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ABSTRACT

Amidst the rapid evolution of the information society, there is a pressing demand for photodetectors which integrate high
performance with imaging and processing capabilities. However, implementing traditional image processing relying on predefined
convolution kernels inherently suffers from constrained adaptability and is difficult in individual optimization. Here, we
introduce a self-rolled-up Te/Graphene photothermoelectric detector (STGP), pioneering a physics-response-driven self-construct
convolution kernel strategy rooted in its wide-angle detection performance for advanced image feature extraction. The STGP
leverages a tubular morphology that efficiently enhances light absorption via light-trapping effect while the built-in electric field
is established at the Te/Graphene interface due to their work function difference, which promotes the directional transport of
photo-thermally excited carriers, substantially suppressing interfacial recombination losses. The STGP realizes a high voltage
responsivity of 259 V W' at 940 nm and an ultrafast response time. Functionally, the unique tubular geometry enables exceptional
wide-angle detection, which is used as the basis for self-construct convolution kernels and achieve effective image sharpening and
edge extraction. This work not only provides a novel built-in field enhancement strategy for photothermoelectric detectors but also
establishes a new paradigm for in-sensor computing by integrating the material’s physical response with computational functions.

1 | Introduction numerous fields such as imaging, communications, environmen-
tal monitoring, and life sciences [1-3]. Particularly in the optical
With the rapid development of the information society, photode- ~ imaging field, the emergence of high-performance detectors

tection has demonstrated increasingly critical importance across ~ has not only enhanced imaging resolution and sensitivity but
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also enabled multifunctional imaging modalities [4]. Among
various emerging detection mechanisms, photothermoelectric
(PTE) photodetection has attracted significant research interest
[5-7]. The conversion of incident light into localized heat within
the absorption layer, generating a temperature gradient through
thermal diffusion, which subsequently induces a thermoelectric
voltage output. Owing to this distinctive operational principle,
PTE detectors exhibit intrinsic broadband spectral sensitivity,
maintaining high responsivity from visible to near-infrared
and even longer wavelengths. The utilization of self-rolled-up
nanomembrane technology forms a unique tubular geometry,
which enhances light-matter interaction through a light-trapping
effect, significantly promoting light absorption efficiency toward
high responsivity [8-10]. However, the intrinsic operational
mechanism of PTE detectors, which relies on thermally excited
carriers and the relatively slow establishment of a temperature
gradient, often results in a limited response speed. This speed
constraint encounters a significant challenge, particularly for
advanced optical imaging and real-time computation applica-
tions where both high spatial resolution and fast acquisition rates
are non-negotiable requirements [8]. Previously in literature,
due to the differences in work function and band alignment
between dissimilar materials, a built-in electric field is naturally
constructed at the interface, and the direction of this field
correlates with the charge carrier transport path [6]. When the
localized temperature gradient is established, thermally excited
carriers experience not only diffusion but also drift driven by
the built-in electric field, enabling more efficient separation
and directional transport [11]. Compared to relying solely on
thermally driven carrier diffusion, the synergy between the built-
in field and the PTE effect accelerates the directional transport of
thermally excited carriers while significantly mitigating recom-
bination losses [12]. This mechanism fundamentally ensures
the simultaneous achievement of high responsivity and rapid
response speed, laying a physical foundation for high quality
imaging process that demands both a superior signal-to-noise
ratio and fast data acquisition.

In addition, with the widespread application of photodetection
technologies, the real-time image processing capabilities of tra-
ditional processors have struggled to meet growing demands
[13, 14]. The traditional convention processing, relying on prede-
fined convolution kernels, is typically confined to basic feature
extraction and fundamentally encounters difficulties in achieving
a structurally optimized processing configuration for best overall
performance. This gap has driven the development of photode-
tectors toward integrating image processing functions, such as
convolution processing, directly within the detectors. However,
most existing convolution processing solutions still rely on
mathematically predefined convolution kernels or external gate
voltage control which is seldom related to the detector’s intrinsic
characteristics [15-18]. The additional energy consumption and
circuit complexity introduced by external gate control also limit
the application in high-speed and low-power systems. Further-
more, the self-construct kernels suffer from a disconnection
between mathematical kernels and the device’s photoresponse,
resulting in poor adaptability, insufficient robustness, and dif-
ficulties in achieving high-fidelity and high-resolution feature
extraction [17]. Therefore, the key direction for advancing image
processing is to construct convolution kernels closely linked to
the device’s output with inherent physical response properties in

order to achieve better detail enhancement and feature extraction
[19-22].

