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ABSTRACT: Transient electronics technology has enabled the
programmed disintegration of functional devices, paving the way for
environmentally sustainable management of electronic wastes as well as
facilitating the exploration of novel device concepts. While a variety of
inorganic and/or organic materials have been employed as media to
introduce transient characteristics in electronic devices, they have been
mainly limited to function as passive device components. Herein, we
report that calcium (Ca) alginate, a natural biopolymer, exhibits
multifunctionalities of introducing light-triggered transient character-
istics as well as constituting active components in electronic devices
integrated with two-dimensional (2D) molybdenum disulfide (MoS,)
layers. Ca®" ions-based alginate electrolyte films are prepared through
hydrolysis reactions and are subsequently incorporated with riboflavin,

Alginate-based transient electronics

a natural photosensitizer, for the light-driven dissolution of 2D MoS, layers. The alginate films exhibit strain-sensitive triboelectricity,
confirming the presence of abundant mobile Ca®* ions, which enables them to be active components of 2D MoS, field-effect
transistors (FETs) functioning as electrolyte top-gates. The alginate-integrated 2D MoS, FETs display intriguing transient
characteristics of spontaneous degradation upon ultraviolet-to-visible light illumination as well as water exposure. Such transient
characteristics are demonstrated even in ambient conditions with natural sunlight, highlighting the versatility of the developed
approach. This study emphasizes a relatively unexplored aspect of combining naturally abundant polymers with emerging near atom-
thickness semiconductors toward realizing unconventional and transformative device functionalities.

KEYWORDS: calcium alginate, riboflavin, 2D MoS,, light-triggered degradation, transient electronics, electrolyte-gated FET,

green electronics

B INTRODUCTION

In due course, the concept of “transient electronics” emerged
as an ideational response to the challenges posed by escalating
nonrecyclable “electronic wastes” (i.e.,, discarded electronic
devices) and its consequential adverse effects associated with
conventional electronic device technologies.' > At the end of
their lifecycle, conventional electronic devices are typically
consigned to landfills or subjected to chemical/combustion-
based recovery processes aimed at recovering precious metals,*
both of which, however, introduce environmental and health
concerns.” Transient electronic devices share functional
similarities with conventional electronics, but their certain
device components with intrinsic biodegradability/compati-
bility allow them to disintegrate in a programmed manner,
minimally releasing hazardous elements.”” Furthermore, the
emerging concept of transient electronics offers new
opportunities for applications where conventional electronic
devices fall short. Some examples include implantable devices
with biocompatible degradability for medical applications®” or
self-destructive encryption devices with programmed security
for mission-critical defense applications.'”'" Extensive studies
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have been dedicated to identifying functional materials that can
introduce transient characteristics into conventional devices as
well as their associated integration methods. A number of
organic or inorganic semiconducting materials have been
explored in various structures,'””'" which have recently
expanded to near atom-thickness two-dimensional transition
(2D) metal dichalcogenide layers, notably molybdenum
disulfide (MoS,), due to their unprecedented optoelectronic
and mechanical properties.'>'® Recent advancements in 2D
MoS,-based transition electronics have focused on fabricating
devices on biodegradable substrates such as cellulose or
poly(vinyl alcohol)'” and demonstrating their disintegration in
aqueous or pH-sensitive buffer solutions. However, in these
approaches, challenges exist associated with controlling the
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Figure 1. Ca-AR film preparation: (a) schematic illustrations of CA-AR film preparation, including the chemical structure of sodium (Na) and
calcium (Ca) alginates and calcium alginate riboflavin as well as their corresponding 3D molecular presentations. (b) Schematic illustrations of Ca-
AR film casting. (c) Optical images of prepared films of calcium alginate without riboflavin (top) and Ca-AR (bottom). (d) SEM image of Ca-AR
film. (e) EDS spectrum of Ca-AR film. (f) EDS elemental mapping images of Na and Ca.

