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Abstract

Photothermoelectric (PTE) detectors hold immense potential for converting incident light signals into electrical
signals, finding applications in sensing, astronomy, night vision, and communication. However, their widespread
adoption is hindered by issues such as slow response times, low responsivity, and poor stability. In this study, a
high-performance self-powered PTE detector based on the Ag,Se nanorods (NRs) and multi-walled carbon
nanotubes (MWCNTSs) is reported for the first time. The findings reveal that the electrical conductivity of the film
increases with the addition of MWCNTs, albeit at the expense of the Seebeck coefficient. Notably, the film
containing 0.5 wt% MWUCNTs exhibited a superior power factor (303.22 pW-m™K?) at 300 K. Owing to the high
PTE performance, the photosensitive properties are characterized in an ultra-broadband range from the violet
(405 nm) to infrared (2,500 nm) wavelengths, featuring rapid response time (1.4 s) and substantial output voltage
(6.83 mV). Furthermore, the device demonstrated remarkable stability, with only a 3.4% decrease in output
voltage after three months of air exposure and negligible changes in thirty cycles. Thus, the proposed device
presents a novel strategy for developing PTE detectors characterized by broadband coverage, fast response times,
and exceptional stability.
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INTRODUCTION

High-performance photodetectors have a wide range of applications in communications, military
surveillance, and environmental monitoring" . Most commercial ultraviolet or infrared photodetectors are
made of wide or narrow bandgap semiconductor materials such as GaN, InGaAs, and HgCdTe. However,
the bandgap of these photodetectors limits their broadband detection capability, and they face challenges
such as high preparation costs and complex manufacturing processes™”. To overcome these challenges,
scientists have begun exploring alternative methods, with photothermoelectric (PTE) detectors emerging as

a highly promising research direction.

Research on the PTE effect is crucial for energy conversion and optical sensing. Originating from the
pursuit of efficient solar energy utilization, early investigations aimed to comprehend the fundamental

[6-8

mechanisms governing the interaction between light and thermoelectric (TE) materials'®. It was uncovered
that light interacting with TE materials induces a photothermal effect, raising local temperatures and
generating a temperature gradient, thus resulting in the production of photothermal voltage via the Seebeck
effect’”. Over time, substantial advancements have been achieved in unraveling the intricacies of the PTE
effect and its myriad applications, including photovoltaic energy harvesting”*"”, broadband
measurements™**¥, and high-performance optical detection®>"***.. PTE photodetectors, distinguished by
their self-powered capabilities and broadband response, have garnered significant attention. However,
despite promising prospects, challenges persist in optimizing the efficiency and stability of PTE devices

across various operating conditions.

Unlike toxic Pb- or Te-based materials, Ag,Se is chemically stable and non-leaching under operational
conditions. Additionally, Ag,Se exhibits an ultrahigh room-temperature ZT value (~1.2), enabling efficient
heat-to-electricity conversion*. Recently, scientists have been actively exploring the possibility of applying
Ag Se materials to PTE detection. For example, Yang et al. successfully enhanced the PTE conversion
capability of Ag,Se detectors by introducing a polypyrrole(PPy) light-trapping structure onto Ag,Se thin
films™. However, the current challenge lies in designing TE material structures that can fully utilize light
energy. Although some vertical heterogeneous structures have made progress in photothermal
conversion'"**, there still exists an issue of insufficient utilization of light energy, resulting in wastage.

As is well known, carbon nanotubes (CNTs), with their high thermal conductivity”*, high electrical
conductivity”*!, and light absorption properties”™ ", have a wide range of applications in PTE detectors.
Recent studies have shown that combining PPy"”, PEDOT:PSS"*, and MXene" is an effective way to
enhance the PTE effect. However, these materials still have the disadvantages of low output voltage, long
preheating time, and poor stability. This is due to the low Seebeck coefficient of carbon-based materials,
which inherently limits their application in PTE detection. Nevertheless, the presence of = electrons makes
the surface of CNTs highly chemically reactive, allowing interaction with TE materials. For example, hybrid
materials such as Cu,S¢e/MWCNTs", MoS,/MWCNTs", SWCNTs/ZnO-NRs", SWCNTs/Ag,Se", and
MWCNTs/Ag,Se!**"" have shown improved TE properties compared to single constituents. Therefore,
composite structures comprising CNTs and TE materials play a pivotal role in advancing TE technology.

