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ABSTRACT: We explored the feasibility of wafer-scale two-
dimensional (2D) molybdenum disulfide (MoS,) layers toward
futuristic environmentally friendly electronics that adopt biode-
gradable substrates. Large-area (> a few cm®) 2D MoS, layers
grown on silicon dioxide/silicon (SiO,/Si) wafers were delami-
nated and integrated onto a variety of cellulose-based substrates of
various components and shapes in a controlled manner; examples
of the substrates include planar papers, cylindrical natural rubbers,
and 2,2,6,6-tetramethylpiperidine-1-oxyl-oxidized cellulose nano-
fibers. The integrated 2D layers were confirmed to well preserve
their intrinsic structural and chemical integrity even on such exotic substrates. Proof-of-concept devices employing large-area 2D
MoS, layers/cellulose substrates were demonstrated for a variety of applications, including photodetectors, pressure sensors, and
field-effect transistors. Furthermore, we demonstrated the complete “dissolution” of the integrated 2D MoS, layers in a buffer
solution composed of baking soda and deionized water, confirming their environmentally friendly transient characteristics.
Moreover, the approaches to delaminate and integrate them do not demand any chemicals except for water, and their original
substrates can be recycled for subsequent growths, ensuring excellent chemical benignity and process sustainability.

KEYWORDS: 2D TMD, 2D MoS, layer, transient electronics, paper electronics, cellulose substrate, water-assisted layer integration

B INTRODUCTION completely dissolve after the targeted operation, releasing
only environmentally benign end products at controllable
rates.””” These “green” approaches not only can significantly
mitigate the excessive landfill issues but also can offer
unprecedented functionalities unattainable with any other
technologies; for instance, storage devices that can self-
disassemble after predefined time sets, preventing unauthor-
ized access and achieving improved data security,”® or medical
devices that can dissolve in physiological conditions with
complete resorption, avoiding secondary surgeries for device
retrieval.”'’ Some proof-of-concept works have investigated
electronic devices composed of biodegradable components as
well as their environmentally friendly disintegration, demon-

. . . strating applications including integrated circuits, sensors, and
electronic wastes, substantial research efforts have been driven 8 app 1113 & 1ntegrat ’ g
For active device components, biode-

toward incorporating the following attributes in final device supercapacitors. * ) ) ’
products: (1) replacement of conventional device materials gradable polymers have been mainly adopted in earlier
with those that are intrinsically biodegradable and recyclable,
and (2) development of device components that can naturally Received:  April 3, 2020
disintegrate in a biofriendly and environmentally benign Accepted:  May 13, 2020
manner beyond their intended functioning lifetime. The Published: May 13, 2020
developing field of “transient electronics” endeavors to
incorporate such transient features into device components,
which, along with their underlying substrates, would

Modern electronics have ubiquitously evolved, incorporating a
diverse set of device functionalities and physical forms in a way
to overcome the fundamental limitations of conventional
technologies. For instance, consumer electronics such as cell
phones or laptops have relied on a large number of device
components that are nonrecyclable/perishable and potentially
toxic (e.g, silicon wafers doped with chemically hazardous
elements). As they are frequently upgraded, an overwhelming
amount of “electronic wastes” are irreversibly discarded, which
demands a substantial amount of landfill spaces, causing
serious environmental threats.' > To avoid environmental
contamination and harmful effects on human health due to
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Figure 1. Water-assisted transfer and integration of 2D MoS, layers onto various biodegradable substrates. (a) Schematic illustrations for
delamination and integration of 2D MoS, layers on plain papers (top), TOCNs (middle), and curved natural rubbers (bottom). (b) Water contact
angle measurements to verify the conversion of hydrophilicity to superhydrophilicity in the SiO, surface via plasma treatment. (c) Schematic
illustrations of the thermodynamic requirement for the delamination of 2D layers in water. (d) Time-span snapshots of water-assisted unprompted
delamination of 2D MoS, layers from a SiO,/Si substrate. (e) Images to describe the sequential procedure of delaminating 2D MoS, layers from

the SiO,/Si substrate and integrating them onto a TOCN substrate.

works,'”'* while their electrical properties (e.g,, carrier

mobility and conductivity) are intrinsically limited for high-
performance applications. Amongst inorganic semiconductors,
such as nanomembranes of monocrystalline silicon (Si NMs)
and thin films of zinc oxide (ZnO), have been adopted, owing
to their intrinsic biocompatibility and environmental benig-
nity,”'>'® while their mechanical brittleness poses a major
concern for expanding their application range. With the
transient electronics technology still at its initial phase, the
widening search for alternative materials that can satisfy the
demanded transient features with bio/environmental benignity
as well as suitable electrical/mechanical properties is highly
timely.””'” Near-atom thickness transition metal dichalcoge-
nide (TMD) layers have recently received extensive attention
for a wide range of unprecedented device technologies due to
their unparalleled optoelectrical properties coupled with
excellent mechanical flexibility.'*~*' However, utilizing them
as active components for environmentally friendly devices and
characterizing their intrinsic transient characteristics have
remained largely unexplored. In addition to active device
components, identifying suitable substrate materials that
intrinsically possess desired biocompatibility and environ-
mental compatibility is essential. Cellulose is one of the most
abundant natural polymers—i.e., ~1.5 trillion tons of the total
annual biomass production—which is renewable, biocompat-
ible, and biodegradable.”””** Green devices employing
celluloses derived from woods have received extensive
attention for applications requiring cost efficiency and
mechanical deformability as well as environmental sustain-
ability.”>***>*® Examples include paper-based lithium-ion