degradation rate of device components, particularly in pH-
dependent oxidative solution-triggering processes.' " Also,
the instant disintegration of water-soluble components in
aqueous solutions significantly restricts the versatility of
transient electronics, which becomes pronounced in situations
where precisely controlled transient characteristics are
demanded.”® Furthermore, the functionalities of these
solution-degradable substrates in the conventional approaches
are limited to introducing the transient characteristics only,
without offering any additional values to device performances.
Other stimuli, such as heat- and/or light-triggered transient
electronics, have been studied as alternatives to the solution-
driven transient approaches.”’ These studies include incorpo-
rating photoacid generators into metastable polymers™>*® as
well as employing Ii§ht-resp0nsive hydrogels capable of gel-to-
solution transitions.”* However, the transient characteristics of
these photoacid compounds and their photodegradation
byproducts have been limitedly applied to biomedical devices
only.25%

Herein, we report a novel approach to introduce controlled
transient characteristics into wafer-scale 2D MoS, devices by
employing light-sensitive natural biopolymers as their active
device components with additional functionalities. Specifically,
we explore riboflavin-incorporated calcium alginate (Ca-AR)
films as the media to trigger the transient characteristics and
employ them as solid-state electrolyte gates for 2D MoS,-based
field-effect transistors (FETs). The Ca-AR films-incorporated
2D MoS, devices exhibit excellent transition characteristics of
spontaneous disintegration upon ultraviolet (UV)-to-visible
light irradiation in a well-controlled manner. Furthermore, they
display noticeable FET gate responses enabled and modulated
by the mobile Ca®* ions within the Ca-AR film electrolyte
gates, which are also verified by the triboelectric characteristics
of the gates. The operation principle for the Ca-AR films-
modulated 2D MoS, FETs is discussed in the context of the
electric double layer (EDL) gating.””**

B RESULTS AND DISCUSSION

In pursuing the natural biopolymer of Ca-AR as the medium to
introduce the afore-discussed multifunctional transient char-
acteristics, we extensively consider its material properties
suitable for transient electronics, i.e., intrinsic biocompatibility,
photodegradability owing to its constituent riboflavin, as well
as ability to donate mobile ions to create EDLs with a
redistributed charge density, all of which have been difficult to
accomplish in single solution-based electrolyte materials.””~>"
Sodium alginates, linear polysaccharide salts of alginic acid, are
unbranched copolymers of equatorial $-pD-mannuronate (M
block), and axial a-L-guluronate (G block) possess an inherent
affinity to cross-link with polyvalent metal ions.”> The
stoichiometric ratio of ions, such as Ca** and COOH~ ions,
determines the extent of gelation, solubility, conductivity, and
mechanical stiffness of calcium alginate hydrogels, films,
capsules, and fibers.”>™* While calcium alginate-based
materials have been extensively used in biomedical applications
for decades, their integration into electronic and/or optoelec-
tronic devices recently drew attention,’™*” mainly due to their
intrinsic dielectric properties as passive device components.*®
Following the preparation of calcium alginate in a thin film
form, isoalloxazine riboflavin 7,8-dimethyl-10(1’-D-ribityl), an
essential nutrient in animal and plant metabolism™ is
incorporated into the film. Its specific role is to promote the
targeted light-triggered transient characteristics, as it is a
natural photosensitizer capable of generating highly reactive
oxygen species (ROS) upon exposure to UV—visible light.*’
Figure la delineates an overview for preparing Ca-AR films,
featuring the chemical structures of Na-alginate, Ca-alginate,
and Ca-alginate riboflavin, accompanied by corresponding 3D
molecular representations. Details for the step-by-step
preparation procedures are described in the Experimental
Methods section. In preparing for the films, we employed a
“dry-cast gelation” method over the conventionally adopted
lyophilization process,*' as it is more suitable for achieving
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Figure 2. Triboelectric characterization of Ca-AR films. (a) Schematic illustration of in-plane vs out-of-plane strain application. (b) Temporal
response of current under out-of-plane force application. (c) Relationship of current vs force. (d) Endurance of current response under prolonged
force applications. (e) Temporal response of current under in-plane force application. (f) Relationship of triboelectric conductance vs load

application cycle number. (g) Endurance of triboelectric conductance over prolonged time.

