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Covalently-Bonded Laminar Assembly of Van der Waals
Semiconductors with Polymers: Toward High-Performance
Flexible Devices

Ningxin Li, Tara Jabegu, Rui He, Seokjoon Yun, Sujoy Ghosh, Diren Maraba,
Olugbenga Olunloyo, Hedi Ma, Aisha Okmi, Kai Xiao, Gangli Wang, Pei Dong,*
and Sidong Lei*

Van der Waals semiconductors (vdWS) offer superior mechanical and
electrical properties and are promising for flexible microelectronics when
combined with polymer substrates. However, the self-passivated vdWS
surfaces and their weak adhesion to polymers tend to cause interfacial sliding
and wrinkling, and thus, are still challenging the reliability of vdWS-based
flexible devices. Here, an effective covalent vdWS–polymer lamination
method with high stretch tolerance and excellent electronic performance is
reported. Using molybdenum disulfide (MoS2)and polydimethylsiloxane
(PDMS) as a case study, gold–chalcogen bonding and mercapto silane bridges
are leveraged. The resulting composite structures exhibit more uniform and
stronger interfacial adhesion. This enhanced coupling also enables the
observation of a theoretically predicted tension-induced band structure
transition in MoS2. Moreover, no obvious degradation in the devices’
structural and electrical properties is identified after numerous mechanical
cycle tests. This high-quality lamination enhances the reliability of
vdWS-based flexible microelectronics, accelerating their practical applications
in biomedical research and consumer electronics.

1. Introduction

Flexible microelectronics are receiving great attention to meet
the increasing demand for wearable devices,[1–3] miniature
health monitors,[4,5] and medical implantation.[6,7] These devices
can also serve as human–machine interfaces in line with the
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development of extended reality,[8] and
the Internet of Things (IoT).[9] Among
many semiconductor materials, van der
Waals semiconductors (vdWS) are con-
sidered attractive candidates for flexible
device fabrication, thanks to their ex-
cellent bendability,[10,11] ductility,[12] and
outstanding electronic properties.[13,14]

Due to their ultrathin thickness, vdWS
devices are typically packaged with
polymer-supporting substrates, such as
polydimethylsiloxane (PDMS), to enhance
their mechanical strength and facilitate
general handling.[15,16] Nevertheless, the
vdWS dangling bond-free surfaces lead to
weak adhesion to polymer substrates.[17]

Consequently, stretching, bending, and
other mechanical deformations of the
polymer supporting substrates cannot be
coupled to the vdWS effectively, resulting
in interfacial slippage, device wrinkling,
peeling, and eventually failure.[18–20] Several
attempts have been made to enhance the
adhesion,[20–23] and overcome the above

issues. For example, an early attempt employed micro metal
clamps which can pin vdWS layer edges onto the substrate,[23]

but they cannot avoid sliding or wrinkling in the center. Af-
ter that, the polymer encapsulation method[20] claims that it
can provide stronger interlayer adhesion compared with the
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Figure 1. Principle and schematic of interfacial functionalization strategy. a) (Left) The interfacial lamination structure with coordinated chemical reaction
for functionalization. The materials from bottom to top are molybdenum disulfide (MoS2), Au, (3-mercaptopropyl)trimethoxy silane (MPTMS), and
hydroxyl-terminated polydimethylsiloxane (PDMS), respectively. (Right) Optical microscope image of monolayer MoS2 on PDMS obtained by using the
interfacial functionalization strategy. b)Workflow of the interfacial functionalization strategy. TheMPTMS treatment bottle is filled with theMPTMS vapor
whose molecules carry thiol group (─SH). c) Scanning transmission electron microscopy image of the deposited Au nanoparticles. d) Reaction scheme
of salination between the hydroxyl groups in PDMS and the MPTMS molecules (multiple cross-linked structures may be formed). e) Demonstration of
poorer contacts if directly laminate the MPTMS-functionalized vdWS to a pre-cured PDMS substrate.