In this study, Ag,Se was blended with MWCNTs to enhance the TE properties and thus the PTE properties,
and the TE and PTE performances were tested with different MWCNT's contents. The proposed Ag,Se/
polyvinyl pyrrolidone (PVP)/MWCNTs (APM) composite films exhibit excellent broadband voltage
response and stable self-powered characteristics. Additionally, the mechanism behind the PTE effect was
analyzed and explained by varying the conditions of laser power, wavelength, irradiation position, device
length, and cycle time. After three months of exposure to air, the PTE voltage of the device decreased by
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only 3.4%. Furthermore, the voltage output remained stable without any significant change over 30 cycles,
demonstrating a high degree of stability. This study not only provides an environmentally friendly,
inexpensive, and efficient method for preparing high-performance and reliable PTE devices but also offers a
new approach to the design of PTE materials.

MATERIALS AND METHODS

Preparation of PTE detectors

Materials

Selenium dioxide (SeO,), silver nitrate (AgNO,), ethylene glycol (Eg), L-ascorbic acid, -cyclodextrin, and
terpineol were purchased from Shanghai Aladdin Biochemical Science and Technology Co., Ltd. PVP was
purchased from Sinopharm Chemical Reagent Co., Ltd. MWCNTSs was purchased from Kona New
Materials Co., Ltd. All reagents can be used directly without purification.

Preparation of Ag,Se/PVP/MWCNTs PTE thin film devices

Specific steps for the preparation of Ag,Se nanorods (NRs) are given in the supporting information.
Initially, the electrodes were prepared according to the position of the screen prints. Conductive silver paste
was applied to the polyimide(PI) substrate and then heated and cured for 30 min at a constant temperature
of 80 °C. Subsequently, 0.025 g of PVP was dissolved in 0.4 g of rosinol solution, and 0.5 g of Ag,Se powder
was dispersed in this solution. Different mass fractions of MWCNTSs were added and manually milled until
the mixture was smooth and fine. Mixed inks with MWCNT contents of 0, 0.25, 0.5, 0.75, 1, 1.5, and 2 wt%
were prepared. These inks were screen-printed onto the PI substrate with Ag electrodes using a 200-mesh
screen plate and then heated-cured at 80 °C under a nitrogen environment for 10 min to remove the
terpineol alcohol. The screen printing and heat curing processes were repeated five times. Finally, silver wire
was soldered on top of the conductive silver paste. The graphical pattern of the screen comprised five strips
with sizes of 3 mm x 6 mm, 3 mm x § mm, 3 mm x 10 mm, 3 mm x 12 mm, and 3 mm x 14 mm. The
specific process is illustrated in Supplementary Figure 1.

Characterization and measurement

Morphological and TE parameter acquisition

The surface morphology of the prepared Ag,Se NRs films with different mass fractions of MWCNTSs was
investigated using field emission scanning electron microscopy (FESEM, SUPRA-55, ZEISS). The
crystallinity and interplanar spacing of the samples were evaluated using a high-resolution transmission
electron microscope (HRTEM) equipped with a 200 kV accelerating voltage (JSM2100F plus). The phase
compositions of the APM were determined by X-ray diffraction (XRD, DX-2700). The Seebeck
coefficient (S) and resistivity (o) of the films were measured using a standard four-probe method (Linseis,
LSR-3), with measurement errors of about + 5%. The carrier concentration (n) and carrier mobility (n) of
the films were measured using the van der Pauw method (Linseis, HCS).