highly uniform nonporous films, which are better suited as
electrolyte gates for FETs. This method meticulously considers
various factors such as the duration of Ca**/COOH™ cross-
linking and the entrapment of riboflavin molecules within the
calcium alginate matrix toward better minimizing the film
porosity and controlling the riboflavin release,” as detailed in
the Experimental Methods section. Figure 1b illustrates the dry
cast gelation method, and Figure lc presents optical
microscopy images of resulting samples at each preparation
stage, i.e., as-prepared calcium alginate (top) and calcium
alginate containing riboflavin (bottom) films, where the color
change results from the incorporation of riboflavin into the
calcium alginate matrix. Figure 1d displays a scanning electron
microscopy (SEM) image of the prepared Ca-AR film shown
in Figure lc bottom, revealing a highly uniform morphology
with minimum porosity. Energy-dispersive X-ray spectroscopy
(EDS) characterization was performed on the same sample to
identify and quantify its constituent elements. Figure le
presents a representative EDS spectrum, confirming the
presence of multiple elements introduced during the sample
preparation procedures in Figure la. Figure 1f shows EDS
mapping images corresponding to Figure le, which clearly
reveal that calcium (Ca: left) and sodium (Na: right) elements
are uniformly distributed over a large area (>several ym?),
confirming the structural and chemical homogeneity of the
film.

39675

Following the material preparation and its associated
characterization efforts, we studied the electrical properties of
Ca-AR films to gain insights into their suitability as electrolyte
gates for FETs. We particularly focus on unveiling their
triboelectric characteristics, which are generally driven by the
coupling effects of tribo-electrification and electrostatic
induction”** in conductive materials containing mobile
charges and/or ions—i.e., presumably Ca** and Na' in our
case. For the triboelectricity measurement, the film is subjected
to systematically applied combinations of tensile and
comprehensive strains in both in-plane and out-of-plane
orientations. Figure 2a illustrates that in-plane (left) and out-
of-plane (right) strains are periodically applied/released in the
sequence of compressive-to-tensile, obtained from a sample in
a pristine state (mid). Figure 2b presents temporal responses
of current vs time obtained from a sample under systematically
applied load amounts of 20, 40, 60, and 80 N in an out-of-
plane direction, measured at a bias voltage of 10 V. The
measurement was performed with a motorized tension/
compression tester (Mark-10 ESM-303) as shown in Figure
2b inset and was analyzed with MESUR gauge software for
controlled out-of-plane force application. The sample exhibits a
steady increase in current with a cyclic application of out-of-
plane strain, indicative of typical triboelectric characteristics.*’
The enlarged view of a plot of current vs single application/
release of 20 N reveals quick (<1 s) response times of the film
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Figure 3. Ca-AR film-incorporated 2D MoS, layers-based devices. (a) Schematic illustration of 2D MoS, layers delamination and integration. (b)
Optical images of water-assisted delamination of TRT/2D MoS, layers. (c) Combination of Ca-AR film with delaminated 2D MoS, layers. (d)
Raman characterization of 2D MoS, layers integrated on Ca-AR film. (e) Schematic illustration of Ca-AR gated-2D MoS, FET. (f) Optical image of
actual FET corresponding to (d). (g) Ips—Vpg output characteristics. (h) Ing—Vy; transfer characteristics. (i) Schematic illustration of EDL-driven

EFET gating.

