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ABSTRACT

Multidimensional optical sensing is crucial for advanced visual systems to accurately identify targets in complex environments.
Most current two-dimensional (2D) computational devices, however, only respond to light intensity. A key challenge is to develop
novel 2D materials capable of simultaneous polarization-resolved and spectrum-selective detection under low-power operation.
Herein, we demonstrate that tri-HfGeTe,, a narrow-bandgap (0.6 eV) 2D semiconductor, enables zero-bias, spectrally selective,
polarity-sensitive photodetection for self-powered in-sensor multidimensional computing. Especially, 2D tri-HfGeTe, features a
novel low-symmetry puckered layered structure, uniquely composed of trigonal and tetragonal rings, with the trigonal motifs
being reported for the first time in 2D materials. Significantly, such a unique structure gives rise to significant in-plane anisotropy;,
with ratios reaching 2.08 at 671 nm and 1.86 at 1064 nm. Notably, the dominant polarization orientations of visible light and near-
infrared light are orthogonal to each other, which greatly facilitates dual-band information discrimination. In addition, driven by
the photothermoelectric effect, 2D tri-HfGeTe, devices can efficiently modulate bipolar photocurrent for feature extraction without
external power. More importantly, the 2D tri-HfGeTe, system achieves more accurate target recognition with a high Intersection
over Union (IoU) of 91%. This work paves the way for compact, efficient multidimensional visual perception systems, supporting
the development of robust in-sensor computing.

1 | Introduction Effectively capturing these multidimensional optical signals not

only enables deeper insight into complex scenes but also signifi-

Light serves as an exceptionally rich carrier of multidimen-
sional information, encompassing intensity distribution, spectral
composition, and polarization state, which collectively encode
and map the inherent features of visual scene objects [1, 2].

cantly enhances the accuracy of target recognition tasks, thereby
strongly supporting a wide range of advanced applications,
such as environmental remote sensing, biomedical imaging,
and autonomous driving [3-6]. However, most conventional
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optoelectronic devices are primarily focused on perceiving light
intensity—typically within the visible range—while losing criti-
cal features from the spectrum and polarization. Notably, spectral
sensing (e.g., visible and near-infrared) can reveal hidden infor-
mation and enhance adaptability to complex environments [7-9],
while polarization detection can reduce interference and improve
image contrast [10-13]. To expand detectable optical dimensions,
the traditional approach typically involves cascading discrete
photodetectors and integrating external optical components such
as polarization units and optical filters. While this strategy can
partially incorporate multidimensional information, it inevitably
leads to bulky systems, complex structures, and high costs [14,
15]. Moreover, due to the physical separation of sensing and
computing units, such systems inherently introduce redundant
sampling and transmission processes, leading to undesirably
high latency and energy consumption [16, 17]. Given the current
trend toward integrated and intelligent visual systems, it is there-
fore urgently necessary to develop computational optoelectronic
devices capable of responsively interpreting multidimensional
optical information and efficiently extracting target features
directly at the data capture point.

Benefiting distinctively from their unique crystal structures and
exceptional physical properties, two-dimensional (2D) materi-
als have recently emerged as a highly promising platform for
optoelectronic applications [18-21]. Notably, the optical bandgap
of various 2D materials spans broadly from ultraviolet to tera-
hertz wavelengths, thereby significantly expanding the detectable
spectral range [22-24]. Furthermore, in-plane anisotropic 2D
materials—characterized by puckered layers or asymmetrical
polygons, such as BP [25], GeSe [26], GeAs, [27], GeP [28],
and PdPSe [29]—intrinsically exhibit pronounced polarization
sensitivity. More importantly, by employing tunable responsivi-
ties as the weights, such photodetectors can efficiently execute
multiply-and-accumulate (MAC) operations, thereby enabling
feature extraction directly at the data capture point [30-32]. Con-
sequently, considerable efforts have been dedicated to advancing
optoelectronic devices and integrating them with neural net-
works for intelligent processing tasks, including object recogni-
tion, image classification, and semantic segmentation [33-36].
However, current in-sensor computing devices predominantly
rely on heterostructure integration to broaden detectable optical
dimensions and on electrical gating to modulate photoresponse
[6, 7, 9, 30, 34]—unfortunately, these approaches inevitably
increase structural complexity and introduce additional power
consumption. Thus, it remains highly challenging to integrate
polarization sensitivity, spectral selectivity, and in-sensor com-
puting within a single device without resorting to heterogeneous
integration or external gate modulation.