25201

batteries (LIBs),”” microwave and digital electronics fabricated
on cellulose nanofibril papers,”® and strain sensors based on
transparent wood-derived thin films.”® Especially, cellulose
nanofibers (CNFs)—a special form of biosubstance chemically
or mechanically extracted from cellulose—exhibit numerous
advantages, such as high stiffness, transparency, and surface
area, low density, thermal expansion coefficient, and excellent
thermal stability.**>%>%>%3

In this report, we explored the feasibility of 2D TMD layers
for environmentally friendly transient electronics by using 2D
molybdenum disulfide (MoS,) layers as a representative
example. Specifically, we grew wafer-scale 2D MoS, layers
with a typical lateral dimension of ~10 cm X 2 cm®'~** on top
of “superhydrophilic” silicon dioxide/silicon (SiO,/Si) sub-
strates. Then, we delaminated them inside water by taking
advantage of their surface energy contrast against their growth
substrates. We then integrated them on a variety of
biodegradable substrates, such as plain papers, natural rubber,
and highly transparent and flexible 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO)-oxidized cellulose nanofibers
(TOCNs). A variety of proof-of-concept devices were
demonstrated utilizing the integrated 2D MoS, layers,
including mechanically flexible photodetectors, pressure
sensors, and field-effect transistors (FETs). In addition to
achieving the targeted device functionality, we also demon-
strated the controlled disintegration of 2D MoS, layers in an
environmentally benign manner, confirming their intrinsic
transient characteristics. We completely dissolved the
integrated 2D MoS, layers in a biocompatible buffer solution
based on a baking soda and identified their conversion to
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Figure 2. Characterization of 2D MoS, layers integrated on cellulose-based substrates. (a) Optical image of centimeter-scale 2D MoS, layers grown
on a Si0,/Si substrate. (b) Low-magnification plane-view TEM and (c) corresponding HRTEM image of 2D MoS, multilayers. (d) Raman
spectrum obtained from as-grown 2D MoS, layers on a SiO,/Si substrate. (&) Cross-sectional HRTEM image of 2D MoS, multilayers. (f) Optical
image of 2D MoS, layers integrated on a TOCN substrate (left) and the original SiO,/Si substrate after their delamination (right). (g) Optical
image of 2D MoS, layers integrated on a glossy paper (top inset) and the corresponding AFM topography image (height profile) of their edge on
the paper (bottom inset). The main plot presents the thickness measurement of the 2D MoS, layers corresponding to the AFM image in the inset.
(h) Raman spectrum obtained from the sample in panel (g). (i) Raman mapping images corresponding to the characteristic peaks in panel (h). (j)

Confocal microscopy characterization of the sample corresponding to panels (g)—(i).

molybdenum oxide (MoO,), which is a nontoxic and
environmentally friendly chemical. This study suggests that
near-atom thickness wafer-scale 2D MoS, layers and their
water-assisted integration approaches enable highly promising
building blocks toward futuristic environmentally friendly
electronic technologies.

B RESULTS AND DISCUSSIONS

Inspired by the transient electronics, we envisioned and
fabricated 2D MoS, layers on biodegradable substrates by
employing biofriendly green methods that involve only water
for their transfers and integrations. Figure la shows the
illustrations of integrating wafer-scale 2D MoS, layers on three
representative examples of biodegradable substrates: (1) 2D
plain papers, (2) optically transparent TOCNSs, and (3) 3D
curved objects. The integrations start with the chemical vapor
deposition (CVD) growth of 2D MoS, layers on surface-
treated SiO,/Si growth substrates via a thermal sulfurization of
Mo thin films. Bare SiO,/Si substrates are first treated with
argon (Ar) plasma, which leads to “superhydrophilic”
surfaces—to be verified in the next section. Then, Mo films
of controlled thickness are deposited on the superhydrophilic
SiO,/Si wafers followed by the CVD sulfurization, which
converts them to 2D MoS, layers. Then, the prepared samples
are immersed in water for the delamination of 2D MoS, layers,
which becomes facilitated by the superhydrophilicity of SiO,/
Si surfaces. For the integrations of 2D MoS, layers onto plain
papers (top) and curved rubbers (bottom), the 2D layers are
spontaneously separated from the growth substrates and
manually scooped by the target substrates.”” For the
integration of 2D MoS, layers onto TOCNs (middle),