Optical parameter measurements

All output performance tests of the PTE were performed in a dark box. The current-voltage (I-V) curves
under continuous laser irradiation were measured with a source meter (Keithley 2450), and the voltage-time
(V-T) curves were collected by generating a pulsed laser using an electronic shutter (DHC GCI-73M).
Lasers with eight different wavelengths (405, 650, 780, 808, 950, 1,550, 2,000, and 2,500 nm) were used
during the measurements. The 1,550, 2,000, and 2,500 nm lasers were generated using a xenon lamp (MC-
PF300) and a monochromator (7ISW301), and the optical power was determined using an optical power
meter (MC-PM100D). The optical power was adjusted by varying the input voltage.
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RESULTS AND DISCUSSION

XRD and surface morphology analysis

Figure 1A compares the X-ray diffraction (XRD) spectra of Ag,Se and MW CNTs samples with different
mass fractions. All samples are well indexed to B-Ag,Se (PDF#24-1041), and no significant impurities are
detected as the MWCNTs content increases. It is well known that the full width at half maximum (FWHM)
of the XRD diffraction peaks is inversely proportional to the crystal size. To visually determine the
crystallographic variations, the FWHM values corresponding to the strongest diffraction peaks of several
samples are shown in Supplementary Table 1. The FWHM decreases with increasing MWCNT content,
implying an increase in crystal size. However, the low structural dimension of MWCNTs results in low
relative peak intensities, which are difficult to detect in the XRD pattern due to the much lower content of
MWCNTs compared to Ag,Se.

To confirm the presence of MWCNTs, SEM was used. SEM images of the surfaces with different mass
fractions of MWCNTs (0, 0.5, 1, 1.5, and 2 wt%) are shown in Figure 1B-F. As seen in Figure 1B, the one-
dimensional structure of Ag,Se NRs grains remains relatively intact after screen printing. The adhesive
effect of PVP leads to better binding of Ag,Se on the PI substrate. In Figure 1C-F, the red circles indicate the
positions of MWCNTSs. The amount of MWCNTs in the images increases with the mass fraction. Figure 1G
and H shows high-magnification SEM images and clearly reveals the distribution and dispersion of
MWCNTSs within the matrix, demonstrating their uniform dispersion and interfacial bonding with the
surrounding material. To further elucidate the microstructure and the interaction between MWCNTSs and
the matrix, TEM analysis was performed. Figure 1I-L presents low- and high-resolution TEM (HRTEM)
images of the 0.5 wt% APM film. In Figure 1I and J, the low-TEM images provide detailed insights into the
morphology and distribution of MWCNTSs at the nanoscale, confirming their homogeneous dispersion and
alignment within the matrix. Figure 1L is the HRTEM image of the framed area in Figure 1K with the
measured planar distances consistent with the (1 1 1) and (1 0 2) planes of Ag,Se. Overall, these TEM and
HRTEM images collectively demonstrate the well-dispersed MWCNTs and the crystalline structure of
Ag Se within the APM film, highlighting the material’s nanoscale characteristics and structural integrity.

TE properties of APM films

The electrical conductivity (), Seebeck coefficient (S), and power factor (PF) of five APM composite films
(0, 0.25, 0.5, 0.75, and 1 wt%) were tested to investigate the change in TE properties of the composite films
from 300 to 420 K.

Figure 2A shows the ¢ of the composite films. The o of all films in Figure 2A increases with increasing
temperature. For instance, the o of the 0.5 wt% APM composite film increased from 249.76 S-cm™ at 310 K
to 259.86 S-cm™ at 420 K. According to Equation (1):

0 = ney (1)