conventional metal clamps, but it did not accurately explain the
source and formation mechanism of the adhesion, which makes
this conclusion and results still questionable. Moreover, these
solutions rarely deliver uniform lamination between vdWS and
polymer substrates. The uneven deformation and local strain ac-
cumulation in such structures may tear the vdWS layers, hinder-
ing the devices’ endurance and robustness. Therefore, lamina-
tion between vdWS and polymer substrates still challenges the
fabrication and application of vdWS-based flexible and stretch-
able devices.
To surmount this obstacle, we report a versatile strategy

for vdWS–polymer lamination with outstanding mechanical
strength, scalability, uniformity, and more importantly, optoelec-
tronic performance. The fundamental principle of our method is
to activate the vdWS surfaces through a gold–chalcogen reaction,
from where thiol-terminated silane molecules can bridge the
gold-activated vdWS to polymer substrate via salinization reac-
tion. The resulting structure exhibits excellent interfacial quality,
mechanical stability, and robustness, as well as outstanding op-

toelectronic performance. In addition to advancing the practical
applications of vdWS flexible devices in medical treatment,[24,25]

motion control,[26,27] biosensors,[28,29] and other critical fields, the
as-fabricated vdWS–polymer composite structures can also serve
as platforms to investigate phase transition, electronic structure
evolution, and other intriguing fundamental materials processes
under mechanical stimuli.

2. Discussion

Transition metal dichalcogenides (TMDCs) and other widely
studied vdWS typically have cleavage surfaces intrinsically pas-
sivated with chalcogen anions. These anions can usually bond
with gold, silver, and other metal atoms strongly through coor-
dinated chemical reactions.[30–32] Inspired by this mechanism,
we design a vdWS–polymer interfacial laminar structure, as il-
lustrated in Figure 1a. First, from bottom to top, vdWS surfaces
are decorated with gold atoms, which are then covalently bonded
to (3-mercaptopropyl) trimethoxy silane (MPTMS) molecules
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through the gold–thiolate chemistry.[33] The trimethoxy silane
(─Si─OCH3) groups on the other end of the MPTMS molecules
then react with hydroxyl (─OH) on the polymer substrates, firmly
anchoring the gold-activated vdWS.
To experimentally implement this above design, we establish

a process workflow, as shown in Figure 1b. We employ molybde-
num disulfide (MoS2) and PDMS as examples of vdWS and poly-
mer substrates, respectively, to investigate the process without
losing versatility. First, multilayer MoS2 obtained through me-
chanical exfoliation or monolayer MoS2 prepared via chemical
vapor deposition (CVD) are transferred temporarily on mica or
poly-(bisphsurfaceenol A carbonate) (PBAC) substrates. 1–2 nm
of gold is then thermally deposited on these samples. Instead of
forming continuously conductive layers, such a thin deposition
creates discrete gold nanoparticles bonded to the 2D surface with-
out altering the electronic properties significantly, as indicated
by the subsequential optoelectronic measurements discussed in
the following content. Figure 1c shows the scanning transmis-
sion electron microscopy (STEM) image that clearly reveals the
distribution of deposited Au nanoparticles on the sample surface.
Figure S1 (Supporting Information) exhibits another STEM im-
age with lower magnification to demonstrate the large-scale uni-
form distribution of the particles. Further, atomic force micro-
scopic (AFM) morphology and phase mappings also indicate the
formation of nanoparticles, as shown in Figure S2 (Supporting
Information). The reaction between MoS2 and gold takes place
spontaneously, as suggested by earlier investigations.[33,34] Our
Raman scattering measurements also indicate the formation of
Au─S bonds, manifested as the shifting of both E12 g (in-plane
mode) and A1g (out-of-plane mode) Raman peaks of MoS2, as ob-
served in Figure S3 (Supporting Information).
Although the deposited Au particles do not form a continu-

ous film, they may still alter the original electronic and optoelec-
tronic properties of the MoS2 and affect the flexible device per-
formance. Therefore, we employed photoconductivity measure-
ment as shown in Figure S4 (Supporting Information). We find
that the gold decoration enhances the photoresponse level by one
order of magnitude. One possible explanation could be the plas-
monic enhancement[35,36]