Encouragingly, certain in-plane anisotropic materials can exhibit
spectrally selective, polarization-sensitive behavior across dif-
ferent wavelength ranges, owing to their unique anisotropic
structures [37-40]. Yet, to date, broadband polarization-sensitive
photodetectors based on a single material—particularly those
exhibiting spectral selectivity across visible and infrared bands—
have been rarely reported. This is despite the considerable
potential such devices hold for processing multidimensional opti-
cal information efficiently. Additionally, the photothermoelectric
(PTE) effect, driven by light-induced temperature gradients,
enables bipolar photocurrent modulation purely in response to

optical stimuli [41-44]. This mechanism effectively eliminates
the need for external electrical gating and offers significant
advantages for in-sensor computing applications. Consequently,
by strategically leveraging anisotropic 2D materials that com-
bine spectral selectivity and polarization sensitivity with bipolar
photocurrent modulation via the PTE effect, multidimensional
optical features can be efficiently extracted through the deliberate
development of computational optoelectronic devices. Critically,
the development of novel 2D materials is urgently required as
the pivotal breakthrough to enable the seamless co-existence of
polarization-resolved and spectrum-selected detection capabili-
ties within a unified, low-power PTE platform.

In this work, the 2D tri-HfGeTe,, with its low-symmetry puckered
structure of trigonal and tetragonal rings, is introduced for self-
powered in-sensor multidimensional computing. Interestingly,
it is, to our knowledge, the first report of trigonal building
units in 2D materials. It is worth noting that the structural in-
plane anisotropy and narrow bandgap (0.6 eV) of tri-HfGeTe,
enable broadband polarization-sensitive photodetection (405-
1064 nm), yielding anisotropy ratios of up to 2.08 (671 nm) and 1.86
(1064 nm). Remarkably, the dominant polarization orientation
shifts by 90° between the visible and near-infrared bands, reveal-
ing distinct spectral selectivity. Distinguished by its pronounced
polarization sensitivity and unique spectral selectivity, the tri-
HfGeTe, device permits the capture of multidimensional optical
information. In addition, relying on the PTE effect, it enables
bipolar photocurrent modulation at zero bias, supporting in-
sensor computing for feature extraction. Combined with neural
networks, the device achieves more precise target recognition—
reaching 91% IoU in semantic segmentation. This advance
demonstrates the potential of in-plane anisotropic 2D tri-HfGeTe,
for efficient multidimensional visual processing without complex
hardware.

2 | Results and Discussion

2.1 | Principles of In-Sensor Multidimensional
Visual Information Perception

The conceptual framework for in-sensor multidimensional visual
information processing leverages computational photodetectors
capable of simultaneously responding to both infrared and visible
light inputs, while also detecting variations in polarization states
(Figure 1a). By employing reconfigurable photoresponsivities as
operational kernels, the system encodes the full multidimen-
sional optical information matrix—rather than isolating individ-
ual dimensions—into a unified output (Figure 1b). This approach
enables the mapping of complete visual scenes and facilitates
the extraction of targeted features (Figure 1c). These unique
capabilities stem from the synergistic integration of key physical
properties inherent in the underlying 2D tri-HfGeTe, material
(Figure 1d). Specifically, tri-HfGeTe, exhibits pronounced in-
plane structural anisotropy, leading to polarization-dependent
optical behaviors that establish multiple distinguishable response
states. Furthermore, the material demonstrates a unique spec-
trally selective polarization-sensitive behavior spanning from
visible to near-infrared light, the dominant polarization orien-
tations at these two wavelengths are orthogonal to each other,
which greatly facilitates dual-band information discrimination.
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Principles of in-sensor multidimensional visual information processing. (a) The input visual scene and the multidimensional visual

information matrix. (b) MAC operation, including multidimensional visual information perceiving and processing. (c) The output structured features.

(d) Polarization sensitivity and spectral selectivity, as well as controllable bipolar photoresponse based on PTE operations.

