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ABSTRACT: We report a novel strategy to assemble wafer-scale two-
dimensional (2D) transition metal dichalcogenide (TMD) layers of well-
defined components and orientations. We directly grew a variety of 2D
TMD layers on “water-dissoluble” single-crystalline salt wafers and precisely
delaminated them inside water in a chemically benign manner. This
manufacturing strategy enables the automated integration of vertically
aligned 2D TMD layers as well as 2D/2D heterolayers of arbitrary stacking
orders on exotic substrates insensitive to their kind and shape. Furthermore,
the original salt wafers can be recycled for additional growths, confirming
high process sustainability and scalability. The generality and versatility of
this approach have been demonstrated by developing proof-of-concept “all
2D” devices for diverse yet unconventional applications. This study is
believed to shed a light on leveraging opportunities of 2D TMD layers toward achieving large-area mechanically reconfigurable
devices of various form factors at the industrially demanded scale.
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■ INTRODUCTION

Advancements of modern electronics have been driven toward
incorporating a large set of previously impossible function-
alities such as high mechanical deformability and process
sustainability.1−3 Traditional manufacturing strategies based on
bulky three-dimensional silicon (Si) wafers are intrinsically
limited in realizing such novel aspects owing to their rigid,
complicated, and unsustainable process nature. In this regard,
two-dimensional (2D) transition metal dichalcogenide (TMD)
layers offer distinct advantages due to their extremely large
mechanical tolerance and small thickness as well as van der
Waals (vdW) attraction-enabled relaxed assembly require-
ment.4−6 Such unparalleled opportunities have triggered
proliferating extensive research endeavors as well as piloting
industry-oriented initiatives toward emergent technologies.7−18

While major efforts in fundamental sciences have focused on
unveiling their intrinsic properties,19−22 rapidly growing
intellectual property landscapes have already started to
leverage them toward practical device applications in a wide
range of domains.7,8,23,24 To this end, it is important to
manufacture 2D TMD layers of controlled chemistry and
morphology in a way to be compatible with the currently
available wafer process schemes. Ultimately, there is demand to
develop an “automation” process that will enable the
deterministic integration of wafer-scale 2D TMD layers onto

target substrates in a controlled and sustainable manner. This
approach not only relieves the laborious and delicate handling
of individual 2D layers, but this approach also should preserve
their intrinsic material properties, minimizing the involvement
of quality-impairing chemicals during the integration
stages.8,25−27 Such perspective is particularly essential for
realizing 2D TMD heterolayers which require the individual
2D layers of chemically distinct components to be integrated in
a layer-by-layer manner.7,18,23,28−32 Moreover, the integration
process should be generic to integrating 2D TMDs irrespective
of their crystallographic layer orientation, that is, horizontally
or vertically aligned onto substrates of virtually unrestricted
forms.
Herein, we developed a versatile and sustainable approach to

manufacture wafer-scale 2D TMD layers of arbitrary chemical
composition and crystallographic orientation on exotic
substrates. This manufacturing scheme adopts the scalable
chemical vapor deposition (CVD) growth of 2D TMD layers
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on “water-dissoluble” salt wafers and their spontaneous
delamination. We demonstrated the controlled integration of
“vertically-aligned” 2D heterolayers of whichever desired layer-
stacking orders in a fully automated manner and projected
their opportunities for unconventional device applications.

■ RESULTS AND DISCUSSION
The manufacturing process relies on the water-assisted
delamination of CVD-grown wafer-scale 2D TMD layers.
Figure 1a,b describes the working principle for 2D TMD layers
of distinct layer orientation, that is, horizontally aligned (HA)
versus vertically aligned (VA), respectively. It is known that
HA-2D TMD layers can be spontaneously delaminated from
their growth wafers (e.g., silicon dioxide/silicon (SiO2/Si))
inside water33−39 and attributed to the exposure of vdW gaps
in between them and the wafers. Figure 1a illustrates this
scenario along with a representative cross-sectional high-
resolution transmission electron microscopy (HRTEM) image
of HA-2D molybdenum disulfide (MoS2) layers. However,
delaminating VA-2D TMD layers has been technically
challenging with this approach, as described in Figure 1b. In
this case, individual 2D layers are vertically “rooted” in the
wafer surface without exposing vdW gaps, impeding their
delamination in water as previously verified.33 This challenge
has been the major limiting factor in terms of fully exploring
technological opportunities of VA 2D-TMD layers beyond
their growth substrate-bound forms. In general, VA 2D-TMD
layers exhibit unparalleled chemical reactivity and physisorp-
tion properties owing to their surface-exposed rich dangling
bonds, suggesting great implications for high-performance

