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Low-Cost WS, Photodetector on Water-Soluble Paper for

Transient Electronics

Gulsum Ersu,* Luke Doolan, Thomas Pucher, Jonathan N. Coleman,

and Andres Castellanos-Gomez*

The rapid development of technology has led to a significant increase in the
production of electronic devices, raising concerns about electronic waste
(e-waste). Transient electronics, i.e., devices designed to disappear or dissolve
after use. Offer a promising route to mitigate this challenge. Here, the first
demonstration of a transient photodetector is reported based on direct
abrasion-deposited WS, on water-soluble paper, using graphite electrodes
drawn directly on the substrate. The whole device can physically disappear in
water in ~60 s, and the electronic materials can be recovered by vacuum
filtration. The device shows a photoresponsivity of ~176 pA W~! under

ambient conditions.

1. Introduction

With the accelerated development of electronics, the produc-
tion of devices is rapidly scalating worldwide leading to sig-
nificant amounts of electronic waste that often cannot be effi-
ciently recycled.['3] Even if the degradation of standard electronic
components does occur, it often results in the release of toxic
materials posing significant risks to living organisms and the
environment.[*!

This big problem motivated researchers and industries to not
only improve recycling methods but also to create electronics
with alower environmental footprint upon end of use. Biodegrad-
able electronics that can partially or completely degrade in na-
ture have emerged as an essential solution to reduce environ-
mental burdens.’! Although long-term operation is a feature
of traditional electronics, biodegradable devices can potentially
offer great benefits to temporary biomedical implants, green
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environmental electronics, and secure
hardware. Till now, a wide range of
biodegradable substrates (such as paper,
silk, synthetic polymers, etc.) have been
reported.[>8] Partially degradable inorganic
transistors on a silk substrate were pro-
posed the concept of transitional electronics
for the first time.[°) Despite their excellent
degradation capability and performance,
silk electronics are highly susceptible to
water and solvents. Several studies have re-
ported depositing organic semiconductors
on paper and polymeric substrates. The
degradation time of these materials can be
adjusted from a few days to several years,
depending on specific applications. In recent studies, sil-
icon nanomembranes have been shown to dissolve in
physiological environments at a rate of a few nanometers
to more than 100 nm per day, depending on the types
of aqueous solutions.'>*] However, even though they
are flexible and degradable, the performance of such de-
vices falls behind the requirements of many electronics
applications.

Apart from biodegradable electronics, there are other appli-
cations that require very fast degradation after use. Transient
electronics are an emerging class of functional electronic de-
vices to operate over a short time and predefined duration of
time, varying from a few minutes to days, without the need
for harsh solvents.'>"!7] They are designed to disintegrate, ei-
ther partially or completely, through electrochemical, mechani-
cal, or chemical reactions when no longer needed.[**1#-2%] For in-
stance, temporary implantable biomedical devices are designed
to degrade in the body without requiring secondary surgery to
extract the device.[?!"23] The unique property of transient elec-
tronics to break down into harmless substances when triggered
by environmental factors such as moisture, light, or tempera-
ture has initiated the way for research areas like eco-friendly
electronics, implantable biomedical devices, hardware security,
and environmental sensors.**?8] These controlled degradable
devices are promising solutions for eco-friendly and sustainable
electronics.

In this study, we report the first demonstration of a WS, tran-
sient photodetector on water-soluble paper based on the direct
abrasion of photoactive material and electrode. This fabrication
approach requires no solvents, no lithography, and no energy-
intensive processing, making it uniquely suited for accessible,
low-impact device manufacturing. While transient electronics
on water-soluble substrates are not new, previous research has

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:gulsum.ersu@icmm.csic.es
mailto:andres.castellanos@csic.es
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202509505&domain=pdf&date_stamp=2025-07-23

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Final Device

—C)

WS, is deposited
with cotton swab (lI1)

Graphite electrodes are
deposited with a 9B pencil (1V)

Figure 1. WS, Photodetector on water-soluble paper. a) Process sequence of paper-based photodetector device fabrication by abrasion of WS, powder
and drawing the electrodes using a 9B graphite pencil. b) A photograph of the fabricated WS, photodetector device, c) Cross-sectional SEM images of
WS, flakes deposited on water-soluble paper, illustrating the integration of WS, with graphite electrodes.