In this work, we fabricated the self-rolled-up Te/Graphene het-
erostructure PTE detector (STGP), where Te was selected as for
its exceptional Seebeck coefficient and broad spectral absorption,
coupling with high-mobility Graphene to establish built-in elec-
tric field that accelerates hot-carrier separation and transport. The
proposed STGP utilizes the built-in field for high-performance
and adaptive image convolution processing according to the wide-
angle photodetection. By pioneering the design of a tubular
geometry and leveraging the modulation of its built-in electric
field, we have achieved both ultrahigh responsivity and ultrafast
response speed. The present work demonstrates that the device
achieves the highest responsivity of 259 V W~! with a response
time as low as 192 ps at 940 nm, providing stable and efficient
output for imaging. Optically, STGP device exhibits unique
advantages in wide-angle detection and polarization-sensitive
response. The tubular structure enables efficient reception of
incident light from various angles, maintaining stable response
across a 140° range which significantly outperforms conven-
tional planar detectors. Moreover, the geometric advantages of
the tubular configuration allow STGP to response sensitively
to light with different polarization angles, demonstrating its
potential for polarized light detection and polarization imaging.
Beyond designed optimization, according to the wide-angle
detection capability of the STGP detector, we directly trans-
lated photocurrent response characteristics at different incident
angles into elements of convolution kernels, constructing a fully
experimental data-driven convolution kernels. This approach
ensures that the convolution kernels originate from the actual
physical response of the device, providing inherent physical
consistency and adaptability. Furthermore, wide-angle detection
offers multi-dimensional photovoltage, enabling the convolution
kernels to exhibit stronger differentiation and directionality in
the spatial domain, thereby flexibly adapting to diverse image
feature processing requirements by iterating through convolution
kernels derived from wide-angle photovoltage values. Using this
method, we successfully enhanced contrast and detail visibility
for image sharpening while highlighting geometric contours and
edge features for edge extraction. This approach breaks through
the limitations of traditional predefined kernels, demonstrating a
novel physics-driven strategy for image processing and providing
strong support for the development of high-performance image
processing system.

2 | Results and Discussion
2.1 | Fabrication and Architecture of the
Photodetector

Figure 1a schematically illustrates the structure of the STGP. The
STGP we designed includes self-rolled-up structure consisting
of a Te layer, a monolayer Graphene, SiN, pre-stressed bilayer,
and Al,O; protection layer, Ti/Au electrodes (part of which
are rolled into the tube), Ge sacrificial layer, and a thermally
oxidized silicon wafer as a substrate. The STGP was prepared
by selectively etching away the Ge sacrificial layer while the
release of the pre-stressed SiN, bilayer led to the rolling of the
multi-layered nanomembrane, the ALD-deposited Al,O; layer
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FIGURE 1 | Structure and performance of STGP for imaging and convolution processing. (a) Schematic of the heterostructure of STGP. (b) A 4 x 4
array of STGPs. (c) Schematic of the photodetection and the direction of built-in field. (d) Comparation of the photovoltage responses of Te photodetector

and STGP. (e) Photoresponse time of the STGP irradiated by 940 nm laser. (f) 3D angular mapping of the photovoltage V};, in spherical coordinates.

(g) Schematic diagram of the image convolution processing to feature extraction by using the convolution kernels.

was integrated to safeguard Graphene from damage during the
etching while guiding the directional self-rolling. The details
of the preparation process of the structure of the device are
specified in Figures S1 and S2, and side-view SEM (scanning
electron microscopy) images of a typical STGP with a radius
of ~19 pm are demonstrated in Figure S3. In Figure 1b, we
demonstrate the fabrication of 4 x 4 array of STGPs, and the
inset illustrates the magnified view of a tubular structure, where
the Te part (pseudo-colored orange) can clearly be observed
while the extreme thinness and weak atomic number contrast of
monolayer Graphene leads its signal to be drowned out in SEM
imaging. We conduct the thermal simulation of the device when
it is illuminated by a laser (Figure 1c) to investigate the details

of thermal diffusion in the current PTE device. The simulation
result in Figure S4 demonstrates the formation of a temperature
gradient when Te layer is irradiated, with Te layer acting as the hot
part while Graphene as the cold part. The direction of thermal
diffusion along z direction in Figure 1c and the temperature
gradient provide an efficient way to produce the thermoelectric
voltage. Moreover, due to the thermal energy localization and the
light trap effect inside the tube wall provided by tubular structure
[8, 23-26], the STGP achieved almost 582 higher photovoltage
response comparing to the planar Te/Graphene heterostructure
PTE photodetector (PTGP) under 450 nm laser (Figure S5). We
also analyzed the response performance of both the tubular
Te layer PTE detector and STGP. As evidenced by Figure 1d,
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under same identical wavelength and incident laser power den-
sity, the STGP exhibits a significantly higher responsivity. This
result indicates that the performance enhancement should be
connected with the Te/Graphene heterostructure, and the built-
in field directed from Te layer to Graphene (Figure 1c; Figure
S6) plays important role. In our work, the response time of
the detector was further investigated. The rise time (Ty) and
decay time (Tp) are defined as the time required for output
electrical signal to increase from 10% to 90% and to decrease from
10% to 90% of its final steady-state values respectively. For our
STGP, Ty and Ty, are respectively determined to be 192.4 and
198.9 us under 940 nm laser, as shown in Figure le. The fast
response speed that STGP demonstrates further confirms the role
of the built-in field takes in facilitating carrier separation (Figure
S6), and the detailed mechanism will be discussed later [8].
The higher response speed provides the more accurate imaging
platform comparing to the tubular Te layer photodetector. It is
worth noting that the CMOS-compatible characteristics during
the fabrication pave an accessible way for the mass production of
the devices. Experimentally, we selected twenty-five devices from
the array, and the results in Figure S7 demonstrate that different
devices exhibit the uniformity of detection performance under
illumination at the same power density (450 nm laser with power
of 169 uw and spot size of ~780 um?), suggesting stability of self-
rolled-up tubular structure and the potential of current STGP in
practical applications.