The gold-decorated MoS2 is then sealed in a container filled
withMPTMS vapor for 3 h to form a fully covered self-assembled
molecular monolayer. Subsequently, we cast the functionalized
MoS2 samples with a mixture of PDMS precursors. The mixture
consists of hydroxyl-terminated PDMS (uncross-linked molecu-
lar chains in liquid phase), ethylsilicate serving as cross-linker,
and catalysis to accelerate the curing process. The hydroxyl
groups existing in this precursor are critically important for the
successful lamination between MoS2 and PDMS, because they
react with MPTMS and form anchor points, as illustrated in
Figure 1d. (Refer to the Methods section for details.) It takes
≈24 h for the PDMS mixture to cure at room temperature. Af-
ter that, we can readily remove the laminated MoS2 layers from
the temporary mica or PBAC substrates and obtain samples with
high quality and integrity, as exhibited in Figure 1a right panel.
To confirm the functions of gold and MPTMS in this lami-

nation process, we also perform a control experiment with the
same casting process but without gold decoration or MPTMS
treatment. Obviously, MoS2 flakes cannot be effectively picked
up from the mica temporary substrates even though the casted

PDMS form conformal geometry to the flakes, as shown in
Figure S5 (Supporting Information). Therefore, the control ex-
periment indicates the effectiveness of our interfacial functional-
ization for vdWS–polymer lamination.
It is essential to note that other widely used A-B two-part

PDMS kits may not function properly for this workflow, due to
the lack of hydroxyl groups. Further, we also find that it is diffi-
cult to laminate the MPTMS-functionalized vdWS layers directly
to pre-cured PDMS substrates, even if oxygen plasma treatment
is applied to create hydroxyl functional groups on the surfaces.
This is because pre-cured PDMS is unlikely to have atomically
flat geometry conformally matching vdWS surfaces, as shown in
Figure 1e. The roughness or variations in the distances, even on a
nanometer scale, are still too large compared with the Angstrom-
size MPTMS molecules to bridge the two parts. In other words,
the anchor points are inadequate for a firm lamination. The cor-
responding optical image of MoS2 flakes that are poorly lami-
nated on the pre-cured PDMS substrate can be found in Figure S6
(Supporting Information). In contrast, our functionalizing-and-
casting procedure overcomes these issues and delivers a high-
quality vdWS–polymer composited structure for flexible device
fabrication, as exhibited in Figure 1a right panel.

3. Mechanical Characterization

For lamination quality examination, we carried out a tensile test
and employed Raman spectroscopy to monitor the MoS2 de-
formation, as earlier studies did.[37,38] A home-built computer-
controlled fixture was used to stretch PDMS substrates, as shown
in Figure S7 (Supporting Information). Two sides of the PDMS
substrates were clamped on the fixture, and their strains were au-
tomatically controlled by a step motor with 0.025% accuracy. As
the PDMS film was being stretched, in situ Raman spectra were
captured to identify the MoS2 deformation.
Independent of the MoS2 flake thicknesses, all samples lami-

nated with Au and MPTMS treatment exhibit obvious E12 g peak
shifting as strains build on the PDMS substrates, as demon-
strated in Figure 2a,d, which is consistent with our expectations.
(Raw Raman data is shown in Figure S8a,b, Supporting Infor-
mation) The Raman peak shifting trend is also consistent with
the earlier reports.[23,39,40] It is important to note that both Au-
decoration and strain can induce Raman peak shifting but with
distinct features. As discussed above, the formation of Au─S
bonds shifts both A1g and E12 g peaks, because the chemical
bonds change both out-of-plane and in-plane MoS2 lattice struc-
tures. In contrast, the tensile strain dominantly changes the in-
plane lattice structure, and thus, only affects the E12 g mode.
Meanwhile, the Au effect is permanent and constant, but the
strain effect varies as a function of PDMS substrate deformation.
Considering these factors, the chemical reaction-induced Raman
shifting and mechanical deformation-induced one do not inter-
fere with each other.
To better illustrate the peak shifting trend, we plot the peak

positions as functions of strain and show them in Figure 2b,e.
By comparing them, we find that under the same PDMS strain,
thinner MoS2 samples experience larger Raman peak shifting,
showing an inversely proportional relationship, as illustrated in
Figure S9 (Supporting Information). For layered material, MoS2,
this relationship reveals that despite applying Au decoration
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Figure 2. Lamination quality characterization for different MoS2-PDMS samples. a) Raman spectrum of 15 nm examined MoS2 samples under different
tensile strains. A subtle redshift phenomenon can be observed. b) The corresponding peak positions which were obtained from (a) under different tensile
strains (error bar included). The Raman peak shifting magnitude is 4.08 cm−1 from 0% to 1.5% strain. c) Atomic force microscopy (AFM) mapping of
the 15 nm examined MoS2 sample in (a) after stretching. d) Raman spectrum of monolayer examined CVD-MoS2 sample under different tensile strains.
An obvious redshift phenomenon can be observed. e) The corresponding peak positions obtained from (d) under different tensile strains (error bar
included). The Raman peak shifting magnitude is 12.90 cm−1 from 0% to 1.5% strain. f) AFM mapping of the examined CVD-MoS2 sample in (d) after
stretching.