focused on organic or polymeric active materials with limited
environmental stability and spectral tunability. Here, WS, is se-
lected as a photoactive material due to its high optical absorp-
tion in the visible range, and excellent photoconductive prop-
erties. Graphite is chosen as the electrode material for its high
electrical conductivity and compatibility with paper-based sub-
strates, while also offering an eco-friendly alternative to metal
electrodes, aligning with the sustainability goal of this work.
By integration of these materials on a water-soluble paper sub-
strate, we enable a high-performance, and eco-friendly photode-
tector along with the possibility of recycling the materials. The
device demonstrates high and reproducible photoresponse. The
significant improvement in photoresponse has been achieved
by increasing incident light power and by applying a high bias
voltage. Moreover, we show that the device can be completely
dissolved in water in 60 s, and the electronic materials (elec-
trodes and semiconductor channel) can be recovered by vac-
uum filtering. This capability paves the way for future research
exploring the reusability of recovered materials, potentially en-
hancing the sustainability of transient electronics. Taking advan-
tage of these superior properties, developing paper-based tran-
sient photodetectors seems to be not only a cost-effective so-
lution but also offers environmentally friendly and disposable
functionalities.
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2. Results and Discussion

Figure 1a shows the preparation process of the water-soluble WS,
photodetector. The device fabrication begins with the printing of
the outline using an office printer (Brother MFCL5700DN) on
soluble paper (Jaboneko, 0.55 g cm~3), which is made of sodium
methyl carboxyl cellulose and wood pulp. Then, the channel area
is delimited by using Nitto tape (SPV 224) to create stencils and
control the geometry of the deposited films. WS, powder (0.6 um
APS Micronized, HAGEN Automation,) is rubbed against the un-
masked surface of the paper with a cotton swab. This abrasion
process applies lateral shear forces to the layered WS, powder,
promoting the exfoliation and deposition of few-layer flakes. The
rough and porous texture of the paper surface improves the ad-
hesion of the flakes, leading to the formation of a continuous
and electrically connected network without the use of solvents
or binders.

To verify the quality of the film, a handheld multimeter is used,
and the rubbing process is repeated until a resistance between
two probes separated by ~#1-2 mm reaches a range of ~#1-5 MQ.
This resistance range is used as a threshold to verify uniform de-
position and reliable electrical contact in each device. Following
this, the masking tape is removed, and the graphite electrodes
are drawn with 9B pencil (Monolith, 20409) onto WS, and the
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printed electrode outline. The completed WS, photodetector de-
vice is shown in Figure 1b, demonstrating the effective integra-
tion of WS, on water-soluble paper and confirming the viability
of the production technique.

A cross-sectional scanning electron microscopy (SEM) image
demonstrates a microscopic view of the WS, flakes formed on the
water-soluble paper and the integration of the graphite electrodes
into the device (Figure 1c). The graphite electrode and WS, film
can be distinguished due to their difference in material proper-
ties under SEM analysis. As can be seen, the WS, nanosheets
form a network of flakes interconnected through junctions.!?*3]
Additionally, we analyzed the thickness of the WS, flakes form-
ing the film, finding the modal value of 116 + 5 nm but exhibiting
a significant thickness variation throughout the film, due to the
fibrous structure of the paper (Figure S1, Supporting Informa-
tion).

The photodetection performance of the fabricated WS, device
is studied using a homebuilt probe station with a source-measure
unit (Keithley 2450) under dark and light illumination of an ex-
ternal 660 nm wavelength LED (Thorlabs fiber-coupled LEDs).3!]
Figure 2a shows the photocurrent-time characteristics of the de-
vice while the illumination is switched periodically ON and OFF
at a fixed power density of 1.63 mW cm™ (at 5 V bias). The cur-
rent demonstrates an increase upon illumination and returns to
the initial dark current value when the light source is turned off,
the device exhibits consistent and reversible switching behavior
under 125 on/off cycles (Figure S2, Supporting Information).