in increasing/decreasing the current. Figure 2c presents a plot
of the average maximum current vs corresponding load amount
for each measurement period, revealing a nearly linear increase
of current with increasing pressure in the tested range of 20—
80 N. Figure 2d displays the endurance test of the film in
generating triboelectricity for a large number of cyclic
application/releases of out-of-plane force up to 1000 s. No
degradation in the current generation is observed, which
confirms the high mechanical durability and flexibility of the
film. In addition to the out-of-plane triboelectricity measure-
ment, the same sample was also subjected to a controlled
application/release of in-plane strain by a Zaber motorized
linear stage. Figure 2e presents a plot of current vs time
obtained from the same sample under a periodic application/

release of in-plane strain, where the enlarged view unveils
detailed current rise/decay characteristics. Furthermore, we
performed reliability tests of the film to verify its long-term
reproducibility of triboelectric characteristics as well as its
mechanical robustness. Figure 2f shows a plot of average
maximum conductance vs cycle numbers obtained under a
cyclic application of 50 N out-of-plane load. Figure 2g
illustrates a temporal plot of conductance values generated
during a prolonged application of the same load for >1200 s,
further confirming the excellent electrical durability of the film.
These comprehensive characterizations of triboelectric charac-
teristics validate the presence of ions within Ca-AR films, thus
substantiating their suitability as solid-state electrolyte gates for
FETSs, which is presented in the next section. Additionally, we
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Figure 4. UV and water-driven transient characteristics (a) UV-driven degradation of Ca-AR film manifested by temporal current change. (b)
Snap-shot images of dissolving Ca-AR film in water. (c) Complete fragmentation of Ca-AR film. (d) Snap-shot images showing disintegration of
Ca-AR incorporated 2D MoS, layers-based device. (e) Enhanced degradability of Ca-AR incorporated 2D MoS, layers via adjusted cross-linking
chemistry.

evaluated the influences of other external stimuli, such as
temperature and bending, on the electrical properties of Ca-AR
films by manifesting their current—voltage (I—V) character-
istics (Supporting Information, Figure S1). Furthermore, we
performed AC frequency-dependent capacitance and con-
ductance measurements with a period application/release of
out-of-plane strain (Supporting Information, Figure S2),
observing frequency-dependent characteristics of ion-conduc-
tive polymers.*®*”

Having confirmed the ionic conductance of Ca-AR films, we
then integrated them into 2D MoS, layers-based FETS as gate
media and explored resulting FET characteristics. The
fabrication of 2D MoS,-based FETs starts with the
delamination of as-grown 2D MoS, layers off their silicon
dioxide/silicon (SiO,/Si) growth wafers and their subsequent

transfer onto secondary insulating substrates (e.g., sapphires).
On top of the 2D MoS, layers, which function as FET
channels, Ca-AR films are selectively integrated as “top” gates
to introduce EDL-driven gating into the channels, followed by
a patterned deposition of metal electrodes. Figure 3a illustrates
step-by-step procedures for delamination of wafer-scale 2D
MoS, layers grown by the chemical vapor deposition (CVD)
method established in our group™ and their transfer/
integration onto secondary substrates. As-grown 2D MoS,
layers-on-SiO,/Si are manually attached to a thermal release
tape (TRT), and a whole body of TRT/2D MoS,/SiO,/Si is
immersed in water, which delaminates TRT/2D MoS, layers
off the SiO,/Si as previously verified in our studies.”” Upon
integrating the TRT/2D MoS, layers onto secondary
substrates, mild heating subsequently detaches the TRT.
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incorporated 2D MoS, layers-based device in outdoor air. (d) Schematic illustration of molecular interaction of Ca-AR with 2D MoS, layers under

UV—vis illumination.