In addition, the geometric feature of the tubular structure endows
the device with wide-angle detection performance, overcoming
the limitation of inherent incident angle constraints comparing
with the planar detectors, and this feature is crucial for image
convolution processing. For this application, the detected image
acquired from the STGP is subjected to convolution processing
using convolution kernels attributed to the photo response by
incident light (450 nm laser with power of 169 uw and spot size
of ~20 cm?) from a broad angle range (Figure S8). As shown in
Figure 1f, 3D angular mapping shows the photovoltage response
in spherical coordinates, and the longitudes and latitudes define
the angles 0 and ¢ respectively. The good photovoltage responses
at different angles in spherical coordinates further reveals the
wide-angle detection ability of the STGP, and the photovoltage
values provide a sufficient data foundation for image processing
via self-constructed convolution kernels. Convolution processing
provides a powerful approach to extract image features from
these original images, as it enables selective enhancement of
specific characteristics, such as sharpness and edge extraction, by
applying self-designed convolution kernel [14, 16]. Here, Figure 1g
schematically depicts the convolutional process from original
image to the image feature. In this process, we mapped the
photovoltage values obtained from wide-angle photodetection
into the self-construct convolution kernel, and image features are
accordingly obtained by using different convolution kernels.

2.2 | Microstructural Characterizations of STGP

STGP is the integrated device consisting of different materials,
and pre-stressed SiN, bilayer is crucial in the rolling process. A
theoretical model was set up to disclose the rolling behavior and
the material properties set in theoretical model are listed in Table
S1. In this simplified model, the nanomembrane consists of only

important layers: bottom SiN, layer, upper SiN, layer, and top
Te layer. The bottom SiN, layer is under the compressive stress
before releasing while the upper SiN, layer is under the tensile
stress. After the releasing and rolling up of the nanomembrane,
elastic energy should decrease to the minimal in order to realize
a stable state [27-29]. According to the literature, the diameter of
the self-rolled-up tubular structure can be calculated by following
equations [28]:

oo 2Zm Bl 4 vy + 92 = 39 O+ v — )]

n ’ 0 (1)
3 Z,’:l Ei ti (yi + Yic1 — 2yb) (C - 77:'51» )

Yy = Z:;l E;,ti i +yi-1) 2

b = R

2y Et
e I E ) 3)
n !
2[‘:1 Ei L

Yi = Z:;l L 4)

where E] is the effective Young’s Modulus of each layer and i
=1, 2, 3 respectively represent bottom SiN,, upper SiN,, and Te
layers, t; means the respective thickness of each layer, and e?
means the initial strain. In our experiment, we deposited Te layer
with different thicknesses on SiN, bilayer to tune the diameter
of the STGP (Figure S9). The theoretical results and experiment
results are in good consistency when &) was taken as —0.84%
(Figure 2a). This means the top Te layer is under compressive
strain before the releasing and rolling. More, the Te layer play
a crucial part in absorbing light and achieving PTE conversion,
and thus the crystal structure of Te layer was investigated.
Experimentally, Te layer was deposited by magnetic sputtering,
and then annealed from 210°C to 280°C. In corresponding X-
ray diffraction (XRD) patterns (Figure 2b), we observed that
the (100), (101), and (110) diffraction peaks achieved their max-
imum intensities and minimum full widths at half maximum
after being annealed at 260°C. This indicates that the Te layer
attained its optimal crystal quality at this temperature, which not
only ensures superior crystallinity but also avoids potential Te
degradation due to evaporation and excessive thermal stress [30].
Given that the performance of PTE detectors strongly depends
on the crystallinity of the material, the 260°C annealing was
selected in producing STGP. The microstructural properties of the
structure were further characterized by Raman spectroscopy. In
Figure 2c, the polarized Raman spectroscopy of Te proves that the
symmetric stretching A; mode (~121cm™) and in-plane bending
E, mode (~141 cm™) show intensity evolution under laser with
rotating polarization. The most significant implication of this
evolution lies in the geometric feature connected with the self-
rolled-up tubular structure, which provides optical anisotropy
[8, 9]. In addition, according to the Raman line scan along the
direction perpendicular to the rolling direction (Figure 2d) and
single-point Raman test at heterostructure region (Figure S10),
the deposition of Te layer and the transfer of monolayer Graphene
at predetermined locations are confirmed [31, 32]. As illustrated
in Figure S11, Raman line scanning is tested along the direction
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Microstructural characterizations of STGP. (a) Theoretical calculation and experiment measurement of the diameter as functions of