exclusively to the surface of MoS2, mechanical deformation can
propagate throughout the entire multilayer MoS2. This phe-
nomenon occurs because, althoughMoS2 layers primarily exhibit
van derWaals interactions, they share a common lattice structure
and typically adopt a closely packed 2H order. Consequently, even
if a unit cell has a relatively small interaction energy,[41] the in-
terlayer adhesion can still be substantial due to the well-ordered
packing between MoS2 layers.
This is because the same strain built similar stress in PDMS,

whereas thicker MoS2 flakes have higher Young’s modulus,[42]

and thus, less deformation and Raman shifting. Through the en-
tire test process, we do not observe any wrinkling or peeling (i.e.,
interfacial separation) after the stretching test in either the me-
chanically exfoliated thick samples or CVD monolayer samples,
as evidenced by the AFM characterization shown in Figure 2c,f.
All this experimental evidence indicates a high interfacial lami-
nation quality that can effectively couple the PDMS deformation
to the vdWS layer and ensure the composition structure integrity.
More importantly, we observe thatmonolayerMoS2 (Figure 2e)

follows the PDMS deformation up to a 1.50% strain with a peak
shifting of 12.9 cm−1, which is much higher than the ≈4.6 cm−1

achieved on metal clamp samples,[23] and the 11.1 cm−1 with
the polymer encapsulation method.[20] All this experimental ev-
idence confirms that our strategy produces a much better inter-
facial adhesion between vdWS and polymer substrates, ensuring
the integrity and endurance of their composite structures during
mechanical cycles. The optical images of all the above-examined
samples can be found in Figure S10 (Supporting Information).

It is worth mentioning that our samples can stand a strain
larger than the abovementioned 1.50% limit. In the experiment,
we found samples can stand up to a 1.70% tensile strain, after
which the E12 g peak starts to shift irregularly, suggesting that the
interfacial separation takes place. For the specific experimental
results, refer to Figure S11 (Supporting Information).
To better demonstrate the important role of interfacial func-

tionalization in delivering reliable lamination between vdWS
and flexible substrates. We perform control experiments on the
stretching fixture but with MoS2-PDMS samples without any in-
terfacial functionalization. The poor interface is illustrated in
Figure 3a that only a few anchoring points exist, resulting in inef-
fective interlayer bonding. The control group shows no obvious
peak shifting when the PDMS substrate is stretched, as shown
in Figure 3b,c. (Smoothed Raman data is shown here. Refer to
Figure S8c for raw data, Supporting Information) This is because
the substrate deformation is not effectively coupled to the MoS2
flakes due to weak interfacial adhesion, and theMoS2 flakes slide
on the substrates without experiencing any deformation, as illus-
trated in Figure 3a. Even worse, after the strain is released, the
recoiling of PDMS substrates creates wrinkles in the vdWS lay-
ers, as indicated by the atomic forcemicroscopic (AFM)measure-
ment shown in Figure 3d. Figure 3a also illustrates the wrinkle
forming process.
Other than Raman spectroscopy, a photoluminescence (PL)

study can also be used to monitor the band structure
change of the examined samples.[43,44] Thus, we also cap-
ture strain-dependent PL spectra and plot them in Figure S12
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Figure 3. Schematically illustration of the mechanically stretching characterizations for untreated samples (control group). a) Demonstration of poorer
contacts if directly laminates the unfunctionalized vdWS to a pre-cured PDMS substrate. b) Raman spectrumof the control group’s sample under different
tensile strains. c) The corresponding peak positions, which were obtained from (b) under different tensile strains. Under the action of continuously
increasing tensile percentage, the irregular Raman shifting appears because of the existence of the interlayer slipper caused by weak bonding. d) AFM
mapping of the control group’s sample after stretching.