At the same time, the PTE effect endows the device with
both self-powered operation and tunable bipolar photoresponse
characteristics, that is, positive photocurrent (PPC) and negative
photocurrent (NPC). To illustrate the practical relevance of such a
system, consider a scene containing a person, a car, and a tree. Its
accurate and comprehensive representation relies on the effective
integration of multidimensional optical information (Figure la-
¢). If only the spatial distribution of visible light intensity is
captured, other critical optical features are lost, thereby limiting
the accuracy and robustness of object detection and recognition—
particularly under complex lighting conditions. In real-world
scenarios, the ability to sense infrared radiation significantly
enhances the detection of objects such as people and cars.
Meanwhile, polarization-sensitive photoresponse further helps
to establish distinguishable intensity profiles among different
objects within the scene. As a result, by concurrently detecting
visible light, infrared radiation, and polarization states, the
sensor achieves a more holistic perception of the scene. This
integrated sensing strategy not only supports a differentiated
representation of various objects based on their brightness
patterns in space, but also markedly improves overall image
contrast.

2.2 | Anisotropic Crystal Structure and Optical
Properties of 2D tri-HfGeTe,

Tri-HfGeTe, crystallizes in a novel, low-symmetry, puckered
layered structure (Figure 2a), which is characterized by a non-
centrosymmetric orthorhombic space group (Cmc2,) and lattice
parameters a = 3.9892(17) A, b =15.972(7) A, and ¢ =10.982(4) A
[45]. In contrast to the symmetric, planar structures of typical 2D
materials, tri-HfGeTe4 forms a periodically corrugated monolayer
with a thickness of 7.79 A (Figure 2a and Figure S1). Notably, the
intrinsically puckered, asymmetric layers are composed of both
trigonal and tetragonal motifs, marking, to our knowledge, the
first observation of trigonal motifs in 2D materials (Figure 2b).
Based on this, the 2D material HfGeTe, is named 2D tri-HfGeTe,.
The structural diversity of tri-HfGeTe4’s triangular and tetragonal
units results in an intrinsically anisotropic, low-symmetry crystal.
This structural anisotropy directly confers significant polariza-
tion sensitivity, manifesting as distinct in-plane anisotropy in
both its optical and optoelectronic properties. High-quality bulk
single crystals of tri-HfGeTe, (Figure S2) were successfully syn-
thesized via solid-state reactions, as described in the experimental
section. Subsequently, the phase purity of the as-synthesized
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FIGURE 2 | Anisotropic crystal structure and optical properties of 2D tri-HfGeTe,. (a) Schematic illustration of the atomic structure of tri-

HfGeTe, viewed along the a-axis. (b) The atomic projection diagram along the a-axis, including intrinsically anisotropic trigon and tetragon motifs.

(c) Experimental and simulated XRD patterns of tri-HfGeTe, single crystals. (d) EDS elemental mapping of tri-HfGeTe, flake. (e) Atomically resolved
HAADF image and the corresponding SAED pattern in the inset. (f) The enlarged HAADF image, together with the corresponding top-view atomic
model. (g) Anisotropic Raman intensities (178.2 cm™") under parallel configurations. (h) Polarization-dependent SHG signals. (i) UV-vis-NIR absorption

spectrum and extracted Tauc-curve (inset) of tri-HfGeTe,.

crystals was confirmed by powder X-ray diffraction (XRD), in
which the experimental pattern aligns closely with the theoretical
simulation (Figure 2c). Furthermore, energy dispersive X-ray
spectroscopy (EDS) mapping (Figure 2d) reveals a uniform
distribution of Hf, Ge, and Te throughout the sample, with an
atomic ratio consistent with the stoichiometric proportion of 1:1:4
(Figure S3), thereby corroborating the successful synthesis. To
further probe the in-plane structural anisotropy and crystalline
quality, we employed scanning transmission electron microscopy
(STEM) to analyze the atomic structure of few-layer tri-HfGeTe,.
The selected-area electron diffraction (SAED) pattern (inset of
Figure 2e) exhibits a single set of diffraction spots, which can
be unambiguously indexed to an orthorhombic crystal system.
Additionally, atomically resolved high-angle annular dark-field
(HAADF) imaging (Figure 2e) clearly reveals the (002) lattice
fringes, measured to be 0.561 nm. More importantly, the HAADF
image enables direct visualization of the in-plane anisotropic
arrangement of atomic dots, along with precise structural match-
ing (Figure 2f). In summary, through comprehensive material

characterization—including XRD, EDS, SAED, and HAADF-
STEM—we have unequivocally confirmed the anisotropic crystal
structure and high crystalline quality of the synthesized tri-
HfGeTe, flakes.