electrochemical and/or molecular sensing applications.40,41

Such unprecedented opportunities can be realized even in
flexible and/or stretchable forms as far as they are deterministi-
cally and stably integrated on mechanically reconfigurable yet
functional substrates retaining their original structural integrity.
Figure 1c illustrates schematics of our manufacturing strategy,
which overcomes this limitation and can be generalized to 2D
TMD layers of any layer orientation. Metal thin films are
deposited on single-crystalline salt substrates, and the prepared
samples undergo CVD processes adopting the previously
developed recipes.33,35,42−45 The 2D layer orientation can be
controlled by adjusting the thickness of the metal films,45,46

and we focus on growing and delaminating VA-2D layers. As-
prepared samples are immersed in water, which causes the
spontaneous delamination of only VA-2D layers only within a
few seconds after the immersion. The original salt substrates
remain nearly intact and can be reused for subsequent CVD
growth. The delaminated VA-2D TMD layers floating on the
water surface are manually integrated on secondary substrates
of desired functionalities, and this entire process can be
repeated until targeted 2D TMD heterolayers are achieved. In
order to verify the generality and versatility of this approach,
we grew a variety of 2D TMD layers including platinum
diselenide (PtSe2) and platinum ditelluride (PtTe2) beyond
MoS2 on a variety of salt crystals including sodium chloride
(NaCl), potassium chloride (KCl), and potassium bromide
(KBr). These substrates have been judiciously selected due to
their combined advantage of high melting temperature (up to
∼800 °C) and high water solubility.47 Details for CVD growth
conditions are described in Methods. Figure 1d shows

Figure 1. (a,b) Schematic illustrations highlighting the feasibility of water-assisted delamination for (a) HA- and (b) VA-2D TMD layers, and their
representative cross-sectional HRTEM images of 2D MoS2 layers. The scale bars are 5 and 2.5 nm for (a,b), respectively. (c) Schematic illustration
of stepwise processes for the water-assisted delamination and transfer of VA-2D TMD layers using salt crystals. (d) Representative images to
highlight the sustainability of salt crystals throughout sequential steps of metal deposition, 2D TMD layers growth, and their delamination.
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photographs corresponding to the step-by-step procedures
illustrated in Figure 1c. It is worth mentioning that the salt
substrates well retain their surface uniformity and smoothness
throughout these process cycles, as confirmed by atomic force
microscopy (AFM) characterization (Supporting Information,
Figure S1). Accordingly, they can be recycled for subsequent
CVD growths, typically up to 20 times, offering high
sustainability. Also, we emphasize that the entire process is
conducted in water without involving any other chemical
etchants or polymeric adhesives, thus it is intrinsically free of
any chemical-driven properties degradation.
Figure 2 demonstrates the successful CVD growth and

delamination of VA-2D MoS2 layers using NaCl substrates,
which were obtained by the growth recipe developed for SiO2/
Si substrates in our lab.28,42,46 Figure 2a presents photographs
of a sample taken at each preparation stage and Figure 2b
depicts time-lapsed snapshot images of the corresponding 2D
layers undergoing water-assisted delamination. The delamina-
tion is completed instantly after water immersion (typically
within a few seconds), as presented in Supporting Information,
Video 1. After this step, the delaminated 2D layers can be
transferred to freshwater to ensure the complete removal of
any salt ion residuals (details are described in Methods).