the thickness of top Te layer. (b) XRD patterns of Te layer at different annealing temperatures. (c) Angle-resolved polarized Raman spectra of Te layer,
with A; and E, peaks marked. (d) Raman mapping along the direction parallel to the axis of the tubular structure. The optical microscopy image of the

measured tubular structure is shown in the right panel. Scale bar, 40 um. (e) UPS spectrum of the valence-band region of Te layer to calculate VBM.

Inset: secondary electron cutoff spectrum of Te layer to calculate the Fermi level. f) FTIR spectrum of Te layer. Inset is the corresponding Tauc plot.

perpendicular to the axis of the tubular structure, aiming to
observe the shifts of the Graphene G and 2D peaks influenced by
the stress during the rolling-up process. Specifically, the G peak is
observed in the range of 1581-1585 cm™~!, demonstrating blueshift
compared to the theoretical value of 1580 cm~! while the 2D peak
in the range of 2682-2690 cm ™' show blueshift to theoretical value
0f 2682 cm™!. The observed shifts of the Raman peaks thus suggest
a compressive strain in the Graphene [32].

Figure 2e presents the ultraviolet photoelectron spectroscopy
(UPS) results of the Te layer, which are employed to determine the
positions of Fermi level (E;) and valence band maximum (VBM).
Using the He I« excitation source (hv = 21.22 eV), the secondary
electron cutoff energy is measured to be E_ . = 17.4 €V, while E;
is around —4.72 eV. The VBM lies 0.31 eV below the Fermi level,
and thus the position is determined to be —5.03 eV. According to
the absorption spectrum measured by Fourier transform infrared
spectrometer (FTIR, in Figure 2f) and corresponding Tauc plot
plotted in the inset, we concluded that the optical bandgap of
Te is around 0.39 eV. When Te and Graphene contact to form
a heterostructure, the built-in electric field at the interface was
established and facilitated the directional transport of thermally
excited carriers and suppresses recombination, enhancing the
performance of STGP.

23 |
Device

Carrier Transportation Properties in the

Among the STGP devices, in order to explain the positive role of
the built-in field for photodetection, we conducted the charge-
density difference simulation by Bader-charge analysis with the
assistance of Visualization for Electronic and Structure Analysis
[33]. As shown in Figure 3a, Te layer acts as the electron donator
while Graphene acts as the acceptor which leads to a built-in filed
from Te to Graphene. It could be observed in Figure 3b that the
energy band of Graphene maintains its Dirac cone structure and
the electronic states of C atoms are concentrated near the Dirac
point (see the dashed line in Figure 3b), which provides the firm
foundation of high-speed carrier transport in photodetection [9,
34]. Aiming to further study the band relationship between Te
layer and Graphene, we conducted Kelvin probe force microscopy
(KPFM) on the heterostructure. Figure 3c illustrated the surface
potential of Te/Graphene and Graphene. The results exhibit the
maximum surface potential of Te/Graphene heterostructure is
about 80 meV higher than that of Graphene, suggesting that
Fermi level alignment is achieved by Te pulling up the Fermi
level of Graphene upon contact, as is schematically shown
in the energy band profile in Figure 3d. The corresponding
electrons transfer from Te to Graphene thus constructs the
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FIGURE 3 | Charge transport behavior of STGP and the underneath mechanism. (a) Schematic of the simulated structure (left) of Te/Graphene

heterostructure with its isosurfaces of charge difference density and the distribution of charge-density difference of the heterostructure (right). The
yellow and blue regions identify Graphene as the electron acceptor and Te as the electron donor, respectively. (b) Simulated energy band of Te and
Graphene and the density of states (DOS) of electrons contributed by carbon. (¢) KPFM image from Te/Graphene heterostructure to monolayer Graphene.
(d) Band structure of Te/Graphene heterostructure and the built-in field at the interface is labeled. (e) I-V curve of STGP in a linear coordinate. According
to the different carrier transport mechanisms, the I-V curve can be divided into three regions: (f) Region I (0-3 V) dominated by Ohmic transportation,

(g) Region II (3-8 V) dominated by Schottky emission, and (h) Region III (8-10 V) dominated by Fowler-Nordheim (FN) tunneling.

built-in field directed from Te to Graphene [35]. During detection,
the photo-thermally excited electron-hole pairs are subject to
directional separation driven by the built-in electric field, which
significantly suppresses interfacial recombination losses (Figure
S6). The synergistic effect between the built-in electric field and
the temperature gradient enables carriers to be collected more
rapidly within their lifetime, thus enhancing the responsivity and
response speed of STGP.