The transient photoresponse under excitation of different in-
cident power intensities (from 0.18 to 1.63 mW cm™2), as shown
in Figure 2b, shows a gradual increase of photocurrent with the
increment of incident power (the baseline has been subtracted to
enable quantitative comparison). As the intensity of the incident
light increases, more photons interact with the WS, film, gener-
ating an increased number of electron—hole pairs. This increased
generation of charge carriers allows more charge carriers to con-
tribute to the current, resulting in a higher photoresponse.[*?] Ad-
ditionally, by increasing the excitation power, the response time
becomes shorter due to faster charge carrier generation and re-
combination (Figure S3, Supporting Information).[3%34

Figure 2c shows the extracted photocurrent and responsivity
values (obtained from Figure 2b) as a function of the incident
light power. At high illumination power, an increase in photocur-
rent is observed. To quantify this increase, the photocurrent for
different incident power regimes is plotted (Figure S4, Support-
ing Information) and fitted by the power-law:

Ic = AX D" (1)

where I, is the photocurrent and A as well as a are fitting param-
eters. The photocurrent follows a sub-linear trend with a ~ 0.5
+ 0.04 under lower incident power (< 1 mW cm™2), suggesting
the involvement of trap-mediated transport mechanisms (Figure
S4a, Supporting Information).[>3¢]

To explore this further, we estimated the photoconductive gain
G, defined as the number of carriers collected per absorbed pho-
ton. Surprisingly, the extracted gain values were very low, in the
order of 107> (Figure S5, Supporting Information). This value is
several orders of magnitude lower than typical for photogating-
dominated devices, which often exhibit high gain due to
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Figure 2. Photoresponse characteristics of the WS, photodetector on
water-soluble paper. a) Time-resolved photocurrent response under pe-
riodic illumination switching at 5 V bias voltage (the red line marks the
baseline of the spectrum) b) Photocurrent versus time curve (after sub-
traction of the baseline) under different incident light intensities at 5 V
bias voltage, c) Photocurrent (left) and responsivity (right) as functions
of light power density. Measurements are taken at a bias of 5 V and under
660 nm light illumination. The device features a channel width of 0.8 mm
and a length of 8.8 mm.
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Figure 3. Voltage dependence of photocurrent generation in WS, photodetectors. a) Photocurrent response ON-OFF behavior of the photodetector
under different bias voltages. b) Voltage-dependent photocurrent and responsivity of the device at fixed power of 0.7 mW. NOTE: Measurements are

taken at a wavelength of 660 nm.

long-lived trapped carriers. This suggests that while trap states
(e.g., sulfur vacancies, edge defects) may influence transport at
low power, the photogating contribution is limited or not efficient
in this device architecture. Instead, the sublinear regime may re-
flect a combination of defect-limited photoconduction and car-
rier recombination dynamics, where the density of photogener-
ated carriers is constrained by finite lifetimes or inefficient charge
separation.

As the light intensity increases, trap states may saturate, and
the photocurrent shows a transition to superlinear behavior with
a ~1.37 + 0.06, consistent with thermal-assisted effects such as
the photothermoelectric or bolometric response. These mecha-
nisms are known to dominate in 2D materials on insulating or
rough substrates and can lead to strong enhancement in pho-
tocurrent under high power illumination.[7-3%]

We further studied the response of the device to different bias
voltages at a fixed wavelength (660 nm). The current dramatically
increases upon light on and drops after the light is switched off
(Figure 3a), which is also verified with current-time characteris-
tics in Figure S6 (Supporting Information) under different light
power. The responsivity and photocurrent are compared at fixed
light power intensity of 1.63 mW cm~2 (660 nm) under different
biases (Figure 3b). Both photocurrent and responsivity increase
gradually as the applied voltage increases, from ~0.21 nA and
~1.68 pAW !, reaching ~22 nA, and ~176 pAW !, respectively.

The voltage-dependent behavior illustrates that the device’s
photocurrent and responsivity can be modulated through bias,
enabling tunable sensitivity for different application require-
ments. The steady increase in performance with bias suggests
efficient transport across the WS, channel and minimal barriers
at the graphite-WS, interface. However, high operating voltages,
such as 45 V, may be impractical for low-power or wearable elec-
tronics. To address this, we fabricated an additional device with
reduced electrode spacing, which achieved comparable photocur-
rent at a significantly lower bias. As shown in Figure S7 (Sup-
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porting Information) this device achieved a similar performance
at 18 V, demonstrating that operational voltage can be effectively
minimized through geometric optimization.