where o is the electrical conductivity, n is the carrier concentration, and p is the electron mobility. The s of a
semiconductor material is influenced by two factors: n and p*”. An increase in MWCNTs content leads to
an increase in carrier concentration, as shown in Supplementary Figure 2A, while an increase in phonon
scattering leads to a decrease in carrier mobility, as shown in Supplementary Figure 2B. In Ag,Se-based
materials, large amounts of Ag interstitial defects can result in n-type semiconducting behavior due to the
electron-donating effect of interstitial Ag. Hence, the increased n should be mainly attributed to the
observed additional interstitial Ag™. These factors compete, affecting the material’s . At lower MWCNT
content, the rise in carrier concentration has a more significant impact on o than the decrease in mobility,
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Figure 1. (A) XRD pattern of screen-printed 0-2 wt% APM films; SEM images when the contents of MWCNTs are (B) O wt%, (C)
0.5 wt%, (D) 1wt%, (E) 1.5 wt%, and (F) 2 wt%; (G and H) High-magnification SEM images of the 0.5 wt% APM film; (I and J) Low-
and (K and L) high-resolution HRTEM images of the 0.5 wt% APM film. XRD: X-ray diffraction, MWCNTs: multi-walled carbon
nanotubes; APM: Ag,Se/polyvinyl pyrrolidone/MWCNTSs; SEM: scanning electron microscope; HRTEM: high-resolution transmission
electron microscope.

resulting in increased c as MWCNT content increases.

Figure 2B shows that the Seebeck coefficients of the films are all negative, consistent with Ag,Se’s n-type
semiconductor nature. The Seebeck coefficients generally increase with temperature. For instance, the
Seebeck coefficient of the 0.5 wt% APM composite film is -110.33 pV-K" at 300 K. However, when the
temperature is increased from 400 to 420 K, the Seebeck coefficient decreases from -120.2 to -99.45 uV-K™.
Ag,Se undergoes a phase transition from a low-temperature semiconducting phase to a high-temperature
superconducting phase at around 407 K. The thermal conductivity was not measured in this experiment due
to the small film thickness.

The TE properties of the flexible film depend on the PF, calculated using the Equation (2)"*:
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Figure 2. (A-C) Variation of 5, S, and PF with temperature for devices incorporating from O to 1 wt% MWCNTSs; (D) Variation of 5, S,

and PF with MWCNTs content at room temperature. o: Electrical conductivity; S: Seebeck coefficient; PF: power factor; MWCNTSs:
multi-walled carbon nanotubes.

PF = S%c (2)

where S is the Seebeck coefficient and o is the electrical conductivity. The variation of the PF of the five
films is shown in Figure 2C. Influenced by the ¢ and S, the PF of the 0.5 wt% MWCNTs is 303.22 pW-m K"
at 300 K, reaching a maximum value of 370.06 pyW-m™-K* at 400 K. When the temperature rises from 400 to
420 K, the PF decreases from 370.06 to 259.58 yW-m™-K? The PF and Seebeck coefficients of different
composite films exhibit similar patterns of change.

Since the PTE performance tests were all conducted at room temperature 300 K, only the TE performance
with different contents of MWCNTSs at 300 K is compared here, as shown in Figure 2D, the ¢ and S exhibit
opposite trends with increasing MWCNT content. This occurs because MWCNTSs increase the number of
conductive channels in Ag,Se NRs and improve its c. However, MWCNTs also increase the carrier
concentration of the device; it is known that the Seebeck coefficient varies inversely with the carrier

concentration, resulting in a decrease. Therefore, the maximum PF of 303.22 pW-m™-K” is only achieved at
0.5 wt%.

Test methods and optimal APM film selection

As illustrated in Figure 3A, the structure of Ag,Se NRs has a trapped light effect that enhances light
absorption when applied to the Ag bottom electrode. This is due to Ag’s 90% ultra-high reflectivity in the
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Figure 3. (A) Schematic of a PTE with Ag,Se NRs and MWCNTs structures; (B) Time-resolved photoresponse. The wavelength was
650 nm with a power of 100 mW and the shutter opening and closing times are all 150 s; (C and D) Plots of output voltage as a function
of device length and as a function of MWCNTSs content; The wavelength was 650 nm with a power of 100 mW and (D) the shutter
opening and closing times are all 20 s. PTE: Photothermoelectric; NRs: nanorods; MWCNTs: multi-walled carbon nanotubes.