Figure 3b shows optical images of sequential delamination
procedures for 2D MoS, layers, ie., a sample of TRT/2D
MoS,/Si0,/Si immersed in water (left) and 2D MoS, layers/
TRT delaminated from the SiO,/Si wafer (right). The
delaminated 2D MoS, layers can be combined with arbitrary
substrates and materials, including Ca-AR films, as presented in
Figure 3c. The left image in Figure 3¢ shows an optical image
of a Ca-AR film separately prepared on a glass substrate before
their integration with 2D MoS, layers. The right image in
Figure 3c demonstrates two different integration cases: (1) 2D
MoS, layers on a Ca-AR film and (2) Ca-AR film on 2D MoS$,
layers preintegrated on a secondary SiO,/Si substrate. This
controllable manipulation of Ca-AR/2D MoS, heterostruc-
tures independent of their integration sequences enables the
fabrication of 2D MoS,-based FETs where Ca-AR film and 2D
MoS, layers function as top-gate and channels, respectively.
Figure 3d presents a Raman spectrum of 2D MoS, layers
integrated on Ca-AR film, confirming two distinguishable
peaks corresponding to the in-plane (Ezgl) and out-of-plane
(A,g) vibrational modes of 2D MoS, layers.” Figure 3e
displays a schematic illustration of a 2D MoS,-based FET with
a Ca-AR film top-gate fabricated sequentially integrating Ca-
AR film and 2D MoS, layers on top of an insulating sapphire
substrate. Figure 3f presents an image of an actual FET where
the large-area (>cm? red box) 2D MoS, layers-based channel
is interfaced with the Ca-AR film (white box)-based gate (G),
which introduces EDL-enabled electrolyte gating into it. The
gate-modulated current response across source (S) and drain
(D) electrodes is measured with varying gate voltage (V).
Figure 3g exhibits the FET output characteristics of source
current (Ipg) vs drain-source voltage (Vpg) corresponding to

Figure 3f, obtained with varying V, of 0—450 mV with a step of
50 mV. Ipg decreases with increasing V{, indicating a p-type
gate response of the Ca-AR electrolyte-gated 2D MoS, FET.
Figure 3h presents the corresponding Ips—V transfer curve
obtained at Vg = SV, which further confirms the pronounced
p-type gate response manifested by decreasing corresponding
I with increasing Vi, consistent with our previous studies.”’
The observations strongly support that the Ca-AR film top gate
can efficiently gate the 2D MoS, layers-based channel owing to
its ion-conductive electrolyte nature. The gating mechanism is
attributed to the formation of EDL at the interface of 2D MoS,
layers (channel)/Ca-AR film (gate), as illustrated in Figure 3i.
As proposed, when a negative V; is applied to the top Au
electrode, an attraction of cations (Ca**/Na*) within the Ca-
AR electrolyte near the electrode leads to a repulsion of anions
(COOH /OH™) toward the interface of Ca-AR/2D MoS,
layers forming EDL, which results in an accumulation of
positivity within the 2D MoS, layers.”> Accordingly, the hole
conductivity of the FET channel increases, which becomes
more pronounced with further decreasing Vg (ie, more
negative V).””** This concept of EDL-driven gate modulation
adopting electrolyte media is well established in the literature,
and our proposed gating mechanism model in Figure 3i well
agrees with previous studies.”® We also tested Ca-AR/2D
MoS, layers-based FETs with slightly modified gate config-
urations and observed qualitatively similar FET gate responses
(Supporting Information, Figure S3).