Figure 2c shows a low-magnification TEM image of the sample
prepared in Figure 2a,b, evidencing its highly continuous film
morphology without any disconnection or cracks. Figure 2d
presents the corresponding selected area electron diffraction
(SAED) characterization which exhibits the indexed (002) and
(004) ring patterns of hexagonal MoS2 crystals, consistent with
previous observations with VA- 2D MoS2 layers.46,48 The
HRTEM image in Figure 2e evidences that the sample is
entirely composed of VA-2D MoS2 layers, predominantly
exposing their edge sites on the surface. The measured
interlayer spacing is ∼0.65 nm which precisely matches the
(001) planar distance (that is, c-axis) of hexagonal MoS2
crystals.46,48−50 The inset in Figure 2e shows the digital
micrograph intensity profile corresponding to the line-scan
orientation (white arrow) in the image, confirming the uniform
dimension of vdW gaps. The chemical composition of the VA-
2D MoS2 layers was characterized by energy dispersive X-ray
spectroscopy (EDS). Figure 2f shows EDS profiles obtained
from the same sample confirming the stoichiometric ratio of
Mo/S = 1:2, which is highly consistent with previous
studies.33,51 It is remarkable to note that the EDS intensity
of salt residuals is negligible, as presented in the zoomed-in
image in the right panel. The chemical integrity of the sample

Figure 2. (a) Demonstration of VA-2D MoS2 layer growth on a single-crystalline NaCl substrate. (b) Time-lapsed snapshot images of delaminating
VA-2D MoS2 layers in water. (c) Low-magnification TEM image, and (d) SAED pattern of delaminated VA-2D MoS2 layers. (e) HRTEM image of
delaminated VA-2D MoS2 layers denoting the interlayer vdW spacing of 0.65 nm. The inset shows the line intensity profile taken along the white
arrow in the TEM image. (f) EDS profile obtained from delaminated VA-2D MoS2 layers and the enlarged view of the energy range corresponding
to Na. (g) XPS profiles of Mo 3d, S 2p, Na 1s, and Cl 2p core levels obtained from delaminated VA-2D MoS2 layers. (h) Raman spectrum obtained
from delaminated VA-2D MoS2 layers.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c01089
Nano Lett. 2020, 20, 3925−3934

3927

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01089/suppl_file/nl0c01089_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01089/suppl_file/nl0c01089_si_002.mp4
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01089?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01089?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01089?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01089?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01089?ref=pdf


was further characterized by X-ray photoelectron spectroscopy
(XPS). Figure 2g displays XPS core-level spectra of Mo 3d, S
2p, Na 1s, and Cl 2p binding energies obtained from the same
sample. The XPS spectra of Mo 3d and S 2p reveal
deconvolution peaks at the specific binding energies consistent
with previous studies on 2D MoS2 layers,42,52,53 consistent
with the SAED and EDS characterization. Meanwhile, the XPS
spectra of Na 1s and Cl 2p exhibit negligible peaks, further
confirming the chemically clean nature of this layer
delamination approach. We note that as-delaminated 2D
MoS2 layers can exhibit a very small amount of Na+ residuals,
which can be completely removed by the additional water
rinsing step described in Methods. The corresponding XPS
spectra are presented in Supporting Information, Figure S2.
Figure 2h presents Raman spectroscopy characterization which
reveals two distinguishable peaks of in-plane E1

2g and out-of-
plane A1g oscillation modes of 2D MoS2 layers. It is noted that
the intensity of the A1g peak is significantly higher than that of
the E1

2g peak, which is a distinct feature of VA-2D MoS2 layers
and is fully consistent with previous studies.42,46,54,55

In order to verify the generality of this growth/delamination
approach, we grew a variety of 2D TMD layers on diverse salt
crystal substrates and delaminated them. Figure 3a−d
demonstrates the CVD growth of VA-2D PtSe2 layers on
NaCl crystals and their water-assisted delamination. Figure 3a
shows a representative HRTEM image of VA-2D PtSe2 layers
and their corresponding indexed SAED pattern (inset). Figure
3b presents a Raman spectroscopy profile of the same sample
after delamination, revealing the E1

2g and A1g peaks of PtSe2.
Figure 3c exhibits XPS spectral profiles of Pt 4f, Se 3d, Na 1s,
and Cl 2p core levels, which confirm the stoichiometric atomic
ratio of PtSe2.