The photoresponse of the paper-based photodetector is further
examined under various wavelengths, ranging from 470 to 740
nm, at constant intensity of 0.70 mWcm~=2 (Figure S8, Supporting
Information). The fabricated device exhibits a good broad spec-
tral response from 470 to 740 nm with the peak sensitivity located
at 660 nm. This behavior can be attributed to the intrinsic optical
absorption properties of WS,, which typically shows a prominent
A-exciton absorption peak in the 620-660 nm range due to direct
transitions at the K-point of the Brillouin zone.[***! The thick-
ness of the abraded WS, layer may affect absorption efficiency at
the spectral edges. Additionally, the responsivity increases with
the wavelength and exhibits a higher response (83 pAW~!) under
the illumination of a 660 nm monochromatic light.

The stability of the device under ambient conditions was evalu-
ated over a 24-h period. As shown in Figure S9 (Supporting Infor-
mation) the photocurrent gradually decreased from ~7 pA at 0 h
to ~1.35 pA after one day. This decline is likely due to moisture ab-
sorption or gradual degradation of the paper substrate. Although
the performance decreased over time, the device remained oper-
ational, supporting its suitability for sensing or disposable elec-
tronics applications.

To evaluate the mechanical durability of the WS, photode-
tector, the electrical response is measured under different ap-
plied strains. The I-V characteristics under different strain levels
(0-0.44%) are shown in Figure S10 (Supporting Information).
The results demonstrate a consistent and nearly linear behav-
ior across all strain conditions, indicating that the electrical con-
tacts remain stable under deformation, and the charge transport
within the device is preserved. Furthermore, gauge factor (GF) is
extracted from the relative resistance change (AR/R,) as a func-
tion of strain, resulting in values of 32.7 and 31.9 for bias volt-
ages of —5V and +5V, respectively. These values indicate that the
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Figure 4. Recycling of WS, photodetector. a) Images of the dissolving process steps of paper-based WS, photodetector in DI water. b) Vacuum filtering

process of the dissolved device, illustrating the recovered materials.

device can effectively maintain its performance under mechan-
ical deformations. In addition to single-cycle strain measure-
ments, we examined the mechanical durability of the device
through repeated bending. The device was subjected to 30 strain-
release cycles, and resistance values were extracted from -V
measurements taken at each cycle. The change in resistance
(AR/R,) increased slightly over time (Figure S10c, Supporting
Information). Despite this, the device maintained stable opera-
tion throughout the test, confirming its mechanical stability and
suitability for flexible electronics applications.

Additional I-V measurements were carried out under 660 nm
illumination while the device was subjected to different strain
levels (Figure S11, Supporting Information). Similar to the dark
condition, the I-V curves remained linear under strain, and the
device continued to show stable electrical behavior. These results
suggest that the photoresponse of the device is not significantly
affected by mechanical strain.

To demonstrate the degradability of the fabricated photodetec-
tor, the device is placed into de-ionized (DI) water at room temper-
ature. Figure 4a shows a series of captured images demonstrating
the dissolution process. The process consists of three steps: wa-
ter absorption, disintegration, and dissolution. In the first step,
the device immediately absorbs the water, and subsequently, the
substrate starts to disintegrate. In 60 s, the device substrate disap-
pears while the other elements of the device remain suspended
in the water. Moreover, the materials used for device fabrication
are collected by using a vacuum filtration method based on cel-
lulose filter paper (prat dumas, 47 mm) with 0.20 pm pore size
(Figure 4b). Since WS, is chemically stable in water and does not
dissolve under ambient conditions, it remains suspended along
with other non-soluble components after the substrate disinte-
grates. This is because WS, has a layered structure, where tung-
sten (W) atoms are covalently bonded to sulfur (S) atoms, mak-
ing it resistant to interaction with water molecules due to its high
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bond energy and the hydrophobic nature of its sulfur-terminated
surfaces.[*>*3] Therefore, the vacuum filtration process efficiently
separates these materials from the solution, enabling their re-
covery for potential reuse. We address the reader to a video that
shows the overall dissolving process (see Video S1, Supporting
Information).