Following the successful proof-of-concept demonstration of
operating 2D MoS, FETs via the EDL mechanism, we then
explored their transient characteristics enabled by the Ca-AR
films integrated into them. We first focused on unveiling the
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intrinsic transient characteristics of stand-alone Ca-AR films
before their device integration under UV illumination. Figure
4a presents a temporal plot of current values measured with a
stand-alone Ca-AR film sample under continuous exposure to
UV-C (253.7 nm wavelength).”” The plot reveals a gradual
decrease in current with time, reflecting a steady degradation of
photosensitizing riboflavin within the Ca-AR film. In addition
to the light-triggered transient characteristics, we also
investigated a water-driven degradation of the Ca-AR film
exposed to deionized (DI) water. This approach was aimed to
take advantage of the presence of Na®, a water-soluble
monovalent salt of alginic acid, within the Ca-AR film
introduced during its preparation state (Figure la). The
water-driven degradability of the Ca-AR film is controllable by
considering the water solubility of polyvalent alginic acid salt,
i.e, Ca-alginate, which depends on the degrees of ion
substitution between Na' and Ca®" as well as cross-linking
between Ca* and COOH™ ions.”>*” Figure 4b shows snapshot
images of the water-driven degradation of the Ca-AR film,
which gradually turns white during the course of 3 days, while
the orange color represents a release of riboflavin. On day 4, it
is noted that the film becomes completely fragmented,
accompanying the color change, as shown in Figure 4c.
Upon confirming the intrinsic water degradability of Ca-AR
films, we tested the water-driven transient characteristics of 2D
MoS, layers-based FETs with Au electrodes and Ca-AR films
integrated. Figure 4d displays snapshot images of a
representative sample of a 2D MoS, layers-based device
undergoing gradual disintegration within DI water, activated
by its constituent Ca-AR film. The transition characteristics are
observed to be similar to those with stand-alone Ca-AR films in
Figure 4b,c. In a way to demonstrate the controllability of the
degradation kinetics of Ca-AR films, we also prepared Na*-rich
films with minimal Ca®* cross-linking (EDS spectrum in
Supporting Information, Figure S4) followed by integrating 2D
MoS, layers. Figure 4e presents the transient characteristics of
the corresponding sample, which exhibits a much faster
degradability, showing its significant fragmentation within 4
h compared to Figure 4b—d, consistent with previous studies.”’

In order to clarify the mechanism for the Ca-AR films-driven
degradation of 2D MoS, layers, we performed X-ray photo-
electron spectroscopy (XPS) characterizations of Ca-AR/2D
MoS, layer samples under UV-visible or water exposure,
focusing on identifying their oxidation states. Figure Sa
presents the Mo (left column) and S (right column) core-
level binding energy XPS spectra of 2D MoS, layers in their
pristine state vs sequentially treated with Ca-AR aqueous
solution for up to 5 days. Previous studies on the photo-
degradation of riboflavin present in Ca-alginate solutions
suggest the presence of various factors influencing its
degradation efficacy, such as pH, ratios of cations (Ca**/
Na*) and anions (COOH™/CO,>"/CI7), as well as illumina-
tion intensity.”" Additionally, other studies as well as our own
investigations, report that the oxidation and dissolution of 2D
MoS, layers can be significantly promoted with a presence of
ions such as Na*.,°>®* In Figure 5a, the sample in its pristine
state (blue) exhibits XPS peaks corresponding to Mo 3d;/,
(229.4 eV), Mo 3d;,, (232.6 eV), and S 2s (226. eV)—shown
on the left column, and the XPS spectra for the S 2p core level
obtained at 2p;,, (162.3 eV) and S 2p,/, (163.5 V) indicate a
presence of pristine sulfide (S*”)—shown on the right
column.®* Once the sample is treated with the Ca-AR solution
for 1 day, it starts to exhibit satellite peaks on the Mo core level