The inherent anisotropic structure of tri-HfGeTe, gives rise to
polarization-dependent optical properties, leading to a range of
intriguing linear and nonlinear optical phenomena. To clarify the
relationship between structural anisotropy and optical anisotropy
in 2D tri-HfGeTe,, we carried out systematic optical charac-
terization. Under parallel configuration, nine distinct Raman
peaks were clearly observed (Figure S4), and their intensities
showed periodic variation with the polarization angle (Figure
S5). To further analyze the anisotropic phonon vibrations, we
fitted the polarized angle-resolved Raman intensity using the
equation described in Note S1. As a result, the peaks at 76.7
and 150.1 cm™! exhibited a four-lobe polar pattern (4, mode),
whereas the other peaks (90.7, 101.8, 140.1, 178.2, 196.6, and 229.3
cm™') displayed a two-lobe polar pattern corresponding to the
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A,(z) mode (Figure 2g and Figure S6). These findings confirm
distinct in-plane vibrational anisotropy along different crystal
orientations. Furthermore, the non-centrosymmetric structure of
2D tri-HfGeTe, enables second-order nonlinear optical effects,
such as second-harmonic generation (SHG, Apymp = 24suc)-
When excited by a 1040 nm laser at room temperature, the
SHG spectrum of the sample showed a clear peak at 520 nm
(Figure S7). Moreover, the polarized angle-resolved SHG signals
revealed a two-fold symmetric pattern, accurately reflecting the
underlying two-fold rotational symmetry and in-plane anisotropy
of 2D tri-HfGeTe, (Figure 2h). In addition, we employed
azimuth-dependent reflectance difference microscopy (ADRDM)
to directly visualize the in-plane anisotropic optical properties of
tri-HfGeTe,. In ADRDM images taken at angles from 0° to 180°,
the color of the tri-HfGeTe, flakes changed significantly, while
the isotropic SiO,/Si substrate showed no notable polarization
dependence (Figure S8). Correspondingly, the angle-dependent
reflectance difference signals of tri-HfGeTe, exhibited periodic
oscillations (Figure S9 and Note S2), further underscoring its
pronounced in-plane optical anisotropy. Additionally, our exper-
imental measurements reveal for the first time that tri-HfGeTe,
possesses a relatively narrow bandgap of 0.6 eV (Figure 2i),
suggesting its potential for broadband photoresponse across visi-
ble to near-infrared wavelengths. Consequently, these combined
attributes make it a promising candidate for multimodal visual
information perception.

2.3 | Optoelectronic Characteristics of 2D
tri-HfGeTe,

To demonstrate in-sensor multidimensional visual perception
as illustrated in Figure 1, we employed a photodetector based
on as-grown tri-HfGeTe, to realize broadband and polarization-
dependent photoresponse, as well as tunable photoresponsivity.
The device was constructed by mechanically exfoliating a tri-
HfGeTe, flake and dry-transferring it onto pre-patterned Au
electrodes on a Si/SiO, substrate (Figure 3a). Further fabrication
details are provided in the experimental section. The negative
temperature-dependent resistance confirms the semiconducting
nature of tri-HfGeTe, (Figure S10), and the linear I-V curve
demonstrates ohmic contact at the electrode-semiconductor
interface (Figure S11). Under uniform illumination at 671 nm, the
device exhibits a clear photoresponse, featuring an open-circuit
voltage (V,.) of -0.1 mV and a short-circuit current (I ) of 10 nA
(Figure 3b). Notably, both V. and I reverse polarity when the
laser spot is shifted from one end of the device to the other—a
key feature enabling photoresponsivity tuning. Additionally, the
device resistance remains constant even when the light intensity
changes, which is consistent with the PTE effect [43, 44]. Owing
to the narrow bandgap of tri-HfGeTe,, the device operates stably
at zero bias and achieves self-powered broadband detection from
visible to near-infrared wavelengths (Figure 3c). To ensure the
practical application of our devices, we investigated the cyclic and
environmental stability of the tri-HfGeTe, device. It is also noted
that the devices maintain reproducible photoresponse character-
istics after more than 500 cycles, with less than approximately a
5% decrease in photocurrent, as shown in Figure 3d. As shown
in Figure S12a, after the sample was placed in the environmental
air for 6 months, no significant degradation in its photocurrent
was observed. In addition, the device shows an on/off ratio

of ~3.3 x 10*> and a fast response with rise and decay times
of ~27 and ~33 ms, respectively (Figure S12b). Time-resolved
photocurrent measurements under varying laser power (Figure
S13) reveal that the photocurrent (I,,) scales nearly linearly with
light intensity (P), following the power law I, cP* [23], where
a =~ 1 (Figure 3e and Figure S14). This linear photocurrent-
intensity relationship is essential for in-sensor image processing.
Responsivity (R = I,,,/P) [46] was also evaluated (Figure S15), and
the values at maximum intensity are plotted in Figure 3f, showing
a tunable range of + 0.3 mA/W depending on the PTE operation
mode. These results confirm that the photoresponse is primarily
thermally driven rather than due to direct carrier excitation.

