic chemical vapor deposition
(50, 51), molecular beam epitaxy (47, 52), tellurization (18), and
selenization (53). Many outstanding works have been reported, in-
cluding 8 x 8 MoS; (15), 8 X 8 MoSe; (48), and 1 X 10 PtSe; (53).
However, the photoelectric response of such photodetector arrays
relies on the laser as the light source, which fails to achieve the re-
sponse of blackbody radiation. Imaging capabilities have been wide-
ly proven in these arrayed devices, but imaging objects must be
illuminated by external laser sources, and the imaging results only
contain pattern information. We provide a detailed discussion of our
work and representative TMDC-based arrayed devices in terms of
wavelength range, blackbody response, imaging methods, and imag-
ing results in note S6. In our work, we constructed a high fill-factor
8 by 1 MWIR photodetector linear array with blackbody response
and used a push-broom scanning method to image objects in real
scenes, displaying the shape characteristics and temperature distri-
bution. The stable operational state and consistent performance of
the BP/MoS, vdWs photodetector linear array are demonstrated.
This achievement holds significant implications for the development
of accurate and reliable high-performance photoelectric detection
and passive imaging at room temperature.

The preprocessing technique of scaling the photocurrent of dif-
ferent pixels to the same level is only partially effective in reducing
the variability among pixels. This residual nonuniformity leads to
the presence of strip noise in the imaging results. Such noise is a
common occurrence in linear array detectors, often manifesting as
parallel stripes or noticeable color variations, impeding visual per-
ception and information extraction. Two nonuniformity correction
algorithms, mean filtering and fast Fourier transform (FFT) filter-
ing, are used to alleviate strip noise and rectify the image. The de-
tailed process is shown in note S7. Figure 4D and fig. S12 illustrate
the process of applying mean filtering to the image. Mean filtering is
the process of averaging the grayscale values of pixels within a rect-
angular area around each pixel and replacing the original pixel value
with this average value (54, 55). The size of the rectangular region is
referred to as the kernel size, which determines the range and extent
of the mean filtering. As shown in Fig. 4D (i), a notable reduction
can be observed in stripe noise under an appropriate filter, and ex-
cessive or insufficient filtering leads to incomplete noise processing
and image distortion (Fig. 4D, ii). The method of reallocating center
pixel values may reduce the difference between surrounding pixels,
manifested as a larger kernel leading to a decrease in image contrast.
The contrast enhancement algorithm can improve the contrast of
the image after mean filtering and reduce the blurring effect. In
Fig. 4D (iii), contrast enhancement is applied to remap pixel values
to a wider range, enhancing color contrast between the target and
background, and improving clarity and visual effects. Last, the gray-
scale level of the image is mapped to a color space with flame colors
to enhance expressiveness.

Unlike mean filtering, FFT filtering selectively removes or sup-
presses noise or interference by transforming the image from the
spatial domain to the frequency domain (56, 57). Figure 4E and
fig. S13 show the process of FFT filtering to the image. Figure 4E (i)
displays the frequency spectrum of the original image after FFT. The
blue rectangular region highlights the frequency components asso-
ciated with strip noise. It should be noted that the frequency spec-
trum is not a visualization of the image itself but represents the
image in the frequency domain. After filtering the noise frequency

Xu et al., Sci. Adv. 10, eadn0560 (2024) 2 August 2024

components from the frequency spectrum using different radii, the
essential frequency components of the original image are preserved
(Fig. 4E, ii). Subsequently, the filtered frequency spectrum is inverse
Fourier transformed to convert it back to the spatial domain, result-
ing in the image after FFT filtering. Figure 4E (iii) demonstrates the
application of contrast enhancement and color mapping to the fil-
tered image, further enhancing its quality and visual impact. The
calibrated image exhibits improved contrast, brightness, and color
representation. Both nonuniformity correction algorithms effec-
tively mitigate strip noise and exhibit their characteristics. Mean
filtering corrects nonuniformity by locally averaging in the image,
while FFT filtering suppresses strip noise by eliminating noise-
related components in the frequency domain. The calibrated images
still preserve the original features of the targets, which holds great
significance for subsequent image analysis, processing, and ap-
plications.

To assess the efficacy of nonuniformity correction for push-broom
scanning imaging, we compared it with uniform single-pixel imag-
ing. Mean squared error (MSE) and root mean squared error (RMSE)
were used as metrics to quantify the similarity between two images,
providing a more intuitive measure of their differences (58, 59).
Figure 5A illustrates the calculation process of MSE and RMSE. For
MSE, the squared difference between the pixel values at each pixel
position (i and j) in the two images is computed. The sum of all pixel
positions is then divided by the total number of pixels to obtain the
MSE. Taking the square root of MSE yields the RMSE. Hence, smaller
values for MSE and RMSE indicate a higher degree of similarity be-
tween the two images. In Fig. 5 (B and C), the mean filtering method
corresponds to MSE of 451.21 and RMSE of 21.24, while the FFT fil-
tering method resulted in MSE of 203.71 and RMSE of 14.27. In ad-
dition, we considered a comparison of different filtering degrees on
the impact of image denoising in Fig. 5 (D and E). A trade-off be-
tween noise reduction and the preservation of critical image features
must be considered. Selecting an appropriately sized filter can effec-
tively mitigate striping noise in the image, while excessive denoising
can lead to image distortion. Overall, the nonuniformity correction
process significantly addresses the challenges posed by the uneven
response of array devices, achieving a similar level of quality and de-
tail as single-pixel imaging.