XPS spectra (left column) at 235.2 eV on day 1 (red),
implying a molecular interaction of MoS, with ions in the
solution. Such phenomena are commonly observed with 2D
MoS, layers interacting with conducting polymers, as verified
in previous studies on 2D MoS, layers-based hydrogen
evolution reaction.”> Moreover, the presence of Mo 3d, P
(232.3 eV) and Mo 3d;;, (229.1 eV) coupled with the
disappearance of the S 2s peak signify a change in the oxidation
state of Mo from +4 to +5. On the S 2p core level spectra
(right column), an additional satellite peak appears at 168.0 eV
on day 1 (red), indicating a formation of a sulfide bond (S*7)
with the alginate polymer.”® However, once the sample
undergoes a significantly prolonged treatment for 5 days, it
becomes impossible to clearly discern XPS characteristic peaks,
suggesting a dissolution of reaction products within the
solution. We also performed XPS characterizations of Ca-AR
incorporated 2D MoS, layers sequentially exposed to UV—vis
illumination. Figure Sb presents the Mo 3d (left column) and S
2s (right column) core levels XPS spectra of Ca-AR
incorporated 2D MoS, layers before and after the light
illumination. The sample in its pristine state (blue) exhibits
well-defined XPS peaks corresponding to Mo 3ds/, (229.5 eV),
Mo 3d,/, (232.6 V), and S 2s (226.6 €V) on the left column
as well as 2p;, (162.3 eV) and S 2p, , (163.5 V) for the S 2p
core level (right column).”* The sample is subsequently
irradiated by a solar simulator (UV—vis spectrum in a range of
350—1100 nm) under ambient room conditions for prolonged
periods. Noticeable shifts and disappearances of the original
peaks accompanying the appearance of new peaks are
observed, which indicates a change in the oxidation states of
2D MoS, layers. For instance, on the S 2p core level XPS
spectra (right column), a new peak is observed at 167.8 eV on
day 4, and the original 2p;, and S 2p,,, peaks completely
disappear after 12 days of illumination. After a light
illumination for 12 days, the Mo 3d core level XPS spectra
correspond to Mo 3d;, (230.4 eV) and Mo 3d;,, (233.5 V),
indicating the oxidation state of Mo*" shifting to Mo®* and the
S 2p core level XPS peak obtained at 167.3 eV implies an S>~
bond formation with polymers, in this case, the Ca-AR film.%”
These comprehensive characterizations support that Ca-AR
films are highly sensitive to both light and water, triggering the
controlled dissociation of 2D MoS, layers, which involves an
alteration of their molecular oxidation states—e.g, the
formation of Mo oxides. Based on this confirmation, we tested
the spontaneous degradability of Ca-AR-incorporated 2D
MoS2 layers-based devices with Au electrodes by exposing
them to open air involving both natural sunlight and humidity.
Figure Sc presents snapshot images of a sample device exposed
outdoors during the course of 4 days. The initially pristine
device (white box in the first image) exhibits a significant
structural distortion after 4 days, even without any externally
applied stimuli in the natural environment. Lastly, we propose
the underlying mechanism for the Ca-AR-driven degradation
of 2D MoS, layers in the context of their molecular
interactions, as presented in Figure 5d. Molecules of alloxazine
riboflavin incorporated into calcium alginate composites are
known to exhibit a broad span of absorbance spectra,
undergoing photodegradation upon exposure to UV—vis light
illuminations.”® Our study mainly focuses on investigating the
UV-—vis light-induced oxidation of 2D MoS, layers, which
generates ROS, a byproduct of the photodegraded riboflavin.
In a basic medium, the photodegraded riboflavin is known to
form various species, such as formylmethylflavin, lumichrome
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(LC), and lumiflavin, along with ROS, specifically, singlet
oxygen (10,)*>”° For simplicity, the schematic illustration in
Figure Sd focuses on a formation of LC (main photo-
degradation product) and its subsequent generation of 'O,. As
depicted, these products released from Ca-AR films coupled
with ambient water molecules facilitate the oxidation of 2D
MoS, layers, promoting the formation of MoOy, as supported
by XPS analysis. The accelerated degradation of Ca-AR via a
combined application of light and humidity is attributed to the
presence of charged species, such as Na®, Ca**, OH~, and
COOH™, which further facilitates the rapid oxidation of 2D
MoS, layers.