Scanning photocurrent mapping (SPCM) was performed at room
temperature to further study the photocurrent generation mech-
anism. The SPCM results (Figure 3g and Figure S16) exhibit an
opposite photocurrent at the two ends of the channel, and a
region near the center of the channel exists where I, = 0. The
photocurrent distribution mainly occurs at the interface between
the tri-HfGeTe, light-absorbing layer and the Au electrodes, as
well as in the regions flanking the electrodes. In photocurrent
generation, three mechanisms operate under unbiased conditions
[43, 44, 47-49]: the photovoltaic (PV) effect, the bulk photovoltaic
effect (BPVE), and the PTE effect. The PV effect relies on a built-
in electric field from Schottky contacts, producing a nonlinear I-V
curve and a localized photocurrent near the junction. However,
our device shows a linear I-V curve and a broad photocurrent
distribution, ruling out the PV mechanism. In BPVE, the pho-
tocurrent typically peaks within the channel material without
polarity reversal as the light spot moves. By contrast, our device
exhibits maximum photocurrent at the contacts with opposite
polarities, excluding BPVE. The PTE effect, on the other hand,
yields both a linear I-V response and a nonlocal photocurrent,
consistent with our observations. The photocurrent generated
in the tri-HfGeTe, device originates from incident photons that
create spatially localized thermal gradients. Figure 3h shows the
position-dependent photocurrent, which was tested by gradually
moving the light spot (0.5 um per step) from one end to the
other of the device. Benefiting from this continuous position-
dependent photoresponse, both enhancement and suppression of
photoresponsivity can be flexibly regulated. More importantly, it
provides more weights for the convolution operation. The power-
dependent photocurrent curves (Figure 3i) under different laser
irradiation positions were extracted by Figure 3h. The linear curve
satisfies the requirements for convolution processing and allows
for the photocurrent to be mapped according to different sets of
convolution weights.

Building on the established in-plane optical anisotropy and
broadband photoresponse of tri-HfGeTe,, we further investigated
its polarization-sensitive photocurrent characteristics. Specifi-
cally, the polarization angle is defined as 0° when it is parallel
to the material’s long side, and the linear polarization angle is
rotated from 0° to 360° in 20° steps. As shown in Figure S17, the
photocurrent clearly exhibits pronounced periodic modulation
with changing the angle of linearly polarized light. For com-
parison, Figure 4a—c show the polar plots of the angle-resolved
photocurrent under laser irradiation at 405, 473, 532, 671, and
1064 nm. The clear two-lobed pattern aligns with the optical
anisotropy and is attributable to the material’s intrinsic structural
anisotropy. The dichroic ratio (Ip, max/Iphmin) CONsistently exceeds
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FIGURE 3 | Optoelectronic characteristics of 2D tri-HfGeTe,. (a) Schematic diagram and the optical image of the tri-HfGeTe4 photodetector. (b) I-V/

curves under the irradiation of 671 nm laser (red and blue) and the dark condition (gray). (c) Broadband photoresponse under different wavelengths of
laser. (d) Photoresponse cycle stability of tri-HfGeTe, device under alternating on/off cycles. (e) Positive photocurrent as a function of light intensity. (f)
The wavelength-dependent responsivity was extracted by Figure S12, with each value corresponding to the responsivity at the maximum laser intensity.

(g) SPCM under the irradiation of 671 nm. (h) The position-dependent photocurrent under different laser intensity. (i) The linear power-dependent

photocurrent curves under different laser irradiation positions were extracted by Figure 3h.