separately prepared TOCN dispersions (gels) mixed with
deionized (DI) water are directly solution-casted onto 2D
MoS,-grown SiO,/Si substrates. After drying at room temper-
ature, the TOCN-casted 2D MoS, layers are manually peeled
off from the growth substrates. Note that TOCNs have
recently drawn increasing attention as device substrates due to
their biocompatibility along with excellent visible light
transparency (~90%), mechanical flexibility, and bendabil-
ity.”>*>?%%> Details for the preparation of TOCNs are
presented in the Methods section. It is worth mentioning
that conventional methods for transferring and integrating 2D
MoS, layers involve polymeric adhesive layers as well as
chemical reagents to etch away the underlying substrates.
Evidently, 2D MoS, layers can be exposed to the strong,
hazardous chemicals, which can potentially deteriorate their
material properties,”*” or can be fragmented upon removing
the polymer layers by additionally applied chemicals (e.g.,
acetone).”” The processes schematically described in Figure 1a
are entirely green as they only involve water without any other
chemicals to delaminate, transfer, and integrate centimeter-
scale 2D MoS, layers onto virtually arbitrary substrates of any
kinds and shapes. We have previously observed the facile
delamination of 2D MoS, layers immersed in water,”” which is
attributed to maximizing the surface energy contrast between
as-grown 2D layers versus underlying SiO,/Si substrates. While
this water-assisted delamination method generally applies to
any growth substrates, its efficacy is delicately dependent on
the surface quality of the substrates and grown 2D layers as it is
determined by their surface energy imbalance. Given the
intrinsic hydrophobicity of 2D layers, a large amount of energy
contrast should result against them as far as the surface of the
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Figure 3. Demonstrations of proof-of-concept devices utilizing 2D MoS, layers integrated on cellulose substrates. (a)—(d) Photodetectors based
on 2D MoS, layers integrated on TOCN substrates. (a) Images of the 2D MoS, layer-integrated TOCN paper (left) and its mechanical bending
(right). (b) Time-dependent photoresponsiveness from the sample in panel (a). (c) I-V characteristics from the sample in the inset. (d) Time-
dependent photoresponsiveness with varying light intensity obtained from the sample in panel (c). (e)—(h) Pressure sensors based on 2D MoS,
layers integrated on planar paper substrates. (e) Schematic illustration of pressure sensing. (f) Image of 2D MoS, layers integrated on a flexible
paper with an array of Au top electrodes. (g) I—V characteristics obtained from varying pressure levels. (h) Time—current characteristics under a
periodic application of constant Ar pressure. (i)—(k) FETs based on 2D MoS, layers integrated on paper substrates; (i) Schematic illustration of a
FET employing 2D MoS, layers integrated on a PMMA/Au/PMMA/Paper. (j) Optical image of a FET and its magnified view visualizing device
components. (k) I;—Vg, output characteristics obtained with varying Ve

growth wafers becomes more hydrophilic. This enlarged
surface energy contrast facilitates the delamination of 2D
layers off their growth substrates upon immersion in water—to
be explained in the next section. Accordingly, it is desirable to
develop an approach that can “actively” control the surface
properties of growth substrates, which will greatly improve the
efficacy of 2D layer delamination and transfer. We identified a
transition of the surface energy of a SiO,/Si wafer before/after
the plasma treatment by measuring its water wettability, as
presented in the optical microscopy images of water contact
angles in Figure 1b. The images reveal that the initially
moderate hydrophilicity of a SiO,/Si wafer manifested by the
water contact angle of >50° (left) transits to super-
hydrophilicity, ie., a water contact angle of <10° after the
plasma treatment (right). The inset images present top-down
views of water droplets for each case. Plasma-driven surface
modifications of SiO,/Si wafers to increase hydrophilicity have
been well established in the literature,>”™*' while their
underlying mechanisms vary with types of employed plasmas,
e.g., alteration of surface charge density or surface roughness.

25203

Figure 1c illustrates the two distinct situations that the water-
assisted delamination of 2D layers is not preferred (left) versus
preferred (right) considering the following thermodynamic
energy requirements: (1) Total interfacial energies should
become smaller if the delamination is to occur (thus, is
preferred), i, ys. + ywr + Ywa (left) > ysw + ywr + r1a(right)
where W, A, L, and S represent water, air, 2D layers, and
growth substrate, respectively. (2) The penetration of water in
between the 2D layers and the underlying growth wafers
should be exerted by a positive amount of driving force, i.e.,
work of adhesion, W4 = yYgw + ywr — ¥s. > 0. In a way to
maximize the driving force, it is imperative to maximize the
water/substrate interfacial energy (ygw), which indicates the
increased surface wettability (Figure 1b, right). Figure 1d
shows time span-sequential snapshots demonstrating the
unprompted delamination of 2D MoS, layers from a SiO,/Si
substrate assisted by water. Freestanding 2D MoS, layers
maintaining their original shapes and sizes float on the water
surface and are ready for subsequent transfer and integration
onto any target substrates. Figure le shows the sequence of

https://dx.doi.org/10.1021/acsami.0c06198
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integrating 2D MoS, layers on a TOCN paper substrate by the
above-described solution-casting method. Once the TOCN
solution cast onto the surface of 2D MoS, layers—SiO,/Si
substrate is dried at room temperature for >48 h, the Petri dish
is removed, and then, the dried 2D MoS, layers/TOCN paper
is manually peeled off from the wafer substrate.