43,56 Meanwhile, the spectral profiles of Na 1s
and Cl 2p core levels do not exhibit any noticeable peaks,
similar to the observation with 2D MoS2 layers obtained from

NaCl substrates. Figure 3d shows the corresponding EDS
profile, which further confirms the stoichiometric ratio of Pt/
Se = 1:2 with a negligible presence of Na atoms. We further
extended this water-assisted growth and delamination
approach to other materials, including VA-2D PtTe2 layers
and single-crystalline KCl substrates. The delaminated 2D
layers preserve the original stoichiometry of their as-grown
state,56−58 as confirmed in Supporting Information, Figure S3.
Additionally, the growth and delamination of VA-2D PtSe2
layers using KCl and KBr substrates were confirmed
(Supporting Information, Figures S4 and S5). The intrinsic
vdW gap spacings of the VA-2D TMD layers are much smaller
than the dimensions of the salts ions in their hydrated states59

which possibly explains the negligible presence of the ions in
the delaminated 2D layers. In addition to VA-2D TMD layers,
HA-2D TMD layers were also grown and delaminated using
salt crystals. Figure 3e−g presents a representative example of
HA-2D PtSe2 layers obtained from NaCl substrates. Figure 3e
shows an HRTEM image of HA-2D PtSe2 layers revealing the
lattice fringes from their basal planes along with the
corresponding low-magnification TEM image (inset). Figure
3f presents the corresponding SAED characterization obtained
from a large area (>10 μm2) of the sample exhibiting the
dominant appearance of (110) diffraction ring pattern, clearly
distinct from the characteristic observed with VA-2D PtSe2
layers (Figure 3a inset). This observation indicates that a large
number of (110) crystalline planes are orthogonally aligned
with respect to the TEM beam direction, confirming that the
basal planes of 2D PtSe2 layers are horizontally aligned
consistent with previous studies.43,45 Figure 3g shows TEM
electron energy loss spectroscopy (EELS) maps of the
corresponding sample, revealing a highly uniform spatial
distribution of constituent elements. Additional character-
ization results further verify the crystalline structure and

Figure 3. (a) HRTEM image of VA-2D PtSe2 layers delaminated from a NaCl substrate. The inset is the corresponding SAED pattern with indexed
PtSe2 crystalline planes. (b) Raman spectrum, (c) XPS spectra, and (d) EDS profile obtained from the same sample of delaminated VA-2D PtSe2
layers. (e) HRTEM image of HA-2D PtSe2 layers delaminated from a NaCl substrate. The inset is the corresponding low-magnification TEM
image. (f) SAED pattern corresponding to the sample in (e). (g) EELS elemental map images obtained from the same sample.
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stoichiometric composition of the delaminated HA-2D PtSe2
layers (Supporting Information, Figures S6 and S7).
We then demonstrated the heterogeneous integration of

multiple VA-2D TMD layers on unconventional substrates,
achieving 2D/2D heterolayers. To this end, we developed a
home-built stage which enables the layer-by-layer delamination
and integration of various 2D TMD layers in an “automated”
manner. Figure 4a shows a schematic illustration of the
apparatus describing its working principle. It is composed of
three major components; (1) loading stage where as-grown 2D
TMD/salt substrate samples are loaded, (2) water chamber
which supplies a controlled amount of water to the loading
stage, and (3) integration stage where delaminated 2D TMD
layers are individually stacked up. Figure 4b shows a top-to-
bottom view of the home-built apparatus specifying the loading
stage (blue box) containing a sample of VA-2D PtTe2/NaCl
substrate and the integration stage (green box). The blue
arrow presents the flow of water into the sample stage and the
yellow arrow denotes the movement of the loading rod, both of
which are executed in a fully automated manner. Figure 4c
specifies the 2D layer integration event occurring in the red
dotted box in Figure 4b in a time-lapsed manner. Once the