Furthermore, we conduct current-voltage (I-V) characterization
on these devices. As shown in Figure 3e, the voltage range

for the measurement is set between 0 and 10 V in order to
deeply study the carrier transport behavior in the device. In
Figure 3f-h, the device shows both linear and nonlinear regions
within the operating voltage range hinting the different transport
mechanism under different voltage [36-38]. At 0-3 'V, the curve is
linear where the slope of the Log (I)-Log (V) is 1.04 (Figure 3f).
This indicates Ohmic contact with minimal potential barrier’s
effect of the device, and carriers’ transport is primarily governed
by drift current component [36]. At 3-8 V, the current rises more
rapidly than linearly with increasing voltage, approaching an
exponential functional form while the slope of the Ln (I) ~ V!
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is 1.34 (Figure 3g). In this region, the device is dominated by
the Schottky emission, where the interfacial barrier is lowered
by the applied higher electric filed, facilitating the transition of
thermally excited carriers into the conduction band [37]. When
the voltage increases from 8 to 10 V, we redraw the plot in
Figure 3h based on Ln (I/V?) as horizontal coordinate and V!
as vertical coordinate. The slope of the curve of Ln (I/V?) ~ V1is
-13.81. In this region the carriers’ transport is based on the Fowler-
Nordheim (FN) tunneling which a strong electric field enables
carriers to quantum tunnel through the barrier [38].

2.4 | PTE Response of STGP

The in-depth analysis of the built-in electric field, coupled with
a detailed investigation of the charge carrier transport mecha-
nism, robustly demonstrates the efficient charge separation and
collection capabilities inherent to the Te/Graphene heterostruc-
ture. This is critical for PTE detection with high performance.
Building upon this optimized charge transportation framework,
we subsequently characterized the photodetection performance
of the STGP. The STGP we fabricated demonstrated exceptional
wide-angle detection, due to its 3D tubular morphology. Light
from different angles can illuminate the STGP, inducing localized
temperature rise and subsequently generating the temperature
gradient through the photothermal effect. This temperature
gradient, combined with the built-in electric field at the STGP,
drives efficient carrier separation and transport, enabling highly
sensitive response to laser with different incident angles. In our
work, the wide-angle detection ability is investigated and the
experimental configuration is schematically shown in upper-left
panel of Figure 4a. When the light incident plane is parallel to
the xy plane, effective PTE detection was achieved across a wide
angular range from 20 to 160°, where V,, remains higher than

\/% of its maximum value (Figure 4b). When it comes to yz plane,
as shown in Figure S12, the relationship between V,, and angle
is fitted by a sinusoidal function. In addition, the dependence
of V,, and I, on the incident laser power density shows linear
relationships from 0.1 to 100 mW cm~ (Figure 4c; Figure S13),
providing strong evidence that the STGP device is capable of
effective detection across both high and low intensities of lasers.
Here, the responsivities were used to quantitatively evaluate the
performance of STGP. The responsivities for voltage (R,) are
defined by [8]:

|4
— ph
Ro= 5 ©®)

where V,, is photovoltage, P, is laser power per unit area and
Ay is effective illumination area. Here 760 um? was used as A
based on microscopy image. As a PTE detector, the STGP exhibits
a stable and high voltage responsivity across 450-800 nm (Figure
S14), indicating the device’s excellent photodetection capability
over a broad spectral range. In our work, we measured the
response of STGP to laser power at wavelengths of 450, 520,
635, and 940 nm, and systematically investigate the relationship
between laser power density and the responsivity. It can be
observed that for a variation in power density of at least two orders
of magnitude, STGP maintains relatively stable responsivity at
each wavelength (Figure 4d), which means good consistency

at both weak and strong laser illuminations. According to the
results, we obtain the highest R, of 259, 186, 164, and 128 V
W for lasers of 940, 635, 520, and 450 nm, respectively.
Notably, STGP maintains high responsivity across the visible
range compared to literature [8] validates that the built-in field at
the Te/Graphene interface possesses effective carrier extraction
ability. It is worth noting that as the wavelength increases,
the energy of incident photons is more efficiently converted
into heat, leading to the establishment of a larger temperature
gradient [8]. Consequently, a gradual increase in responsivity
with increasing light wavelength is observed in Figure 4e and
Figure S15. Additionally, the detectivity (D*¥) achieves 4.39 X
10! Jones under 940 nm laser, as demonstrated in Figure S16.
It is worth noting that compared with previous literature [8],
the introduction of Graphene lead to slightly lower D* possibly
due to higher dark current, although faster carrier extraction is
realized in STGP. In addition, we conduct I-V characterization on
STGP under dark and illuminated situations (Figure S17), which
manifest the self-driven ability of the STGP. Figure 4e further
provides the photocurrent mapping of a STGP working in self-
driven mode, where we could clearly witness that photocurrent
progressively decreases for illumination spot moving from Te
layer to Te/Graphene heterostructure and then to Graphene. The
highest photocurrent corresponds to the highest temperature
gradient (AT) when Te layer is under laser illumination, which
produces the highest photovoltage via the Seebeck effect.