Before exploring the device applications of 2D MoS, layers
integrated on biodegradable paper and TOCN substrates, we
first characterize their structural and chemical integrity before
and after the integration. Cellulose papers are recently gaining
interest as alternative device substrates, owing to their high
mechanical flexibility, high thermal budget, and environmental
benignity, while TOCNs are particularly promising for
optoelectronic applications, owing to their intrinsic optical
transparency.”>**>>%*%% Figure 2a shows an optical image of
as-grown centimeter-scale 2D MoS, layers on a SiO,/Si
substrate. Figure 2b presents a low-magnification plane-view
transmission electron microscopy (TEM) image of 2D MoS,
layers delaminated from their growth substrates, revealing their
continuous film morphology. Figure 2c shows the correspond-
ing high-resolution TEM (HRTEM) plane-view image,
unveiling the atomic-scale Moiré fringes of hexagonal 2D
MoS, multilayers. Figure 2d shows a Raman spectroscopy
profile obtained from the sample in Figure 2a, confirming the
presence of in-plane (E';,) and out-of-plane (A,,) vibration
modes inherent to 2D MoS, multilayers.””**** Figure 2e is a
cross-sectional TEM image of the 2D MoS, multilayers,
revealing horizontally aligned and well-resolved individual 2D
layers of uniform interlayer spacing. Figure 2f shows images of
2D MoS, layers integrated on a transparent TOCN substrate
(left) and the original SiO,/Si substrate used for their growth
(right). The images show that the integrated 2D MoS, layers
well replicate the original shape/dimension of the growth
substrate, confirming the excellent fidelity of the water-assisted
TOCN delamination method. The Figure 2g inset shows an
image of 2D MoS, layers integrated on a piece of glossy paper,
and the main plot presents an atomic force microscopy (AFM)
height profile obtained from the 2D MoS,/paper interface,
corresponding to the bottom inset AFM image. The results
confirm ~9 nm-thick 2D MoS, layers obtained by the CVD
sulfurization of ~3 nm Mo films, which is consistent with our
previous studies and others.”">* We further characterized the
material quality of 2D MoS, layers integrated on these
biodegradable substrates by Raman spectroscopy. Figure 2h
shows a Raman spectrum corresponding to the sample in
Figure 2g, revealing the characteristic Elzg and A, peaks of 2D
MoS, layers. The peak positions are consistent with those
obtained from the as-grown 2D MoS, layers on SiO,/Si
substrates (Figure 2d) before their delamination and
integration. Figure 2i shows Raman mapping images
corresponding to Figure 2h, conducted on the same sample
area where the E',, (green) and A, (blue) peaks were
obtained. The uniform colors in Figure 2i indicate the high
spatial homogeneity of 2D MoS, layers integrated on the paper
substrate, confirming that their intrinsic structural character-
istics are well preserved even after the delamination. In
furtherance of confirming the structural uniformity of the
integrated 2D MoS, layers, we performed confocal microscopy
characterization on the sample corresponding to Figure 2g.
The confocal microscopy image in Figure 2j indicates high
spatial homogeneity and surface smoothness, as revealed by
the uniform color distribution over a large area of ~1 cm All
these comprehensive characterization results confirm that the