VA-2D PtTe2 layers are delaminated within the blue-boxed
sample stage (left panel), they are subsequently transferred to
the integration stage by the loading rod (middle panel).
Eventually, they become integrated onto the preloaded target
substrate within the green boxed stage and the loading rod
returns to the starting point for the next processes (right
panel). Mild heating can be optionally applied to the
integration stage to promote the evaporation of the supplied
water to ensure the robust integration of each sample. The
video file corresponding to the procedures described in Figure
4c is presented in Supporting Information, Video 2. We
demonstrated the integration of wafer-scale 2D TMD
heterolayers employing various components of controlled
orientation. Figure 4d shows representative images demon-
strating the sequential integration of three different VA-2D
TMD layers, that is, MoS2, PtSe2, and PtTe2, on top of a
polyethylene terephthalate (PET) substrate (purchased from
Eg-eMigoo). The lateral dimension of each material is greater
than a few square centimenters, and the PtSe2 and PtTe2 layers
were intentionally grown to be in rectangular shapes for better
visualization. Figure 4e presents another example of large-area
PtTe2/PtSe2/MoS2 heterolayers integrated on a mechanically

Figure 4. (a) Schematic illustration and working principle for the water-assisted automated integration of 2D TMD layers. (b) Top-to-bottom view
of a home-built 2D layer integration stage describing its major components. (c) Time-lapsed snapshot images sequentially depicting the water-
assisted automated integration of VA-2D PtTe2 layers. (d) Heterogeneous integration of three-different VA-2D TMD layers on a PET substrate.
The scale bar is 1 cm. (e) Mechanical flexibility of VA-2D TMD heterolayers. The sample is different from that in (d). (f) Raman spectral profiles
obtained from a sample of 2D heterolayers composed of PtTe2, MoS2, and PtSe2.
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bendable substrate maintaining their vertical alignment. We
also demonstrated other heterolayers stacked in a different
order, that is, PtSe2/MoS2/PtTe2 (Supporting Information,
Figure S8), confirming the high controllability of layer stacking
order. The chemical integrity of these large-area 2D
heterolayers was characterized by Raman spectroscopy, as
shown in Figure 4f. The image on the top panel shows a
Raman spectrum obtained from a stacked region of PtTe2/
MoS2. The PtTe2 and MoS2 Raman spectra presented on the
bottom panel correspond to the enlarged views of the blue and
red boxed regions on the top panel, respectively. The PtSe2
Raman spectrum on the bottom panel was separately obtained
from a region containing only 2D PtSe2 layers. The
corresponding XPS profiles obtained from the stacked region

of PtTe2/MoS2 are presented in Supporting Information,
Figure S9.
Finally, we studied opportunities of this 2D layer

delamination/integration approach for unconventional device
applications difficult to achieve with any other methods, that is,
large-area “all 2D” layers-enabled photodetection (Figure 5a−
c) and mechanically reconfigurable electro-thermal heaters
(Figure 5d−i). For all 2D photodetection, we employed
MoS2/PtTe2 heterolayers integrated on a flexible PET
substrate (Figure 5a), prepared by the sequential growth of
individual 2D layer components and their delamination as
described in Supporting Information, Figure S10. In this
sample configuration, two separate 2D PtTe2 layers are
partially interfaced with the two ends of 2D MoS2 layers, as
shown in the schematic illustration on the right panel. Given