UV to NIR region, which doubles the light path and increases absorption, resulting in greater photothermal
conversion”. Additionally, different mass fractions of MWCNTSs were added to the device. By adding
varying fractions of MWCNTs, the TE ability of the device can be altered. The device absorbs photons on
one side, creating a temperature difference with the other side. This drives the charge carriers to diffuse
from the hot side to the cold side, and they move directionally with the temperature gradient, producing an
electric field that leads to a stable output voltage.

To achieve a suitable switching time, multiple voltage switching tests were carried out, as shown in
Figure 3B. The tests were performed under a 405 nm, 100 mW laser, using Ag,Se thin film containing
0.5 wt% MWCNTs, in a 300 s cycle (with a shutter switching time of 150 s each). Due to the influence of
thermal noise, the voltage in the 300 s cycle could not be reduced to 0. The PTE response increased from
24.44 1V to 6.83 mV, then decreased to 24.68 uV. The rise time () is 8.43 s and the fall time (1) is 9.27 s,
as shown in Supplementary Figure 3, and remained stable for six cycles. As the rise and fall times were less
than 150 s, a 40 s cycle (with a 20 s shutter switching time) was used for testing to ensure convenient
measurement without affecting the results.
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Since the 405 nm laser cannot be well controlled by regulating the input voltage to obtain a stable laser
power density, and due to the potential harm to the human body from prolonged exposure to violet light, in
the subsequent test, a 650 nm, 100 mW visible light was used to measure the PTE performance.

As shown in Figure 3C, the device length was varied from 6 to 14 mm to obtain the appropriate length for
measurement. It was observed that under 650 nm, 100 mW laser irradiation, the output voltage initially
increases with the length of the device. However, when the channel length exceeds 8 mm, the output voltage
stabilizes at 6.83 mV with no further fluctuations. This indicates that the channel is long enough to prevent
thermal diffusion from the hot end to the cold end. To conserve materials, the 3 mm x 10 mm sized device
was used for subsequent performance testing.

In order to obtain the optimum APM film, the PTE output voltage of MWCNTs with different quality
fractions was tested. The devices were irradiated with a 650 nm, 100 mW laser light source with a cycle
period of 40 s. As illustrated in Figure 3D, the photovoltage initially increased with the mass fraction of
MWCNTs, reaching a peak at 0.5 wt%, before subsequently declining. This may be due to the TE effect in
combination with light absorption. Further photothermalelectrical performance measurements were carried
out for MWCNTSs content ranging from 0-3 wt%. The results indicated that the best performance was
achieved at 0.5 wt%, as shown in Supplementary Figure 4. Unlike the conventional thermoelectric response,
the photothermoelectric response depends not only on the Seebeck coefficient of the material itself, but also
on the spectral absorption properties of the material itself. Additionally, it can be derived from
Supplementary Figure 5 that in the optical wavelength range of 200-2,500 nm, the spectral absorption of the
0.5 wt% APM film is higher than that of the 0 wt% APM film. Therefore, the test concludes that the most
desirable PTE characteristics are only present in the 0.5 wt% APM film. As a result, the 0.5 wt% APM film
will be used for the subsequent performance tests.

Photothermoelectric mechanism and broadband response characteristics

The photovoltage generation in the APM device demonstrates clear PTE origin, as evidenced by the
following experimental observations. First, the structural integrity of Ag,Se remains preserved with limited
PVP/MWCNT incorporation, as confirmed by maintained physical characteristics in Figure 4A. Spatially
resolved measurements reveal position-dependent voltage polarity reversal under 1 mm-radius laser
illumination, achieving maximum outputs of +6.37 mV and -5.84 mV at 2 mm and 9 mm positions,
respectively, when fully illuminating the active surface. Systematic current-voltage characterization
[Figure 4B and C] under varying laser powers (22.6-100 mW) shows progressive downward shifting of I-V
curves from dark state to maximum illumination, with output voltages scaling within the -10 to 10 mV
range. This power-dependent evolution aligns with the Seebeck effect principle"*, where enhanced photon-
film interactions at higher intensities amplify thermal gradients, thereby strengthening the intrinsic electric
field through carrier redistribution.