B CONCLUSION

This study innovatively incorporates calcium alginate as an
active component in a 2D MoS, layers-based devices,
presenting a viable approach to introduce their controlled
transient characteristics. The key to the success of realizing the
transient devices is to integrate a riboflavin photosensitizer into
them and engineer its cross-linking chemistry associated with
constituent mobile ions toward optimized degradability. The
suitability of the Ca-AR as the active device component is
supported by its strain-driven triboelectric properties, which
justify the electrolyte gating operation of 2D MoS, FETs. Ca-
AR/2D MoS, layers-based devices in various forms exhibit the
targeted transient characteristics under various external
stimuli—i.e,, UV—vis light illumination, humidity incorpo-
ration, and outdoor exposure to natural sunlight. The
fundamental mechanism for the stimuli-triggered dissociation
of Ca-AR and its influence on disintegrating 2D MoS, layers is
discussed in the framework of their molecular interaction and
oxidation state changes, also verified by XPS characterizations.
This study demonstrates a new venue for heterogeneously
integrating natural polymers with 2D atom-thickness semi-
conductors in the direction of futuristic device concepts.

B EXPERIMENTAL METHODS

Calcium Alginate Riboflavin Film Preparation. 5.0 g of
sodium alginate (Sigma-Aldrich) is dissolved in 250 mL DI water and
stirred with a magnetic stirrer at room temperature overnight to
prepare a stock solution. Water-insoluble CaCO5 (Sigma-Aldrich) is
used to limit the extent of Ca®* cross-linking with Na-alginate. 100 mL
of Na-alginate solution is mixed with 0.25 g of CaCO; and 0.1 g of
riboflavin and stirred with a magnetic stirrer overnight in an amber
glass bottle to prevent the photodegradation of riboflavin. 100 mL of
Na-alginate solution is mixed with 1.0—2.5 g of water-soluble CaCl,
(Sigma-Aldrich), which is used to increase the Ca®* cross-linking. 0.1
g of riboflavin is added to the solution and is stirred with a magnetic
stirrer for 2 h in an amber glass bottle. The uniform solution mixtures
are cast on a Petri dish and are subsequently stored in the dark at
room temperature for 4 days, which leads to the formation of films
through solvent evaporations. Thin films of calcium alginate riboflavin
adopted for FET gates are prepared by solution casting on glass slides
using a spin coater at 1500—2000 rpm.

CVD Growth of Centimeter-Scale 2D MoS, Layers. One
nanometer thickness Mo films are deposited on sapphire and SiO,/Si
wafers thoroughly cleaned by acetone, isopropyl alcohol, and DI
water, using an e-beam evaporator (Thermionics VE-100). The Mo-
deposited wafers are placed within a quartz tube at the center zone of
a CVD furnace (Lindberg/Blue M Mini-Mite) along with alumina
boats holding S precursor placed at the furnace upstream side. Once
the base pressure of the quartz tube reaches ~10 mTorr, Ar gas is
flushed into it to remove any residuals. The CVD furnace is set to
gradually ramp up to reach the growth temperature of 850 °C, and the
S powder is set to vaporize at ~200 °C. The reaction is maintained for

60 min under a constant supply of Ar gas at a 100 sccm flow rate.
After the reaction, the furnace is naturally cooled down to room
temperature.

Characterizations with Raman, XPS, and SEM. A 532 nm
excitation laser at room temperature is used for Raman character-
ization on Horiba LabRAM HR Evolution instrument. XPS
characterizations are conducted with ESCALAB 250 (Thermo Fisher
Scientific) in an ultrahigh vacuum (107 mbar). SEM and EDS
characterizations are performed using Zeiss ULTRA-5S FEG scanning
electron microscope.

Electrical Measurements. Semiconductor parameter analyzers
Keysight BISO0A and HP 4156 A, connected with a home-built probe
station, are used for all electrical measurements, including tribo-
electricity and FET. Triboelectricity measurements are also performed
with a motorized tension/compression tester (Mark-10 ESM-303)
operated by MESUR gauge software.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c09275.

Temperature and bending-dependent I—V character-
istics (S1), AC frequency-dependent measurements of
capacitance and conductance with a period application/
release of out-of-plane strain (S2), Ca-AR/2D MoS,
layers-based FETs with slightly modified gate config-
urations and corresponding Ips— Vg transfer curves (S3),
and EDS spectrum of Na*-rich alginate film (S4) (PDF)
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