In order to check the polarized light detection performance of
STGP, a polarizer and a half-wave plate are incorporated in the
laser path (lower-right panel of Figure 4a). The polarization angle
is defined as 0° when the electric field vector of the incident light
is parallel to the carrier transport direction. Simulations in Figure
S18 confirm that compared to the planar device, tubular structure
demonstrated stronger interaction with the light with polariza-
tions. More, Figure 4f illustrates the dependence of I, on the
polarization angle of incident lights with wavelengths of 520 nm,
and the calculated dichroic ratio is 1.40. This suggests that the
efficiency of light-matter coupling differs at different polarization
angles (Figure S19), leading to variations in PTE effect. The close
values of the polarization ratios for more wavelengths further
confirm that the polarization relies on the geometric anisotropy
of the STGP, as shown in Figure S20. Therefore, in addition to
wide-angle photodetection ability, this device can also be used
for polarization-sensitive detection, showcasing great application
potential. Furthermore, the stability of the STGP is also important
for future practical applications. STGP remains detection stability
(6% drop) after a 120-day storage in room temperature and pres-
sure (Figure 4g). The above results confirm that STGP provides
outstanding structure and performance stability. Figure 4h and
Table S2 systematically illustrate the comparison of the two
key parameters: responsivity and response time between our
STGP with several existing PTE detectors. A clear trade-off trend
can be observed among conventional devices: those with high
responsivity often exhibit long response times (on the order of
seconds), while devices with fast response speeds generally suffer
from low responsivity, limiting their applicability in high-speed
imaging and real-time detection [39, 40]. On the other hand,
Graphene-based detectors, though demonstrate microsecond-
scale response time, often show insufficient responsivity, which
restricts their use under low-light conditions [34]. In contrast,
our STGP demonstrates a simultaneous breakthrough in both
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FIGURE 4 | PTE detection performance of STGP. (a) The schematic diagram of the experimental setups for wide-angle photodetection and polarized
light detection. (b) V,, under 450 nm laser with different incident angles. (c) V, as the functions of P, for STGP illuminated by 450, 520, 635, and 940 nm
lasers. (d) R, as the functions of P; for STGP illuminated by 450, 520, 635, and 940 nm lasers. (¢) Photocurrent mapping results of STGP. (f) V},, under
520 nm lasers with different polarized angle. 0° indicates that the electric field vector of the incident light is parallel to the axis of the tubular structure.
g) Stability test of STGP after 120 days’ exposure in the air and ambient temperature. (h) Comparison of R, and response time of STGP and other reported

PTE detectors.

responsivity and response speed. This outstanding performance
stems primarily from the unique tubular heterostructure of
the device. The results highlight the potential of STGP while
also underscore the significance of heterostructure design and
rolled-up engineering in the field of photodetection.

The simultaneous achievement of high responsivity and rapid
response speed effectively positioning the STGP as a transforma-
tive candidate for advanced optoelectronic imaging. Motivated

by these superior device characteristics, we integrated the STGP
into a scanning optical system to practically demonstrate its
capabilities in image convolution processing. The imaging system
is schematically shown in Figure 5a, where patterned incident
light is produced by a mask while STGP working in self-driven
mode under zero bias acts as the receiver for imaging. The
dark blue dashed box indicates the additional optical compo-
nents required for polarized light imaging: a polarizer and a
half-wave plate. The polarizer converts the laser into polarized
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FIGURE 5 | Single-pixel PTE imaging based on STGP. (a) The schematic diagram of the setup for imaging (left panel). The orange dashed line box

in the right panel indicates the role of convolution image processing in Convolutional Neural Networks. (b) Imaging of the letters “F”, “D”, and “U”
respectively with the polarized angles 0of 90°, 45°, and 0°. Scale bar, 10 mm. (c) Imaging of a “Fudan” logo. Scale bar, 50 mm. (d) Converted grayscale image
of the “Fudan” logo. (e) Self-construct convolutional kernels used for sharpness. (f) Convolved image after the convolutional processing. g) Self-construct
convolutional kernels used for edge extraction. (h) Convolved image after the convolution processing.