The wavelength-agnostic nature of the PTE mechanism fundamentally differs from bandgap-restricted
optical processes. As demonstrated in Figure 4D, Ag,Se nanorods exhibit broadband absorption spanning
405-2,500 nm, enabling efficient photon-to-thermal conversion across this spectral range. This wideband
performance stems from the PTE’s reliance on non-radiative relaxation processes rather than direct
bandgap transitions. Supporting this interpretation, the linear photoresponse-power correlation in
Figure 5A exhibits characteristic PTE behavior distinct from photovoltaic or bolometric mechanisms.
Thermal characterization in Supplementary Figure 6 quantitatively confirms rapid surface heating dynamics
under 650 nm irradiation (100 mW), recording a 50 °C temperature rise (20.3—70.3 °C) within 20 s. The
temporally synchronized optoelectronic and thermal responses, monitored through simultaneous infrared
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Figure 4. (A) Output voltage versus laser beam position. The wavelength was 650 nm with a power of 100 mW; (B and C) Output
voltage and |-V curves at different optical powers. The wavelength was 650 nm; (D) Plots of output voltage versus laser wavelength.
The black curve was obtained by testing with a laser light source and the red curve was obtained by combining a monochromator with a
xenon light source. I-V: Current-voltage.

thermography and electrical measurements, provide conclusive evidence for the PTE-dominated operation
mechanism.

Performance testing of PTE properties
The output voltages at various wavelengths and powers can be derived from Figure 4C and D. The
responsivity (R,) can be calculated using the following Equation (3):

Ry, = Vout/P (3)

where V, is the peak voltage and P is the optical power. The relationship between the output voltage and
incident optical power is shown in Figure 5A. It can be observed that the output voltage increases with
increasing optical power, while the R, remains constant at 64 mV/W. The detectivity (D) reflects the
detector’s ability to identify weak optical signals. This can be calculated using the following expression. As
the device is self-powered, there is no need for external bias, which eliminates the influence of scattering
noise and 1/f noise. This means that only Johnson-Nyquist noise remains the main source of noise.
Therefore, the noise spectral density (NSD) can be calculated by Equation (4)"":
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D (MHz"2W-1)
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Figure 5. (A) Dependence of photovoltage and R, on the laser power; (B) Plots of R, and D as a function of incident wavelength; (C) The
functional relationship between ty, and optical power; (D) The relationship between the output voltage and current and power. The
wavelength was 650 nm with a power of 100 mW; (E and F) Output voltage and stability test results after three months. The
wavelength was 405 nm with a power of 100 mW. R : Responsivity.

NSD ~ NSDjopnson = /4RksT

(4)

where R is the resistance value of 60 Q. k; is the Boltzmann constant and T is the temperature. The noise
equivalent power (NEP) and D" can be further calculated as Equations (5) and (6):
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NEP = NSD/R, (5)
D* =1/NEP = R,/NSD (6)

Figure 5B illustrates that both the PTE R, and D" decrease with increasing wavelength. This trend arises
from the strong reliance of the PTE effect on the interaction between light and matter at the surface, with
this interaction weakening as photon energy decreases with increasing wavelength. At a wavelength of
405 nm, the peak values for R, and D" are 67.5 mV/W and 55.1 MHz"*W™, respectively. Moreover, t,,,
representing the time for the device to achieve 10%-90% of V,, serves as a metric for evaluating the device’s
response rate, as shown in Figure 5C. This figure indicates an inverse relationship between the response
time of PTE and the power of the 650 nm light source. As the optical power increases, the number of
incident photons per unit time also increases, leading to a significant increase in the rate of photogenerated
carrier production in the material. More carriers can be collected more quickly by the detector’s electrodes,
which reduces the delay time from light incidence to electrical signal generation””. At 100 mW power, t,, is
1.4 s. Subsequently, Figure 5D demonstrates the output voltage and the relationship between power and
voltage for a 650 nm laser light source irradiated with 100 mW power, with 0.5 wt% APM in series with an
adjustable resistor box. The output voltage varies inversely with the current. Maximum power output from
the PTE detector occurs when the external resistance of the load matches the internal resistance of the
device, as described by Equation (7):

P =U?%/R (7)

where U is the output voltage and R is the load resistance. Therefore, the relationship between output power
and load resistance was established. The PTE detector can produce a maximum output power of 186.1 nW
when the load resistance is 60 Q. Table 1 summarizes a comparison of device performance between other
representative detectors and the 0.5 wt% APM detector prepared in this study. The prepared detector
demonstrates competitive detection performance and output power properties.