(Supporting Information). Similar to the Raman characteriza-
tion, the PL peaks experience red shifting as the strain increases,
a tensile strain can significantly decrease its bandgap, evidenced
by the shifts from 1.87 to 1.66 eV, corresponding to aΔEg (change
in bandgap) of ≈210 meV. This value is larger than the pre-
viously achieved ones in monolayer MoS2 (ranging from 90–
193 meV).[23,45,46]

All the above characterizations in terms of Raman, PL, and
AFM studies indicate that our surface functionalization strategy
delivers a better andmore reliable lamination between vdWS and
flexible substrates. The electronic and optoelectronic characteri-
zation shows that functionalization also improves the material
properties. Based on these observations, we can fabricate flexible
devices and investigate their performances, including mechani-
cal effects, device robustness, and so forth.

4. Flexible Device Fabrication and Characterization

The interfacial chemical bonding principle validated by the above
experiments is not limited to the lamination between vdWS and
polymers; instead, it can address another challenge for flexible
device fabrication. Because of their softness, polymer substrates
usually experience deformation during the regular spin coating,
lithography, and other processes designed for rigid semiconduc-
tors. The deformation usually damages the manufacturing pre-
cision and scalability.[47,48] In contrast, our interfacial functional-
ization methods provide an alternative pathway to address this
issue. As illustrated in Figure 4, we prepare devices on the rigid
substrate in a conventional way, and then relocate and laminate
the pre-fabricated devices onto flexible substrates (PDMS) with
the above-introduced functionalization procedure. It is essential
to underscore that the success of this workflow hinges on the
surface functionalization. Strong interlayer adhesion plays a piv-
otal role in ensuring the reliability of relocation, thereby prevent-
ing any unnecessary interlayer sliding.Moreover, the strategy can
drastically improve fabrication precision and scalability. Mean-

while, the produced high-quality devices allow us to insightfully
investigate the electronic property evolution of vdWS under me-
chanical deformation.
Specifically, the flexible device fabrication workflow includes

steps of regular device fabrication on rigid substrates, followed
by relocation, and lamination. Mechanically exfoliated or CVD
vdWS are first transferred onto flat rigid substrates, such as
Si/SiO2, coated with poly(methylmethacrylate) (PMMA). The
PMMA coating serves as a sacrificial layer for the flexible de-
vice separation as introduced later. Then, a regular photolithog-
raphy process with S1805 photoresist and undercut layer poly-
dimethylglutarimide(PMGI) is employed to generate electrode
patterns, followed by development with a tetramethylammonium
hydroxide (TMAH)-based developer, which does not dissolve the
PMMA. After that, we expose the developed photoresist pattern
with ultraviolet (UV) light for a second time before the metal de-
position. Gold serves as the contact electrode for two reasons.
1) It tends to form good contact with MoS2 and many other
vdWS.[49] 2) It can be directly functionalized with MPTMS and
other mercapto-linker-silanes, and then bridged to PDMS with
the same reaction mechanism, as shown in Figure 1a. Subse-
quential to the metal deposition, the same alkaline-based devel-
oper is used to remove double-exposed S1805 photoresist for
metal deposition lift-off. These regular semiconductor process
steps render functional devices on the flat rigid substrate with
high precision and scalability. Here, the usage of acetone and
other organic should be avoided for the lift-off step to preserve
the PMMA coating. Subsequentially, a 1–2 nm layer of gold
is deposited to decorate the vdWS with nanoparticles, followed
by MPTMS functionalization and PDMS casting, as introduced
above and illustrated in Figure 1b. Here, it is essential to em-
phasize that, similar to the standard lithography techniques, the
gold utilized as electrodes will create a continuous film to ful-
fill their conductive functions. In contrast, the 1–2 nm deposi-
tion of gold carried out after the lift-off process, will have the for-
mation of discrete nanoparticles. These individual nanoparticles
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Figure 4. Interfacial functionalization-based flexible device fabrication technology and device–skin fit adaptability display. a) Cross-section view of work-
flow for device fabrication, relocation, and lamination process. b) Side and front views with a zoom-in view of the adaptability of the flexible device
obtained from interfacial functionalization strategy to human skin while bending force is applied.