1.5 across a broad spectral range from visible to near-infrared,
reaching up to 2.08 at 671 nm. These results highlight the
excellent performance of the tri-HfGeTe, device in polarization-
sensitive photodetection, and are highly comparable to those of
other 2D anisotropic semiconductors, including bAs [50], PdSe,
[37], NbOI, [51], PAPS [52]. Interestingly, under near-infrared
laser irradiation, the dominant polarization orientation rotates
by 90° compared to that observed under visible light illumi-
nation. This distinct spectrally selective polarization-sensitive
behavior allows the device to effectively capture spectral infor-
mation, thereby providing deeper insights into complex scenes.
Importantly, the power-dependent photocurrent exhibits distinct
linear relationships at various polarization angles (Figure 4d,e),
thereby enabling clearly distinguishable response states among
scene elements. Furthermore, the polarization-sensitive behavior
can be effectively combined with PTE operations to achieve
precisely controllable photoresponse (Figure 4f). This capability
is particularly essential for applications in polarization-sensitive

in-sensor computing vision systems aimed at advanced image
processing.

The polarization state of reflected light varies depending on
the object’s interaction with the incident light. Therefore, by
utilizing the photocurrent difference of the device under differ-
ent polarization states, it offers great potential for enhancing
target brightness differentiation and improving contrast between
the target and background. The schematic diagram comparing
normal and polarized images is shown in Figure S18. For
the tri-HfGeTe, device, its intrinsic structural anisotropy gives
rise to angle-resolved photocurrent. In order to demonstrate
the contrast enhancement of polarized images, we correlated
the polarized photocurrent (I, for target, I, for background)
with the gray gradient (ranging from O to 255). The map-
ping relationship is extracted from Figure 4d. Figure 4gh
present the normal and enhanced-contrast polarized image,
respectively. The polarized image shows superior contrast and
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FIGURE 4 | Polarization-sensitive optoelectronic response of 2D tri-HfGeTe,. (a-c) Angle-resolved I, under (a) 405 nm, (b) 473 and 532 nm, and
() 671 and 1064 nm, respectively. (d, e) The power-dependent I, curves under different polarization angles at 671 and 1064 nm, respectively. (f) The
position-dependent I, curves under different polarization angles at 671 nm. (g, h) Demonstration of polarization image enhancement after strengthening

the contrast ratio of targets. (i) Pixel intensity distribution histograms corresponding to Fig 4g and Fig 4h, respectively.

structural clarity. Comparative analysis of the pixel distribution
histograms reveals that the polarized image exhibits a broader
distribution range than the normal image, indicating that it
captures more effective information. Meanwhile, the relative
standard deviation (o) is used to measure the effect of image
enhancement, in which a high o value indicates a greater
contrast between the foreground and the background. The image
contrast of the polarized image is markedly higher than that
normal image, underscoring the critical role of the polariz-
ing device in retrieving meaningful information from complex
environments.

2.4 | In-Sensor Multidimensional Image
Processing and Segmentation Tasks

Building on the demonstrated self-powered broadband
polarization-resolved and spectrum-selective photoresponse,
as well as the controllable bipolar PTE behavior, tri-HfGeTe,

devices become feasible to achieve in-sensor image processing
and semantic segmentation tasks. Here, the Deeplab V3+ model
was employed for the semantic segmentation task, and detailed
description can be found in the Supporting information (Note
S3). Among ASPP module can enlarge the receptive field and
capture multi-scale image information more efficiently with
reduced computational steps (Figure S19). The input to the
object detection network consists of multidimensional optical
information—encompassing intensity distribution, spectral
composition, and polarization state—while the output is a
semantic segmentation map color-coded by object category
(Figure 5a). Currently, we have fabricated and tested a single tri-
HfGeTe, device, but the pixelated focal plane array is still under
development. To evaluate the potential of this device in in-sensor
multidimensional perception, we adopted a physical principle-
based simulation framework (Figure 5b). This framework
models the device’s spectral and polarization responses using
experimentally verified data and applies it to each pixel of the
image dataset to generate a four-channel input. A detailed
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FIGURE 5 | Multidimensional image processing and segmentation tasks based on 2D tri-HfGeTe, devices. (a) Flowchart of image processing
and segmentation using dilated convolution. (b) The process of data fusion operation based on 2D tri-HfGeTe, devices. (c) Demonstration of image
convolutional processing, and the experimental results using original image (top) are compared with fused image (bottom). (d) Partial input images
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images. (e) Confusion matrix of semantic segmentation using dilated convolution based on fused image. (f) Comparison of semantic segmentation
IoU values based on original image and fused image. (g) Comparison of semantic segmentation loss values.
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description of the data fusion pipeline has been added to the
Supporting Information (Note S4).