2D MoS, layers integrated on the biodegradable paper and
TOCN substrates well maintain the excellent structural and
chemical integrity inherent to their as-grown substrates.
Having confirmed the material quality of 2D MoS, layers
integrated on cellulose-based substrates, we set on pursuing
their electronic device applications. We demonstrate a variety
of proof-of-concept devices to verify the generality and
versatility of this integration approach, ie., applications in
photo-detection, pressure sensing, and field-effect transistor
(FET). Figure 3a—d presents photodetection applications of
2D MoS, layers integrated on TOCN substrates. Figure 3a
shows camera images of 2D MoS, layers integrated on a
TOCN substrate (left), which become subsequently deformed
(right), confirming the excellent optical transparency and
mechanical bendability of the sample. Figure 3b shows the
time-dependent photoresponsiveness of the corresponding
sample manifested by its current change upon a periodically
applied optical illumination. A white light-emitting diode
(LED, with an intensity of ~164 W/m?) was turned on/off on
top of the sample, causing the increase/decrease of the current,
respectively, at intervals of S and 10 s. Figure 3¢ shows the
two-terminal electrical characterization of another 2D MoS,
layers/TOCN sample (inset), revealing its current—voltage
(I-V) characteristics with gold (Au) electrodes in contact.
Figure 3d shows the photoresponsiveness of the sample in
Figure 3c under the illumination of a collimated LED
(THORLABS; with a wavelength of 625 nm) with varying
light intensities. The results confirm that the device exhibits
excellent time- and intensity-dependent photosensitivity,
confirming the 2D MoS, layers integrated on the TOCN
substrate well retain their intrinsic semiconducting properties.
Figure 3e—h presents pressure-sensing applications of 2D
MoS, layers integrated on glossy paper substrates. Figure 3e
shows a schematic illustration of a two-terminal 2D MoS,
layers/paper device for pressure sensing, depicting that Ar gas
of controlled pressure levels is applied onto the active sensing
media, ie, 2D MoS, layers, through a quarter-inch tubing.
Figure 3f shows optical images of 2D MoS, layers integrated
on a paper substrate with an array of Au electrodes patterned
on the surface. The sample contains a large number of
individual device units, presenting excellent mechanical
adaptability and flexibility. Figure 3g shows representative I—
V' characteristics obtained from the device, revealing a
systematic decrease in the current under increasing pressure
levels. It is noted that the device well responds to a large
degree of pressure change (from 0 to 17 psi), which is
attributed to the elastic nature of both 2D MoS, layers and
paper substrates. Figure 3h shows the pressure-induced current
responses from a device under a periodic Ar pressure
application of 0 and 4 psi, confirming its high reversible
sensitivity. Figure 3i—k presents FET applications of 2D MoS,
layers integrated on paper substrates. Figure 3i shows a
schematic illustration of the FET device structure along with
its measurement configuration. The device employs 2D MoS,
layers as the channel, Au electrodes as the top source/drain
and back-gate contacts, and polymethyl methacrylate (PMMA)
as the dielectric layer."* Before the integration of 2D MoS,
layers, a paper substrate is first coated with PMMA to improve
the adhesion of the Au gate, which is directly deposited on it.
Subsequently, another layer of thin (~5S00 nm) PMMA is
deposited on top of the Au gate, which functions as the
dielectric. Then, 2D MoS, layers are integrated onto the
PMMA dielectric via the water-assisted integration method
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Figure 4. Demonstration of pressure sensing using 2D MoS, layers integrated on a cylindrical natural rubber vessel. (a) Schematic illustration of
2D MoS, layers integrated on an artificial blood vessel. (b) Optical images of 2D MoS, layers integrated on a paper straw (left) and a rubber vessel
(right). (c) I-V characteristics with varying pressure levels. (d) Time—current characteristics under a periodic application of Ar pressure. () FEM
calculations revealing the spatial distribution of strain developed within the circumference of a natural rubber vessel. (f) Plot of compressive strain
versus applied pressure corresponding to panel (e). (g) Schematic illustrations of electron transports within 2D MoS, layers in a pristine state (left)

and under a vertically applied pressure (right) presented in a side view.

followed by the deposition of Au source/drain electrodes.
Figure 3j shows an image of a fabricated FET device employing
large-area 2D MoS, layers integrated on a paper substrate. The
enlarged image corresponding to the device area (blue square)
reveals that the 2D MoS, layers (channel length, ~12 ym) are
in contact with Au source/drain electrodes. Figure 3k shows
drain-source current versus voltage (I3—Vy,) output character-
istics obtained at three different gate voltages (Vg) of —40, 0,
and 40 V. The results confirm that I, increases with increasing
V,, indicating the n-type semiconducting transport of 2D MoS,
layers.

Having demonstrated the device applications of 2D MoS,
layers integrated on planar cellulose substrates as presented in
Figure 3, we further extended to integrating 2D MoS§, layers on
three-dimensionally curved objects for increased versatility. We
envisioned to simulate a potential application of 2D MoS,
layers for sensing blood pressure exerted onto the circum-
terence of a blood vessel in the arterial walls of living animals.
Mechanical responses of blood vessels are mainly determined
by passive components such as elastin and collagen whose
viscoelastic/plastoelastic properties have been extensively
studied."”*® Figure 4a shows a schematic illustration that
simulates the pressure-sensing model of 2D MoS, layers
integrated on the circumference of an artificial blood vessel. As
pressure flows through the vessel in the longitudinal direction,
the vessel will radially expand, exerting tensile stress to its
circumference. This circumferential tension will, in turn, exert
compressive strain onto the 2D MoS, layers preattached to its
side wall, leading to a change of electrical response, similar to
the pressure sensing demonstrated in Figure 3e—h. Figure 4b
shows the integration of 2D MoS, layers on highly curved