Several previous studies have explored the use of pencil-based
or solution-processed materials for low-cost photodetector fabri-
cation on paper substrates. However, these approaches typically
lack transient behavior, employ non-dissolvable substrates, or do
not consider recyclability. In comparison, the device reported in
this work integrates WS, as the photoactive material and graphite
electrodes on a fully water-soluble paper substrate, using a com-
pletely dry, solvent-free fabrication process. This combination en-
ables not only rapid disintegration under ambient conditions but
also the recovery of functional materials after-use. A comparative
overview of recent works on paper-based and transient photode-
tectors is presented in Table S1 (Supporting Information).

Furthermore, we investigate whether the recovered materi-
als remain unaltered by the recycling process, opening the door
for reusing them in the future. Raman spectroscopy measure-
ments are taken to identify the recovered materials’ properties
(laser wavelength of 532 nm). The Raman spectra of WS, on
soluble and filter paper are shown in Figure S12 (Supporting
Information). Abraded WS, on soluble paper exhibits charac-
teristic modes E), and A,; appearing at 346 and 419 cm_! re-
spectively. These peaks serve as spectral fingerprints, confirming
the presence of WS, on paper. The collected Raman spectrum
from filter paper provides two significant outcomes to compre-
hensively understand the material after the dissolution process.
Spectrum 1 obtained from large bulk area (Figure S12b, Support-
ing Information) distinctly exhibits the characteristic WS, Ra-
man peaks. On the other hand, spectrum 2 demonstrates a mix
of WS, and graphite. These results are also consistent with the
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Energy-Dispersive X-ray Spectroscopy (EDX) results. The EDX
spectrum indicates the presence of elements W and S in the
films, which confirms the presence of WS, before and after fil-
tration (Figure S13, Supporting Information).

In addition to demonstrating the transient behavior of our
devices, we conducted a proof-of-concept experiment to explore
the potential for material reuse following substrate dissolution.
To isolate the active material, we first fabricated a WS, film on
water-soluble paper, which was then dissolved in water to release
the WS,. The resulting dispersion was filtered and dried, and
the recovered WS, was reused to fabricate a second device us-
ing the same dry abrasion method, combined with freshly drawn
graphite electrodes (see Figure S14a, Supporting Information).
As shown in Figure S14 (Supporting Information), the recycled
device exhibited a stable photocurrent response under increas-
ing illumination power. While the overall performance was lower
than that of the original device, likely due to material loss or ag-
gregation during the recovery process, the experiment confirms
that the recovered WS, retains sufficient optoelectronic function-
ality for reuse. This supports the viability of circular fabrication
strategies and highlights the relevance of transient electronics for
advancing sustainable materials design.

We note that in the full device architecture, WS, and graphite
would be recovered as a mixed material. While we foresee that
techniques such as cascade centrifugation could, in principle, en-
able the separation of components based on size and density dif-
ferences, developing an efficient, scalable separation protocol is
a substantial undertaking beyond the current scope. Our current
experiment was designed as a minimal, yet realistic, demonstra-
tion of the concept’s viability. We believe it offers a strong foun-
dation for future work on full-material recovery cycles.

3. Conclusion

In summary, we successfully demonstrated a flexible, cost-
effective transient photodetector consisting of abraded WS, as an
active channel, pencil-drawing graphite as electrodes, and water-
soluble paper as the device substrate. The as-fabricated devices
exhibit reversible response upon light illumination cycles. More-
over, the responsivity can be improved by applying a higher bias
voltage, achieving a maximum of 176 pAW~! at an applied volt-
age of 45 V. Finally, we demonstrated that the detector can be fully
dissolved in water within a minute.

This work demonstrates the potential of soluble WS, transient
photodetectors, offering a valuable step toward addressing the
growing challenge of electronic waste. Overall, we believe that
our findings greatly expand new possibilities for electronic ap-
plications, such as disposable environmental sensors, transient
biomedical diagnostics, and short-term security systems, not only
reducing their cost but also minimizing e-waste to address global
environmental concerns. Furthermore, our work highlights the
economic contribution of transient technologies by enabling the
recovery of materials that might be reused in other processes or
devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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