For in-sensor multidimensional visual perception and convolu-
tion operations, we used a street view image from the ACDC
dataset containing seven endmembers [53]. Notably, different
types of information within the image are accentuated across dis-
tinct optical dimensions. Specifically, features such as “building”,
“road”, “tree”, “guidepost”, and “sky” are primarily highlighted
in the visible band, whereas “human” and “vehicle” are more
distinct in the NIR band. Moreover, polarization variations
among different scene components enable differentiated feature
intensity expression, thereby enhancing inter-class contrast. To
validate the effectiveness of multidimensional visual perception,
we compared convolution results from original, single-channel,
and fused grayscale images. By modulating the tri-HfGeTe,
device’s responsivity, various convolution kernels (3 x 3, r = 1)
with distinct responsivity profiles were implemented (Figure
S20). These kernels successfully performed sharpening and
edge enhancement. The results of the original image (visible)
and multidimensional perception convolution are presented in
Figure 5c, with the multidimensional approach consistently out-
performing the original image. Compared to the original image,
the fused version offers richer contextual features, with target
objects exhibiting clearer features and sharper edges. Additional
visualizations across different optical dimensions are provided
in Figure S21, each capturing unique characteristics of the scene
components. By integrating information across multidimensional
optical dimensions, more comprehensive scene perception and
clear inter-class contrast are achieved. Overall, these compu-
tational results highlight the promising potential of in-sensor
multidimensional visual perception devices for efficient and
compact computing in tasks such as holistic scene interpretation
and target recognition.

Further, leveraging the multidimensional perception capability
and scalable convolution kernels, the utility of our device extends
beyond image convolution processing, demonstrating consider-
able promise in semantic segmentation tasks. As a core task
in computer vision, semantic segmentation assigns a specific
category label—such as “person,” “car,” “tree,” or “sky”’—to
each pixel in an image [54]. In contrast to object detection,
which localizes targets using bounding boxes, semantic segmen-
tation achieves pixel-level dense prediction, thereby accurately
delineating object contours and generating machine-readable,
pixel-wise semantic maps. By incorporating multidimensional
visual data (Figure 5d), segmentation networks can acquire a
more comprehensive scene representation, leading to signifi-
cantly improved accuracy and robustness across diverse and
challenging environments. As illustrated in Figure 5d, which
compares the original input image, segmentation output results
based on original and fused images, and the ground truth, our
approach markedly enhances segmentation clarity for objects
such as buildings, roads, humans, and vehicles. To quantita-
tively evaluate segmentation performance, we employed the
Intersection over Union (IoU) metric. IoU measures the overlap
between predicted and ground truth segmentations, normalized
by their union. Mathematically, it is defined as: IoU = IP )
Gl IP |J GI, where P represents the set of pixels predicted as
the object, G denotes the ground truth pixels, IP (] Gl is the
area of overlap, and IP |J Gl is the total area covered by both.

IoU values range from 0 to 1, with values closer to 1 indicat-
ing higher segmentation accuracy. The confusion matrix from
semantic segmentation using dilated convolution based on our
tri-HfGeTe, devices (Figure 5e), reveals a high object recognition
rate and excellent segmentation performance, underscoring the
potential advantages of multidimensional perception in image
segmentation applications. Finally, we compared object detection
performance using two types of inputs: visible-spectrum-only
images versus those incorporating fused light intensity, spectral,
and polarization data. Due to the limited global feature percep-
tion, the model trained with non-fused data only can achieve
a moderate accuracy. In contrast, multidimensional visual fea-
ture fusion learning attains an accuracy of 91% (Figure 5f),
accompanied by consistently minimized training loss (Figure 5g).
In summary, 2D tri-HfGeTe, devices effectively enable self-
powered image perception and high-performance semantic seg-
mentation, demonstrating strong potential for real-world vision
systems.