solely serve the purpose of creating Au─S bonds, as illustrated in
Figure 1d, without contributing to the overall conductivity. The
detailed functions’ difference between these two Au is shown in
Figure S13 (Supporting Information).
After the PDMS cures, acetone is used to dissolve the PMMA

coating and release the flexible devices, as demonstrated in
Figure 4a (Refer to Experimental Section for more information).
The devices obtained through this procedure show excellent me-
chanical flexibility and fit well with human skin under vari-
ous moving conditions, as shown in Figure 4b. Therefore, our
method fully exploits the intrinsic flexibility and stretchability of
vdWS devices for medical treatment,[24,25] motion control,[26,27]

biosensors,[28,29] and other critical applications.
Once the flexible device was successfully constructed, we per-

formed a series of optoelectronic characterizations to verify the
device’s performance, particularly under the effects of interfacial
lamination and mechanical deformation. Photoresponse spectra
directly measure the energy band structure of vdWS, as such,
can unveil many details about the lamination and deformation
impacts. Figure 5a shows the photoresponse spectra of the de-
vice under different strain values. Under low strain, the device
always has a strong photoresponse to blue light. Besides, a peak
located at 650 nm corresponds to the intraband excitation. These
observations agree with previously reportedMoS2 photoresponse
spectra,[50] indicating that the laminated MoS2 is still semicon-
ductor in characteristics, despite the thin gold deposition. They

also, in turn, prove that the 1–2 nm gold deposition provides suf-
ficient discrete isolated anchor points rather than a continuous
conductive film for MPTMS functionalization.
The photoresponse spectra do not vary dramatically as the

strain increases, suggesting that MoS2 maintains to be semi-
conductor under strain up to 1.5%. A closer inspection also re-
veals a slight red shifting as the strain increases (Figure 5a in-
set), and this phenomenon matches the observations in Photolu-
minescence (PL) measurements. When the strain exceeds 0.6%,
the 650 nm response peak sustains disappears. This agrees with
an earlier theoretical simulation predicting a strain-induced di-
rect band-to-indirect band phase change in MoS2.

[51] The perfect
match between the theoretical and experimental results, in turn,
suggests that the PDMS strain is efficiently coupled to the MoS2
devices, thanks to the covalent bonding on their interfaces.
Besides the spectral study, we also performed photoconductiv-

ity (I–V)measurements, as exhibited in Figure 5b. Frist, theMoS2
device was excited with red (647 nm), green (568 nm), and blue
(488 nm) laser sources successively with no tensile strain applied.
The device shows distinct responses to all three excitations, with
the bias voltage within± 0.1 V. The linearity of all I–V curves indi-
cates goodOhmic-like contact betweenMoS2 and gold electrodes,
as suggested by earlier investigations.[52,53] Meanwhile, the dark
current (Figure 5b inset) of the device is extremely low, ap-
proaching the noise level of the experimental setup employed for
this measurement. This low dark current, again, proves that the
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Figure 5. Optoelectronic characterizations of the flexible and stretchable device. a) Normalized photoresponsivity (P.R.) spectra of the relocated flexible
device with a bias voltage of 0.1 V. (inset) Slightly red-shift trend of the 650 nm peak until the tensile reaches 0.6%. Gaussian fitting function is applied
to obtain peak positions. b) Photocurrent curves of the relocated flexible device excited by red (647 nm), green (568 nm), and blue (488 nm) laser light
sources with a bias voltage of ±0.1 V. This measurement was finished without tensile strains. (inset) A dark current curve is shown. c) Photocurrent
curves of the relocated flexible device under different tensile strains with a bias voltage of 0.1 V. The photocurrent value fluctuates slightly during the
stretching process. The excitation laser wavelength is 488 nm. (inset) Optical image of the relocated flexible and stretchable device. d) Photocurrent
curves of the relocated flexible device under multiple cyclic stretching tests while the strain is up to 1.5%. The photocurrent values attenuated slightly
during the multiple stretching-relaxing processes. The excitation laser wavelength is 488 nm. (inset) Current-cycle times (I–t) relationship under bias
0.1 V.