Figure 5. (a) Large area all 2D heterolayers composed of VA-2D PtTe2 layers partially interfacing with VA-2D MoS2 layers integrated on a PET
substrate. The inset image on the right panel demonstrates that VA-2D PtTe2 layers function as metallic electrodes for semiconducting VA-2D
MoS2 layers. (b) Raman profiles obtained from the same sample, zooming in the wavenumber ranges specific to PtTe2 and MoS2. (c)
Demonstration of photoresponsiveness with the same sample upon a periodic illumination of a white light. (d) VA-2D PtTe2 layers integrated on a
PET substrate. (e) IR images of the sample in (d) obtained at a bias of 0 and 3.5 V. (f) Electro-thermal performance of the same sample presenting
a plot of voltage versus temperature. (g) Images of kirigami-patterned VA-2D PtTe2 layers on a PI substrate under 0% and 100% strain. (h) I−V
characteristics obtained from the same kirigami sample revealing strain-invariant electrical properties. (i) Plot of voltage versus temperature
obtained from the same kirigami sample under 0% and 100% strain. The inset shows IR images of the same sample obtained at a bias of 20 V.
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their intrinsically metallic nature with extremely high electrical
conductivities, that is, >106 S/m,57,60,61 the integrated 2D
PtTe2 layers function as near atom-thickness metallic electro-
des for the semiconducting 2D MoS2 layers. Figure 5b presents
the Raman spectral profiles of the sample obtained from the
wavenumber ranges specific to PtTe2-only and MoS2-only.
Figure 5c shows a periodic generation of photocurrent upon a
cyclic illumination of visible light onto the sample. The results
confirm a demonstration of large-area “all 2D” photoresponsive
TMD heterolayers where both photoactive media and contact
electrodes are 2D layers. As another example of unconven-
tional electronic devices, we studied electro-thermal applica-
tions of large-area 2D PtTe2 layers integrated on a PET
substrate (Figure 5d). We studied the Joule heating
responsiveness of the 2D PtTe2/PET sample by characterizing
its infrared (IR) images under electrical biasing. Figure 5e
shows IR images of the 2D PtTe2 layers taken at a bias of 0 and
3.5 V, visualizing a drastic change of bias-dependent temper-
ature. Figure 5f shows a plot of applied voltage versus resulting
temperature obtained from the same sample, confirming a
substantial Joule heating effect. Indeed, the measured electro-
thermal efficiency, that is, temperature increase per applied
voltage, is significantly higher than those observed with other
metallic nanomaterials including graphene, carbon nanotubes,
and silver nanowires.62−64 We further explored this oppor-
tunity and developed 2D PtTe2 layer-based mechanically
reconfigurable electrically driven heaters. For this, we
integrated 2D PtTe2 layers on polyamide (PI) substrates
(purchased from ColePalmer) with higher thermal stability as
the PET substrates were more prone to Joule-heating driven
deformation (Supporting Information, Figure S11). We then
created kirigami cuts on the 2D PtTe2 layers/PI samples to
ensure a large degree of mechanical stretchability.22,43 Figure
5g shows images of a kirigami-patterned 2D PtTe2/PI sample
at 0% and 100% strain rate λ which is defined to be ΔL/Lo
where ΔL denotes the increase of lateral length with respect to
the original length Lo. Details for the kirigami pattern
dimensions are presented in Supporting Information, Figure
S12. The sample exhibits strain-invariant conductance even up
to 100% strain, as shown by the I−V characteristics in Figure
5h. We then studied the electro-thermal responsiveness of this
stretchable kirigami sample, and Figure 5i presents a plot of
temperature versus voltage before and after lateral stretching.
The sample exhibits an insignificant drop of bias-driven heating
even up to 100% strain, as also manifested by the
corresponding IR images presented in the inset. All these
proof-of-concept demonstrations emphasize the high versatility
of integrating 2D TMD layers of controlled chemistry and
morphology onto functional substrates in realizing futuristic
device applications.

■ CONCLUSION
We report a new method to heterogeneously integrate wafer-
scale 2D TMD layers onto secondary substrates in a highly
scalable and controllable manner. We employed salt crystals as
growth substrates, which enable water-assisted delamination of
as-grown 2D TMD layers irrespective of their compositions
and orientations. We demonstrated a fully automated assembly
of wafer-scale 2D TMD layers on unconventional substrates
difficult with other approaches. These wafer-scale 2D TMD
heterolayers retaining their intrinsic material properties enable
a variety of near atom-thickness device building blocks of
diverse form factors.