light, while rotating the half-wave plate enables imaging with
different polarization angles. For image processing (right panel
of Figure 5a), we performed convolution on the STGP-derived
images by using the wide-angle photovoltage values as the
weights of the convolution kernel, and this process plays a
crucial role in Convolutional Neural Networks [21]. Figure 5b
shows the polarization-sensitive photocurrent imaging results
of STGP under 635 nm laser illumination. By adjusting the
polarization angle of the incident light (90°, 45°, and 0°), single-
pixel imaging of the letter “F”, “D”, and “U” are successfully
obtained. The relatively fast response time and high stability
of the STGP provides a crucial foundation for this process.
The results also indicate that the geometric advantages of the
tubular structure enable highly sensitive photodetection without
requiring an external bias. Figure S21 also demonstrates the
imaging of “F”, “D”, and “U” separately by using three lasers
without additional polarization components, further indicating

the broadband (from visible to infrared) imaging capability of
STGP. In addition, Figure 5c clearly shows an imaging result of
the “Fudan” logo. To facilitate subsequent convolutional image
processing, the acquired image is converted to grayscale, as shown
in Figure 5d. Comparing with the traditional imaging convolution
processing methods rely on externally pre-defined operators,
we utilize the device’s response characteristics to light from
different incident angles in 3D space (Figure 1f). The photocurrent
values obtained under azimuth angles are mapped as elements
of the convolution kernels and the details of the convolution
kernels can be seen in Figure 5e,g, and Figure S22. It is worth
noting that the self-established convolution kernels are derived
entirely from experimental data. In practical operation, we use
the raw image (Figure 5d) as the input and employed the self-
construct convolution kernels to perform both sharpening and
edge extraction processing. Specifically, we applied both self-
constructed 3 x 3 (Figure S23) and 5 x 5 convolution kernels
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to the image for sharpening processing (Figure 5fh). Based
on a comparative evaluation of the final image outputs, the
5 x 5 kernel was selected as the optimal choice for the final
result. The imaging results processed by other self-constructed
convolution kernels are shown in Figures S24a and S25a. Here,
we selected the photocurrent values obtained at angles (170°, 40°)
and (60°, 100°) to form the convolution kernel for sharpening
process, and those at (160°, 130°) and (150°, 30°) to construct the
kernel for edge extraction. The sharpening process significantly
improves the clarity of image boundaries (Figure 5f), making
details in original grayscale image more pronounced while the
edge extraction process effectively isolates the contour structures
of the target regions (Figure 5h), achieving clear and continuous
boundary delineation. The present results not only validate the
suitability of the device’s output current for constructing image
operators but also demonstrate feasibility of self-constructed con-
volution kernels in the imaging processing. In addition, we also
compared the images processed by self-constructed convolution
kernels with those processed by traditional kernels (Figures S24b
and S25b), which demonstrate that the self-constructed kernels
achieve superior performance in both image sharpening and edge
extraction.

3 | Conclusions

In summary, we have successfully designed and fabricated high-
performance STGP, which realizes a high degree of integration
between superior performance and advanced functionality via
built-in electric field enhancement and a unique tubular geom-
etry. The STGP achieved a combination of performance metrics,
delivering a voltage responsivity of 259 V. W™ at 940 nm
and an ultrafast response time of 192 ps. This performance
surpasses the inherent limitations of conventional PTE devices,
thereby validating the efficacy of our design strategy. Further-
more, the device demonstrated a broad spectral response and
outstanding environmental stability. From a functional perspec-
tive, the self-rolled-up tubular geometry provided an unparal-
leled geometric advantage, enabling both wide-angle detection
and intrinsic polarization sensitivity. Critically, we utilized the
STGP’s measured angle-dependent photocurrent response in
3D space and directly mapped these physical values into the
elements of a self-construct convolution kernels. This physics-
response-driven computational method was successfully applied
to achieve image sharpening and edge extraction, showcas-
ing the high quality of the self-construct kernels. By tightly
integrating the device’s inherent optical response from wide-
angle photocurrent with computational functions from convolu-
tion process, this methodology provides strong theoretical and
experimental support for the future development of advanced
optical sensing and integrated in-sensor visual computing
systems.

4 | Experimental Section
4.1 | Fabrication of STGPs
10 nm Ge layer was deposited on the thermal silicon oxide

wafer (500 nm SiO, layer on Si wafer) by E-beam evapora-
tion (Lab 18, Kurt Lesker) as the sacrificial layer. SiN, was