objects, achieved by the method described in Figure 1a, i.e.,
integration onto a cellulose paper straw and a biodegradable
natural rubber latex artificial blood vessel,"” respectively.
Considering their very similar mechanical properties to
human arteries,” we demonstrated the electrical pressure
sensing of 2D MoS, layers integrated onto natural rubber
vessels in a way to project their potential for blood pressure
sensing. Figure 4c shows I—V characteristics obtained from 2D
MoS, layers attached to a natural rubber vessel through which
Ar gas of various pressure levels is exerted. Figure 4d presents
the dynamics of current versus time under a periodic
application of 3 psi of Ar gas flowing through the vessel,
which further confirms the decreasing current with the
increasing pressure. To better understand the origin of the
pressure-induced current decrease, we employed a finite
element method (FEM) and simulated the spatial distribution
of stress distribution within the artificial vessel exerted by
varying pressures. Figure 4e visualizes the cross-sectional view
of compressive stress exerted within the radial circumference of
a vessel corresponding to the cross-sectional schematic in
Figure 4a. With increasing pressure levels, compressive strain
steadily increases in the radial direction, which is normal to the
2D MoS, layers attached to the vessel. The observation
indicates that the rigidly integrated 2D MoS, layers on the
periphery of the vessel simultaneously experience both
compressive and tensile strains along their out-of-plane and
in-plane direction, respectively. Figure 4f presents a quantifi-
cation of the compressive strain that the 2D MoS, layers on
the vessel experience under varying pressure levels, obtained
from FEM calculations. Figure 4g is a schematic presentation
of electron transports within 2D MoS, layers without (left)
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Figure S. Biodegradable dissolution of 2D MoS, layers using the BSB solution. (a) Optical images revealing the time-lapse dissolution of 2D MoS,
layers integrated on a TOCN substrate. (b) Enlarged views of the disintegrating 2D MoS, layers corresponding to panel (a). (c) Optical image of
an array of patterned 2D MoS, layers grown on a sapphire substrate. (d) Optical images revealing the time-lapse dissolution of 2D MoS, layers
corresponding to the red box in panel (c). (¢)XRF characterization of 2D MoS, layers under dissolution for various time periods. (f), (g) XPS
spectra of (f) Mo 3d and S 2s and (g) S 2p core levels before (red plots) and after (blue plots) treatment with the BSB solution.

and with (right) applied pressure in a side view. In the pristine
state (no pressure), electrons can travel along 2D MoS, layers
between electrodes with minimum interruptions. When
pressure is externally applied in an orthogonal orientation
with respect to their basal planes (Figures 3e and 4a), both
compressive (blue arrows) and tensile (red arrows) strains will
be exerted through them in the vertical and horizontal
orientations, respectively. This mechanical force will lead to
their elastic deformation, which will cause an increase in

resistance Rzpﬁ where p is the resistivity, [ is the distance

between electrodes, and A is the cross-sectional area,
respectively. The cause of the pressure-induced resistance
increase must be a combined effect of reduced cross-sectional
area A and pronounced scattering of electrons within deformed
2D layers. This analysis can be generalized to account for the
electrical measurement results obtained from 2D MoS, layers
integrated on planar papers without curvature (Figure 3e—h)
and cylindrical natural rubbers (Figure 4).

After the successful demonstrations of targeted device
functionalities from 2D MoS, layers integrated on biodegrad-
able papers, TOCNs, and natural rubber substrates, we
attempted to demonstrate their feasibility as transient
electronics, ie., electronic devices completely dissolve and
disappear once completing their designated tasks, which ideally
should happen in a biofriendly manner. Considering that 2D
MoS, layers are water insoluble™® and highly stable under