■ METHODS

Growth of 2D TMD Layers. CVD was performed for the
sulfurization, selenization, and tellurization of predeposited
metals using a horizontal quartz tube furnace (Lindberg/Blue
M Mini-Mite). Metal films of various thicknesses were
deposited on single-crystalline salt substrates (TedPella, 99%
single crystal) by an electron beam evaporator (Temescal) at a
deposition rate of 0.1 Å/s, that is, 0.7 nm Pt for HA- 2D PtSe2
layers, 1.5 nm Pt for HA-2D PtTe2 layers, and 6 nm Pt and Mo
for VA-2D PtSe2, VA-2D PtTe2, and VA-2D MoS2. The metal-
deposited salt crystals were placed in the center zone of the
CVD furnace. Alumina boats containing chalcogenide powders
specific to targeted 2D TMD layers were placed in the
upstream side of the furnace, that is, Se and Te for PtSe2 and
PtTe2, respectively, and S for MoS2. All the chalcogen powders
were high purity (∼99.9%) and were purchased from
MilliporeSigma. The quartz tube was pumped down to a
base pressure of ∼20 mTorr and purged with Ar gas for ∼10
min to remove organic residuals in it. Subsequently, it was
heated to the reaction temperature specific to target materials,
that is, 400 °C for 2D PtSe2 and 2D PtTe2 layers and 550 °C
for MoS2. The total ramping time was 50 min, and the reaction
was maintained at the target temperature for another 50 min.
Throughout the reaction, Ar gas was supplied at a constant rate
of 100 standard cubic centimeters per minute, and the furnace
was naturally cooled down to room temperature once the
reaction was over. Prior to the metal deposition, as-purchased
salt crystals can be optionally polished with polishing papers
(purchased from Micro-Surface) without applying liquid if
their surface smoothness needs to be improved; initial rough
polishing was with 4000 grit and final fine polishing was with
12000 grit.

Delamination and Integration of 2D TMD Layers. For
the manual transfer of 2D TMD layers, as-prepared samples
are immersed in DI water until their complete delamination.
The delaminated 2D layers floating on the water surface are
maintained at 70 °C, followed by a subsequent transfer to fresh
DI water to remove any residual salt elements. The 2D TMDs
layers integrated on secondary substrates are dried on a hot
plate at 70 °C for ∼12 h to remove residual water. For the
demonstration of the water-assisted automated integration of
2D TMD layers, we fabricated the setup and the loading rod
presented in Figure 4b using a 3D printer (PRUSA i3MK3).
The loading rod was manually connected to a home-built
tensile stretcher, which moves it between the sample stage and
the integration stage in an automated manner.

Structural and Chemical Characterization. TEM
characterization was performed using JEOL ARM 200F Cs-
corrected TEM and FEI F30 TEM at an accelerating voltage of
200 and 300 kV, respectively. Raman characterization was
using Renishaw RM 1000B system with a laser source of 514
nm wavelength. XPS characterization was performed using
ESCALAB 250 with an Al Kα-ray source (1486.3 eV) in
ultrahigh vacuum condition (10−9 mBar)

Device Fabrication and Electrical Measurement. For
electrical measurements, Au (70 nm thickness) electrodes were
deposited on top of the 2D PtTe2 layers interfaced with 2D
MoS2 layers (Figure 5a) or integrated on PET (Figure 5d)
through a shadow mask. Two-terminal electrical measurements
were performed using a home-built probe station connected
with a semiconductor parameter analyzer (HP 4156A).
Photoresponsiveness measurements (Figure 5c) were per-
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formed using a white LED with a power intensity of 164 W/m2

at 1 V.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01089.

AFM, optical images of samples, XPS data, TEM/EDS
data (PDF)
Video of layers undergoing water-assisted delamination
that is completed instantly after water immersion (MP4)
Video of mild heating applied to integration stage to
promote the evaporation of supplied water (MP4)
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