3 | Conclusion

In summary, we developed 2D tri-HfGeTe, computational device
capable of polarization-resolved, spectrum-selective detection
and zero-power operation, which achieves direct multidimen-
sional visual perception within a single image frame without
requiring multi-frame capture or off-chip computation. By inte-
grating the narrow optical bandgap and in-plane anisotropy
of 2D tri-HfGeTe,, the developed devices exhibit broadband
polarization-sensitive responses across 405-1064 nm, with high
anisotropy ratios of 2.08 at 671 nm and 1.86 at 1064 nm. Notably,
the devices also exhibit a unique spectrally selective polarization-
sensitive behavior, further allowing it to capture multidimen-
sional visual information. Furthermore, leveraging the PTE
effect, these devices also achieve a self-powered and controllable
bipolar photoresponse. These outstanding properties of the 2D tri-
HfGeTe, computational platform allow for the direct encoding
and integration of spectral, polarization, and luminance data
during photoexcitation. More importantly, through integration
with neural networks in a semantic segmentation task, such a
system achieves more accurate target recognition with a high IToU
of 91%. Our findings establish in-sensor multidimensional visual
perception as a compact, efficient, and scalable solution for next-
generation vision systems, paving the way for its application in
autonomous sensing and edge neuromorphic computing.

4 | Experimental Section
4.1 | Growth of 2D tri-HfGeTe, Crystals

Single crystals of 2D tri-HfGeTe, were successfully synthesized
via high-temperature solid-state reactions. The process began by
thoroughly mixing high-purity hafnium (Hf), germanium (Ge),
and tellurium (Te) powders in stoichiometric proportions. The
mixture was then sealed in an evacuated quartz ampule under
a vacuum of 107% Torr and heated in a furnace from room
temperature to 923 K at a rate of 20 K/h. After maintaining this
temperature for 120 h, the furnace was gradually cooled to room
temperature over a period of 24 h. At last, bulk black single
crystals of tri-HfGeTe, were successfully obtained.
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4.2 | Characterizations of 2D tri-HfGeTe,

The powder XRD pattern was recorded using an X-ray diffrac-
tometer (D/MAX-2200, Rigaku, Cu-K, radiation) from 10° to 80°
with a step of 0.02°. SEM images and EDX spectroscopy were col-
lected using a HITACHI Regulus 8230. Tri-HfGeTe, flakes were
exfoliated and transferred (by conventional wet-transfer method)
onto a Cu grid with a carbon film, and HAADF and SAED were
then obtained by using STEM (Tecnai G2 F30). Under a parallel-
polarized configuration, the polarization-resolved Raman spectra
were measured using a Raman spectrometer (Xplora Plus,
HORIBA) with a 532 nm laser of a diameter of 1 um, and
the sample was rotated anticlockwise from 0° to 360° with a
step of 12°. SHG signal was excited by using a commercial Ti:
Sapphire femtosecond laser (Coherent), and collected using a
confocal microscopy spectrometer (Alpha 300RS+, WITec). An
additional half-wave plate was used to control the polarization
angle with a step of 10°, and the horizontal direction is defined
as 0°. Optical anisotropic images were obtained by using a
ADRDM equipped with a linear polarizer and a liquid crystal
variable retarder. The reflected light was collected by the same
objective, and the reflectance difference signal was solved by
the light intensity on the CCD detector. Using Ba,SO; as a
standard sample, the absorption spectrum was recorded using
the UV-vis-NIR photometer (Perkin-Elmer, Lambda950) at room
temperature, and the band gap was calculated according to the
Tauc equation: (hva)'? = A(hv -E,).

4.3 | Device Fabrication and Measurements

Ti/Au electrodes (10 nm/70 nm) were fabricated on a SiO,/Si
substrate by combining optical maskless lithography (uPG 501,
Heidelberg) with high-vacuum thermal evaporation (DE 400,
Wavetest). Tri-HfGeTe, flakes were mechanically exfoliated from
bulk single crystals and transferred onto the Au electrodes
via a polydimethylsiloxane (PDMS)-assisted dry transfer pro-
cess. Temperature-dependent resistance measurements were
performed in a physical property measurement system (PPMS
DynaCool, Quantum Design). Optoelectrical characterizations
were carried out using an integrated optical-electrical assembly,
which included semiconductor parameter analyzers (Keithley
4200 and Keithley 2400), monochromatic lasers (405, 473, 532,
671, and 1064 nm), a microscope equipped with a CCD camera,
a programmable displacement stage, and various optical compo-
nents. All measurements were conducted using a 100x objective
lens to focus the laser onto the device, yielding a laser spot
diameter of 5 um. For position-dependent photocurrent mapping,
the device was moved horizontally in 0.5 um steps. Polarization-
dependent photocurrent was measured by rotating a half-wave
plate, and the resulting signal was recorded with a Keithley 4200.
Scanning photocurrent microscopy (SPCM) (TuoTuo Technology,
TTT-03-PC) was implemented by controlling the device position
with the programmable stage.
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