ambient conditions,* " we targeted to disassemble 2D MoS,

layers in biofriendly buffer solutions.””>® We prepared for a
buffer solution by mixing a commercially available pure baking
soda composed of sodium bicarbonate (NaHCO;) with DI
water. Details for the preparation of the buffer solution are
presented in the Methods section. Historically, NaHCO; has
been used for biorelated applications in mummification,”*
antibacterial agen‘cs,s‘5 and lactic acidosis treatment,* owing to
its intrinsic biocompatibility. NaHCO; dissociates into Na*
and H,COj;, and the resulting Na* can intercalate through the
van der Waals (vdW) gaps of 2D MoS, layers,””** which
eventually can break up Mo—S atomic bonds, forming sodium
sulfide (Na,S) and molybdenum trioxide (MoO;).>*>’
Formation of Na,S and MoO; can further enhance the
dissolution rate of 2D MoS, layers, generating structural misfit,
stress, and vacancies in them.®® We first studied the dissolution
kinetics of 2D MoS, layers integrated on TOCN substrates
inside the baking soda buffer (BSB) solution. Figure Sa shows
the time-lapse images of 2D MoS, layers integrated on a
TOCN substrate in the BSB solution set at 75 °C with pH
~9.04 for 6 days. The images clearly reveal that 2D MoS,
layers become steadily disintegrated with increasing time,
resulting in their complete removal in ~5 days. The
concentration (50 mL of 0.1 M) of the BSB solution was
well maintained throughout the entire time frame. Figure 5b
shows optical microscope images, revealing the enlarged views
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of progressively disassembling 2D MoS, layers on a TOCN
substrate in the BSB solution. It is obvious that cracks form
after ~24 h, and they serve as the starting points of chemical
reactions, which slowly extend toward the outer regions,
indicating defect-accelerated degradation.””®" In order to rule
out any potential influences of the TOCN substrate on
dissolution efficacy, we also directly grew 2D MoS, layers on
other substrates (e.g, sapphire substrates; Figure Sc) and
studied their dissolution kinetics in the BSB solution. Figure 5d
shows time-lapse snapshot images of 2D MoS, layers
corresponding to the red box in Figure Sc under prolonged
exposure to the BSB solution. The progressively fading image
contrast of 2D MoS, layers with respect to the almost identical
background contrast reveals time-dependent dissolution, which
was completed after ~180 h. In addition to the BSB solution,
we also demonstrated the dissolution of 2D MoS, layers in a
commercially available phosphate-buffered saline (PBS)
solution, which is also biofriendly. Corresponding images are
presented in the Supporting Information, Figure S1. We note
that both BSB and PBS solutions contain Na* ions, which are
known to distort the lattice of 2D MoS, layers via the
formation of Na,S which eventually becomes converted to
soluble NaS,.>**%¢ Increasing their concentration is antici-
pated to accelerate the degradation kinetics of 2D
MoS,.>°%6%%* For the quantification of dissolution kinetics,
we performed the X-ray fluorescence (XRF) characterization
of 2D MoS, layers undergoing dissolution for varying time
periods. Figure Se shows XRF profiles obtained from 2D MoS,
layers dissolved for up to 7 days, which reveals a decreasing
peak intensity with increasing dissolution times. We also
employed X-ray photoelectron spectroscopy (XPS) to clarify
the dissolution chemistry of 2D MoS, layers before/after
dissolved in buffer solutions (BSB solution, in this case) by
characterizing their oxidation states. Figure 5f compares the
XPS spectra of Mo 3d and S 2s core levels obtained from a
sample of 2D MoS, layers in its pristine state and after
treatment with the BSB solution for 8 days. In the pristine state
(red plot), the observed XPS peaks correspond to Mo 3ds,,
(229.1 eV), Mo 3d;,, (232.3 €V), and S 2s (2263 €V),”
indicating the atomic ratio of stoichiometric 2D MoS, layers.
Once the 2D MoS, layers are treated with the BSB solution
(blue plot), XPS peaks exhibit a noticeable shift, indicating a
change in the oxidation states of constituent elements; XPS
peaks of Mo 3d core levels are observed at 231.0 and 234.1 eV,
indicating a stoichiometric change from the Mo(IV) to Mo(V)
oxidation state. Figure 5g compares the XPS spectra of S 2p
core levels from the same sample before (red) and after (blue)
the BSB solution treatment. The two characteristic peaks in the
red plot observed at S 2p;/, (161.9 eV) and S 2p,,, (163.2 eV)
indicate pristine sulfide (S*>7) present in stoichiometric 2D
MoS, layers, which disappear upon the treatment as shown in
the blue plot. The oxidation reaction of MoS, and NaHCO;
projects a formation of molybdenum trioxide (MoOj), ie.,
Mo(VI) oxidation. At the same time, the XPS spectra in Figure
Sf suggest a formation of Mo(V) instead of Mo(VI). This
discrepancy is attributed to that MoOj is unstable in the
hydroxide (OH™")-rich buffer solution, which thus follows the
reduction reaction pathway leading to lower oxidation states,
as also verified in previous studies.” Nevertheless, this XPS
characterization clearly confirms that the BSB solution
converts MoS, to MoO, which is well known to be
biofriendly.”*®" All spectra have been referenced to a Au
(4f,,,) binding energy of 84.0 eV and compared with previous

references and National Institute of Standards and Technology
photoelectron database.””~® Reaction details for the dis-
solution of 2D MoS, layers in the BSB and the PBS solutions
are presented in the Supporting Information, Figure S2. Lastly,
we have also demonstrated the progressive dissolution of 2D
MoS, layers integrated on paper substrates and present the
results in the Supporting Information, Figure S3. In addition to
dissolving 2D MoS, layers, we note that noble metals such as
Au are dissolvable in the buffer solutions, which can release
chloride ions.”” In order to test the feasibility of the transient
characteristics of Au electrodes integrated on 2D MoS, layers,
we have prepared for another buffer solution by mixing up
commercially available bleach and vinegar. We observed that
the entire device components of Au/2D MoS, layers become
completely dissolved in the solution within ~90 s, as presented
in the Supporting Information, Figure S3b. As this bleach-
based solution is chemically toxic, developing a biofriendly
buffer solution, which can “universally” dissolve both 2D MoS,
layers and other device components including metal electrodes
in a biofriendly manner, needs to be pursued in the future.

B CONCLUSIONS

In summary, we report device functionalities of wafer-scale 2D
MoS, layers integrated on biodegradable substances, including
planar paper and TOCN substrates, as well as cylindrical
natural rubbers. 2D MoS, layers grown on superhydrophilic
SiO,/Si wafers were verified to be easily delaminated in water,
owing to their significantly enlarged energy contrast against the
wafers. The entire procedures to integrate the delaminated 2D
MoS, layers onto secondary biodegradable substrates are
chemically benign, rendering high environmental sustainability.
A variety of proof-of-concept devices, including photo-
detectors, pressure sensors, and FETs, were demonstrated,
verifying the versatility and reliability of this integration
approach. Furthermore, we confirmed that 2D MoS, layers
could be completely dissolved in biofriendly buffer solutions
releasing nontoxic MoO,, which indicates excellent implica-
tions for transient electronics. This study unveils the high
promise of 2D TMDs toward futuristic transient electronic
devices, which can function within programmed lifetimes and
perform in an environmentally sustainable manner without
producing electronic wastes.