DISCUSSION

In this study, we demonstrated a systematic investigation of an
8 by 1 vdWs BP/MoS, photodetector linear array with a fill-factor
of ~77% for room temperature passive imaging. The confirmation
of high uniformity in optoelectronic and spectral performance un-
derscores the operability of the fabrication processes, showing an average
blackbody peak room temperature D of 2.34 X 10° cm-Hz">W ™" near
3.6 pm under blackbody radiation. Push-broom scanning passive im-
aging was demonstrated using a multichannel parallel acquisition
method, and nonuniformity correction algorithms were used to
reduce the strip noise caused by nonuniform responses between
pixels, approaching the ideal state of uniform imaging. Certainly,
it cannot be denied that the scale we have achieved so far remains
relatively limited due to the constraints imposed by large-area
single-crystal thin-film materials. We believe that overcoming
scalability limitations in the future primarily involves addressing
growth and transfer of wafer-scale films, including materials like
BP, Te, TMDCs, and other 2D materials. Mechanical exfoliation
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Fig. 5. Similarity evaluation of corrected image. (A) Calculation methods of the similarity metrics MSE and RMSE for images. (B and C) Similarity between the uniform
single-pixel imaging and the corrected push-broom scanning imaging by mean filtering (B) and FFT filtering (C). (D and E) Similarity of images processed by mean filtering
(D) and FFT filtering (E) with different sizes and radii indicates the importance of the appropriate degree of filtering.

remains a practical method for obtaining high-quality single-
crystal films from bulk materials in the short term. Further devel-
opment is needed for the large-area exfoliation and transfer
methods. This not only involves stability and quality control of the
material itself but also addresses several technical challenges dur-
ing integration, such as optimizing interface, reducing polymer
residue, avoiding contamination from organic solvents, and con-
trolling the release of stress. Another approach to overcoming
scalability limitations will primarily involve resolving the chal-
lenges associated with the growth of wafer-scale single-crystal
films. Although the current BP films are still polycrystalline, with
small grain boundaries and large polycrystalline cells, they show
great potential for gradually achieving development (60, 61). The
instability of BP related to oxygen, water, and light remains an im-
portant issue that needs to be addressed. Although methods such
as physical encapsulation and surface modification have been de-
veloped to temporarily improve stability, further research into the
oxidation mechanisms of BP is still required to develop more reli-
able and lasting stability solutions (62). Concurrently, developing
alternative material systems has become an indispensable direc-
tion for progress. Te can maintain a relatively stable state in the air
without oxidation (63). Photodetectors based on Te have demon-
strated excellent sensitivity in the IR range, making it a candidate
material for MWIR detection (64). We believe that focal plane ar-
ray devices will demonstrate significant potential for widespread
adoption and application in various scenarios in the near future,
with breakthroughs in thin-film epitaxial growth technology. We
have provided a more detailed discussion in note S8. Our work
represents a meaningful exploration of the current design and fab-
rication of vdWs arrayed devices, offering a new direction and
reference for low-dimensional MWIR arrayed photodetectors in
engineering applications.
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MATERIALS AND METHODS

Device fabrication characterizations and measurements

Thin layers of BP and MoS, were obtained by mechanical exfoliation
inside a glove box under a nitrogen atmosphere. The two materials
were then dry-transferred and stacked to form a vdWs heterostruc-
ture. Electron beam lithography was used to pattern the electrodes,
followed by the deposition of metal electrodes (Cr/Au with thick-
nesses of 15/75 nm) using vacuum thermal evaporation. After the
electrode fabrication, mask windows were defined by electron beam
lithography, followed by reactive ion etching to remove the corre-
sponding areas of the materials to form the heterostructure linear
array. More detailed processes can be found in note S1.

Characterizations and measurements

The interface of the heterostructure was measured using TEM
(JEOL JEM-2100F). The height distribution of the heterostructure
was obtained using a commercial AFM instrument (Oxford, MFP-
3D). Electrical and optoelectronic measurements were conducted
under ambient atmospheric conditions using confocal microscopy
and an Agilent 2902 semiconductor parameter analyzer. A broadly
tunable continuous MWIR laser was provided by a plasma laser.
The MWIR laser response of the photodetector was tested using a
wavelength-tunable mid-IR plasma laser (2.6, 3.1, 3.4, 3.6, 3.8, 4.0,
4.1, and 4.2 pm). The relative response spectrum was recorded at
room temperature using a Fourier transform infrared spectrometer
(Nicolet, 8700). The transient photocurrent response was measured
using an oscilloscope (Tektronix, DPO 5204) at 2 pm to analyze the
photoresponse time. All measurements were conducted at room
temperature. The blackbody tests were performed using a calibrated
commercial blackbody furnace (HFY-206A). After modulation by a
chopper, the photocurrent signal was transformed into a voltage
signal using a current preamplifier (Stanford Research Systems,
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SR570) and recorded by a lock-in amplifier (Ametek, 7270 DSP) in
real time. The noise spectrum was measured using an N9010B sig-
nal analyzer (Keysight Technologies, EXA Signal Analyzer) and the
SR570 current preamplifier. An eight-channel synchronous 24-bit
data acquisition card (VK702H-Pro) was used to read data from
the 8 pixels of the photodetector linear array. Open-source image
processing library OpenCV was used to perform nonuniformity
correction and similarity comparison operations on the images
in a Windows environment (Python version 3.10.11, OpenCV ver-
sion 4.7.0).

Supplementary Materials
This PDF file includes:
Supplementary notes S1 to S8

Table S1

Figs.S1to S13
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