In addition to the output performance of PTE, stability and reliability are other important indicators that
determine whether the device can be applied in real and complex working environments. To evaluate the
environmental stability of the PTE detector, output voltage tests were repeated using a 400 nm, 100 mW
light source after a three-month interval. The device was left exposed to air without encapsulation treatment
during this period. As depicted in Figure 5E and F, the voltage only experienced a 3.4% decrease compared
to the initial output voltage after three months, demonstrating high stability. Despite the lack of
encapsulation, the curve maintained reproducible characteristics and fast response speed over 30 cycles.
Thus, these findings suggest that the 0.5 wt% APM utilized in the preparation process offers a wide range of
applications in the development of high-performance room-temperature broad-spectrum detectors.

CONCLUSIONS

In summary, the TE properties of MWCNT composite films with varying contents under Ag,Se/PVP were
investigated for their potential applications in PTE conversion. Among the composite films tested, the one
containing 0.5 wt% MWCNTs exhibited the most promising PTE performance under light conditions. At a
wavelength of 405 nm and with a 100 mW laser, this film achieved remarkable figures of merit with a R, of
67.5 mV/W and D’ of 55.1 MHz'""W"". Similarly, under a 650 nm, 100 mW laser, the device demonstrated a
rapid response time of 1.4 s and an impressive output power of 186.1 nW. Moreover, the device exhibited
exceptional environmental stability and reliability, with only a 3.4% decrease in voltage after three months
compared to the initial output voltage, indicating minimal degradation. The reproducible characteristics
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Table 1. Comparison of our work with the reported response range, single-leg output voltage, response time, and output power of
PTE detector devices with different types

Spectral Lightsource The number Output voltage Response  Output power

Index Composite range mode of legs of each leg/mV time/s of each leg/nW Ref.
1 PEDOT:PSS/Te NWs - xenon lamp 18 0.806 213%10°s 0.0261 [44]
2 Zn0O 365 nm 227.4 1 1.300 ~100's 0.780 [45]
mW/cm2
3 MoS.,/PU- 808 nm 2,625 1 1.200 50s 0.261 [7]
PEDOT:PSS/Te NWs mW/cm2
4 Au/PEDOT/Ag,Se - 100 mW/cm2 12 2.830 17s 12.2 [46]
(AM1.5G)
PPy/Ag,Se 808 nm 100 mW 1 3.750 18s 750 [25]
6 PPy/HCNTs 808 nm 400 mW/cmz 1 0.720 60s 0.0446 [12]
PEDOT:PSS/HCNTs 808 nm 166.01 3 0.372 ~7.8s 0.85 [34]
mW/cm2
PEDOT 808 nm 60 mW 1 0.75 ~100's - [47]
SnSe 405-1,550 30 mW 1 4.32 3s 21.8 [10]
nm (523 nm)
10 PEDOT:PSS/PPy 400-1,000 14.95 mW/cm? 7 0.32 ~30's 0.1 [48]
nm
n Ag,Se/PVP/0.5 wt% 405-2,500 100 mW 1 6.45 14s 186.1 This
MWCNTs nm (650 nm) work

PTE: Photothermoelectric; PPy: polypyrrole; PVP: polyvinyl pyrrolidone; MWCNTSs: multi-walled carbon nanotubes.

and fast response speed observed over 30 cycles underscored the device’s high stability. This study
successfully fabricated efficient PTE detectors using screen printing technology, highlighting its potential for
flexible PTE device fabrication. These findings provide valuable insights for further optimizing material
properties and serve as a significant reference for the development of flexible PTE detector devices in the
future.
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