then deposited by Inductively Coupled Plasma Chemical Vapor
Deposition (ICP-CVD, PlasmaPro 100) at 13.56 MHz as the
pre-strained layer. Specifically, 15 nm compressive SiN, was
deposited at the pressure of 10 mTorr (RF power 30 W, ICP
power 20 W, SiH,: N, = 13.5: 10) and 15 nm tensile SiN, was
deposited at the same pressure of 12 mTorr (RF power 10 W,
ICP power 20 W, SiH,: N, = 13.5: 10). Applying 99.9% Te target
(from ZhongNuo Advanced Material Technology Co., Ltd), Te
layer was deposited by magnetron sputtering (PVD 75, Kurt
Lesker) at room temperature (50 sccm Ar, RF power 35 W), and
medium Te thickness of 38 nm was chosen for following device
fabrication. In the experiment, we performed rapid thermal
annealing on Te at 260°C for 10 min to promote its performance.
The Graphene on copper foil was a commercial product from
PrMat. Thick Poly (methyl methacrylate) (PMMA) layer was
spin-coated on Graphene respectively at 1500 and 3000 rpm for
30 s, which provides sufficient mechanical support during the
transfer process, and then heated on a hot plate at 160°C for
15 min. Then, the PMMA/Graphene/copper foil was immersed
into copper etchant (NH,),S,04: H,O = 10:1) for 1 h to release
PMMA/Graphene from the copper foil. The released PMMA/
Graphene was cleaned by acetone, ethanol, and deionized water
(three times each) and transferred onto Te layer. The sample
was immersed in acetone at 40°C for 120 min to remove PMMA
completely. Furthermore, the lithography was applied to pattern
the nanomembrane. 10 nm Ti and 25 nm Au layers were deposited
by E-beam evaporation (DE400, DE Technology Limited) and
patterned by photolithography as electrodes. 10 nm Al,O; was
deposited by ALD at 130°C for protection during the etching
process. XeF, vapor was applied to selectively etch the sacrificial
Ge layer by XeF,. The above process is schematically shown in
Figure S1.

4.2 | Microstructural Characterizations

XRD analysis was performed by Bruker D8 Advance. Raman char-
acterizations were carried out on Renishaw inVia Qontor Raman
spectrometer. The infrared absorption spectrum was tested by
FTIR at ATR mode (Bruker VERTEX 70). The observation of
STGP was achieved by SEM (Zeiss Sigma 300). KPFM were tested
on Oxford cypher s. UPS spectra were tested on ESCALAB Xi. XPS
curves were tested on Thermo ESCALAB 250XI.

4.3 | Thermal and Optical Simulation

All simulation about electrical field and temperature distribution
was obtain by finite element analysis. STGP structure was
simplified as a tubular structure (inner radii was set to be
19 um) and the wall was Graphene/Te/compressive-SiN,/tensile-
SiN, nanomembrane (thickness of each layer was set to be
separately 1 nm/36 nm/20 nm/20 nm). The boundary con-
dition was programmed as the perfect matching layer. The
physical parameters necessary for the numerical modeling of
the device were defined for both optical and thermal sim-
ulations. For the optical simulation, the material refractive
indices were designated as 4.92 for Te layer and 1.98 for SiN,
respectively [41, 42]. The wavelength-dependent refractive index
and extinction coefficient of Te layer were obtained from the
literature [43].
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4.4 | Characterizations of Device Performance

The optoelectrical properties of the STGP were characterized at
room temperature using a Keysight B2902B. For photovoltage
signal extraction, the measurement setup was employed con-
sisting of a Keysight 33500B waveform generator, a Stanford
Research Systems SR830 DSP lock-in amplifier, and a Stanford
Research Systems SR570 low-noise current preamplifier. Lasers
with the wavelengths of 450, 520, 635, and 940 nm were used
as the light sources. The corresponding response time was
tested under 940 nm laser with the power density of 122 mW
cm~2. Meanwhile, polarized photodetection measurements were
conducted by semiconductor parameter analyzer (METATEST
Corporation, Metatest E2). Lasers with the wavelengths of 635,
830, 940, and 1550 nm were used as the light sources. The wide-
angle photodetection characterization of STGP was performed
using a home-made hemispherical setup in Figure S8. The light
source was 450 nm laser with power of 169 uw and spot size of ~20
cm?. The photocurrent mapping was conducted using scanning
photocurrent microscopy based on Raman system WITec, Alpha
300R, and 635 nm laser was used as light source.

4.5 | Calculation of Charge-Density Difference
and Electronic Structure

First-principles calculations were performed using the Vienna
Ab initio Simulation Package (VASP) based on density functional
theory (DFT) with the projector augmented wave (PAW) method
and the PBE functional [44-46]. A plane-wave cutoff energy of
500 eV was employed, and DFT-D3 corrections were included to
describe the interlayer van der Waals interactions. A 12 X 12 X 1
Gamma-centered k-point grid was used for the DOS and charge
density difference calculations, while the electronic band struc-
ture was computed along the M-K-I'-M high-symmetry path with
a strict energy convergence of 10~ eV. To reveal the interfacial
charge transfer, the charge density difference was obtained by
subtracting the charge densities of the isolated Te and Graphene
monolayers from that of the total heterostructure. A vacuum layer
of 10 A was set to reduce the effect of adjacent Te/Graphene slabs.
The charge-density difference (Ap) was calculated by:

Ap = ApTe/Gmphene - A:oGraphene - ApTe (6)

Here, Apre/Graphenes APGraphene ad Apprepresent the total charge
densities of the Te/Graphene heterostructure, the Graphene, and
the Te layer, respectively.
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