1–2 nm gold deposition and MPTMS functionalization do not
form any conductive channels that hinder device performances.
Figure 5c shows the photocurrent response as a function of

tensile strain. Figure 5c inset shows the optical microscope im-
age of the examined device. A 488 nm excitation was used for this
investigation. It is found that the I–V curves gradually decrease
as the strain increase but sustain the same order of magnitude
with less than 20% in variation. After the strain is released, the
current recovers to the original level, suggesting that the reduced
photoresponse level is a strain-effect instead of device damage.
To better verify the device’s robustness, we perform a mechani-
cal cycling test bymeasuring the photocurrent levels after 1, 5, 10,
100, 1000, and 2000 cycles of tensile strain up to 1.5%, as shown
in Figure 5d. and inset. No significant degradation in photocur-
rents is observed in these mechanical cycling tests, and the pho-
tocurrent recovers to the original level after the strain is removed.

Similar tests under other excitation wavelengths show the same
results, as shown in Figure S14 (Supporting Information).
In addition to the abovementioned changes inmechanical and

electrical properties, other effects, such as piezoelectricity,[54] can
be potentially generated alongwith the device deformation. Thus,
our flexibility devicesmay also serve as power sources inwearable
electronics.
These optoelectronic characterizations validate the following

perspectives. 1) The gold decoration, MPTMS functionalization,
and PDMS lamination cause no negative effects on MoS2 op-
toelectronic properties in terms of energy band structure, pho-
toresponsivity, and dark current level. 2) The interfacial lamina-
tion provides outstandingmechanical endurance and robustness
that stand tremendous stretching cycles, without showing sig-
nificant performance decay or structural variation. 3) Thanks to
the effective mechanical coupling between vdWS and polymer
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substrates, we are able to effectively create mechanical defor-
mations on vdWS and study their response to extreme condi-
tions that are intangible in previous device structures. All these
benefits open up new pathways toward vdWS-based flexible and
stretchable device fabrication and application. Meanwhile, as-
constructed devices can serve as promised platforms to inves-
tigate the fundamental mechanical and electronic properties of
vdWS with improved accuracy and consistency.

5. Conclusion

In summary, we introduce a new principle and workflow for
vdWS flexible device fabrication, emphasizing uniform and
strong covalent lamination with polymer supporting substrates.
Compared with other methods, our strategy can better couple
the polymer deformation to the vdWS layers to ensure the re-
liability of the flexible/stretchable devices, and drastically elon-
gate their lifetime. As-constructed wearable sensors show ex-
cellent mechanical stability and electronic performance. No ob-
vious peeling, wrinkling, or electronic performance decay can
be detected after a few thousands mechanical stretching cycles.
The enhanced vdWS–polymer adhesion also drastically increases
the achievable vdWS deformation, and thus, enables the experi-
mental observation of a theoretically predicted direct-to-indirect
energy band transition. The introduced principle and workflow
versatilely apply to chalcogen-passivated vdWS and hydroxylated
polymer substrates, delivering effective lamination otherwise un-
achievable by other procedures. The drastically enhanced struc-
tural stability and electrical reliability will foster the development
and application of vdWS-based flexible/stretchable devices in bi-
ological sensors,medical devices, consumer electronics, human–
machine interfaces, and other emerging fields.

6. Experimental Section
Material Synthesis: The monolayer MoS2 crystal was synthe-

sized by CVD method with a 2-inch diameter hinged tube furnace
(Lindberg/Blue).[55–57] Silicon wafers with 300 nm SiO2 (Si/SiO2) were
used as the growth substrate. The substrate was cleaned with acetone and
isopropanol (IPA), and spin-coated with perylene-3,4,9,10-tetracarboxylic
acid tetrapotassium salt, then it was dried. The Si/SiO2 wafers were later
placed face-down above an alumina crucible containing 5 g of MoO3
powder (99.9%, Sigma–Aldrich). Another crucible containing ≈ 0.7 g
of S powder was placed 20 cm upstream from the center of the quartz
tube. After evacuating the tube to ≈ 5 × 10−3 Torr, 70 sccm (standard
cubic centimeter per minute) of argon and 6 sccm hydrogen gas were
introduced into the tube. The temperature of the furnace was ramped up
to 750 °C (with a ramping rate of 30 °C min−1) and maintained between
4–6 min at a pressure of 20 Torr. At 750 °C the location of the S powder
was ≈ 180 °C. After growth, the furnace was allowed to cool naturally
to room temperature. Bulk MoS2 crystal for mechanical exfoliation was
purchased from SPI Supplies.