B METHODS

CVD Growth of Centimeter-Scale 2D MoS2 Layers. SiO, (300
nm thickness)/Si substrates were cleaned by ultrasonication in
acetone, isopropyl alcohol (IPA), and DI water to remove any organic
impurities. Mo (~3—4 nm thicknesses) were deposited on the
substrates by e-beam evaporator (Thermionics VE-100) at a
deposition rate of ~0.10—0.12 A/s and at a chamber base pressure
of 5.5 X 1077 Torr. The Mo-deposited substrates were kept at the
center of the CVD furnace chamber (Lindberg/Blue M Mini-Mite)
along with sulfur (S) powder (>99.5%, Sigma-Aldrich) placed on an
alumina boat at the upstream side. The CVD chamber was pumped
down to 25 mTorr, and ultrapure Ar gas was supplied at a flow rate of
100 sccm (standard cubic centimeter per minute). Subsequently, the
CVD furnace was heated up to 800 °C in ~50 min and was
maintained at the temperature for another ~50 min followed by
natural cooling to room temperature.

Plasma Treatment. Prior to the Mo deposition for CVD growths,
as-cleaned SiO,/Si substrates were placed inside a plasma chamber
(Harrick Plasma, model PDC-32G). Following initial evacuation
down to ~10 mTorr, Ar gas of 10 psi pressure was purged into the
chamber at a rate of 20 mL/min, achieving the desired chamber
pressure of ~200 mTorr by a gas flow controller (Plasmaflo PDC-
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FMG). Then, oxygen (O,) or Ar plasma was activated, and the power
of the chamber was maintained at 11 W for controlled duration times.

Water-Assisted Integration of 2D MoS, Layers on Papers
and Natural Rubbers. CVD-2D MoS, layers on SiO,/Si substrates
are immersed in water until only 2D MoS, layers become
spontaneously delaminated. The 2D MoS, layers floating on the
water surface are then manually scooped and transferred to target
substrates. The 2D MoS, layers integrated on papers and natural
rubbers are dried in air at room temperature for few days or on hot
plates at 70 °C for ~12 h to ensure complete removal of residual
water molecules. For the pressure-sensing measurements, 2D MoS,
layers were integrated on commercially available glossy papers
(Canon Pro Platinum, 0.30 mm in thickness) and artificial blood
vessels (3B Scientific).

Solution-Casting Integration of 2D MoS, Layers on TOCN
Substrates. Commercially available slurry (aqueous gel) TOCNs
(CELLULOSELAB, width of ~50 nm, lengths of approximately up to
several hundred micrometers) in water (1 wt %) are mixed with DI
water. Their diluted solution (0.5 wt %) is directly poured onto as-
grown 2D MoS, layers on SiO,/Si substrates and is dried at room
temperature for more than 48 h until it turns to a transparent paper.
After the drying stage, 2D MoS, layers integrated on the TOCN
paper are manually peeled off from their growth substrates.

Materials Characterization. Raman spectral characterization,
including Raman mapping, was performed with Nanofinder 30 Raman
Confocal spectroscopy (Tokyo Instrument Inc.) using a laser source
with a wavelength of 532 nm and a spot size of 1 pm. Confocal
microscopy characterization was carried out with a VK-X100K
scanning confocal microscope (Keyence). AFM (nanoIR2, Anasys
Instruments) characterization was performed using Anasys AFM
probe tips (PR-EX-T125—10) with a nominal spring constant of 30
N/m in a tapping mode at a scan rate of 1 Hz. XRF characterization
of 2D MoS§, layers dissolution was performed with Epsilon 1, Malvern
Panalytical. XPS characterization was performed with a Thermo
Scientific ESCALAB250Xi photoelectron spectrometer using an Al
anode as the X-ray source (1486.68 eV). High-resolution spectra were
obtained with 50 scans and 0.1 eV step size from a spot size of 650
um under ultrahigh vacuum (107 mbar). TEM characterization was
performed with Cs-corrected JEOL ARM 200F at an acceleration
voltage of 200 kV. Cross-sectional TEM samples were prepared by
focused ion beam (FIB)-based milling and lift-out techniques.

Electrical Measurements. For the pressure sensing measure-
ments, Ar gas of precisely defined pressure levels was exerted through
a quarter-inch vacuum tube controlled by a gas flow meter. For the
photoresponsiveness measurements, a white LED (HS-72 LED) was
used for the time-dependent photocurrent measurement and a 625
nm LED (M625SL4-C2) was used for the time- and intensity-
dependent photocurrent measurement. All photocurrent and electrical
measurements were performed using a home-built probe station
connected to a semiconductor parameter analyzer (HP 4156A).

Biodegradable Dissolution of 2D MoS, Layers. The BSB
solution (concentration: 0.1 M) was prepared by dissolving
commercially available baking soda (Arm & Hammer Pure Baking
Soda) containing NaHCO, (0.84 g) in DI water (totaled to 100 mL).
For the dissolution experiment of 2D MoS, layers on sapphire
substrates, arrays of Mo (1 nm) films were deposited through a
shadow mask (150 X S0 um pattern size) followed by the identical
CVD reaction adopted for SiO,/Si substrates. For the XPS
characterization, 2D MoS, layers were mixed with the BSB solution,
and the liquid sample mixture was dispersed onto carbon tapes and
followed by drying at room temperature.
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