Sample Preparation: The exfoliation of multilayer MoS2 on the mica
was done using blue tape (Nitto SPV224PR-MJ). The CVD MoS2 was
transferred on PBAC film instead of mica. The thin Au deposition (1–
2 nm)was performed in an Edwards Auto 306 thermal evaporator.MPTMS
(CAS# 4420-74-0) was purchased from Sigma–Aldrich. The PDMS pre-
cursors were purchased from Gelest Inc, and included two parts. Part A
contained silanol-terminated polydimethylsiloxane (CAS#70131-67-8) and
poly(dimethylsiloxane) (CAS#68412-37-3) while part B included silicone
fluid and di-n-butyldilauryltin (CAS#77-58-7). The ratio between part A

fluid to part B was 10:1. After mixing these two parts according to the pro-
portion, a desiccator was used to remove air bubbles in the mixture, and
then the filler was slowly poured on the surface of the sample until it was
completely covered. After curing, the PDMS film could be readily detached
from the temporary substrates with the samples or devices attached to it.

Material Characterization: The optical image was captured with the
Olympus BX60. The scanning transmission electron microscopy (STEM)
imaging was performed by using an aberration-corrected STEM Hitachi
HD2700 working at an acceleration voltage of 120 kV. The spatial reso-
lution was ≈1.5 A. High-angle annular dark field (HAADF), bright field
(BF) and secondary electron (SE) detectors were equipped in the HD2700.
The AFM study was performed on the Veeco MultiMode V AFM system
under tapping mode. Raman measurements were finished on a home-
built confocal microscopy system with a 514 nm excitation. An Andor
Shamrock 500i spectrometer and an Andor iDus 420 CCD camera were
employed for Raman spectra capturing. This spectrometer captured the
unique signature peaks of materials at specific wavenumbers when stimu-
lated by a 532 nm laser, utilizing Raman scattering. The measurement sys-
tem boasted impressive wavelength accuracy and repeatability, with values
of 0.04 nm and 10 pm, respectively. Signal-to-noise levels were meticu-
lously assessed, as depicted in Figure S15 (Supporting Information), con-
firming compliance with rigorous standards for quantitative analysis. The
photoresponsivity spectra and IV curves were captured on a home-built
probe station with the collaboration of a source meter unit (SMU, Keithley
2634B). A Bio-Rad argon−krypton ion laser was employed to generate the
488, 568, and 647 nm excitation for I–V tests. The photo-response spectra
(P.R.) of the device shown in Figure 5a were calculated with the equation of
R(𝜆) = [Ilight(𝜆) − Idark]/P(𝜆) under different stretching degrees, respec-
tively. MoS2 field effect transistors (FET) werefabricated by using standard
electron-beam lithography. The electrode patterns were then exposed with
a 40 nA E-Beam current (Jeol-8100FS) followed by pattern development
in MIBK/IPA (1:3) solution. Finally, Cr/Au (10nmn/50 nm) metal deposi-
tions were carried out by E-Beam evaporation at ≈2 × 10−6 Torr, and the
remaining resist was removed in an acetone bath.

Device Fabrication and Relocation: For the device fabrications in this
study, PMMA (Kem Lab 1000 harp eb 0.3) was first spin-coated on the
silicon dioxide, after exfoliating MoS2 on top of it, another two layers
with 100 nm undercut resist (Kayaku Advanced Material PMGI SF 3S)
and 300 nm S1805 photoresist (Kayaku Advanced Material S1805) were
spin-coated on the sample. Then, a home-built 450 nm diode laser direct
writing system was employed to expose electrodes for optoelectronic test-
ing. After finishing the exposure, the patterns were obtained by soaking in
the tetramethylammonium hydroxide (TMAH)-based developer (Kem Lab
TMAHDeveloper 0.26N) for 30 s, followed by a second 60S ultraviolet light
exposure. Next, the thermal evaporation (Au 45 nm) was done and metal
lift-off procedures with tetramethylammonium hydroxide (TMAH)-based
developer to complete the device fabrication. After finishing the lithog-
raphy processes, the surface functionalization was applied by depositing
another 1–2 nm Au and the 3 h MPTMS treatment. Next, the liquid PDMS
was cast evenly on the surface of the device. After 24 h of curing, the PDMS
film and the microdevice on it could be gently peeled off. Then the PMMA
was removed by acetone, and the entire devicemanufacturing process was
completed.

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