
RESEARCH ARTICLE
www.advmattechnol.de

Large-Area Mechanically-Exfoliated Two-Dimensional
Materials on Arbitrary Substrates

Satyam Sahu, Golam Haider, Alvaro Rodriguez, Jan Plšek, Martin Mergl, Martin Kalbáč,
Otakar Frank, and Matěj Velický*

Atomically-thin crystals have been shown to be rich in fundamental
phenomena and are promising for various applications. Mechanical
exfoliation of (2D) materials from bulk crystals is particularly suited for
fundamental studies due to the high quality of the resulting monolayer
crystals. To date, several techniques have been developed to increase the
exfoliation yield, however, they still suffer drawbacks. In this work, a novel
method that exploits gold-assisted exfoliation to prepare large-area
monolayers of various layered materials followed by their transfer to arbitrary
substrates is introduced. X-ray photoelectron, Raman, and
photoluminescence spectroscopies are employed to assess the quality of the
prepared layers and their optical properties. Then, field-effect transistors and
photodetectors are fabricated to demonstrate the suitability of this technique
for large-area optoelectronic devices.

1. Introduction

Since the discovery of graphene in 2004,[1] there has been a lot
of interest in 2D materials because of their unique and tunable
physical, chemical, and mechanical properties resulting from
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their reduced dimensionality.[2–8] Due to
the aforementioned properties and ex-
treme sensitivity to the environment,
monolayers of layered materials can be
used in wide ranging applications such as
ultra-high performance optoelectronics,
sensors, flexible electronics, energy con-
version and storage, biomedicine, and
defense.[9–15]

At a laboratory level, preparation of
monolayers (1L) of 2D materials is
straightforward as small individual flakes
on the order of tens of μm in lateral size
usually suffice. However, the utility of 2D
materials at an industrial level is still lim-
ited by the conflicting relation between
the size and quality of 1L flakes. Nu-
merous research groups have focused on

preparation of large-area 2D materials using the most com-
mon methods including mechanical exfoliation, chemical vapor
deposition (CVD), liquid-phase exfoliation, etc., each with spe-
cific pros and cons. For example, directly mechanically exfoli-
ated flakes are considered of the highest quality but achieving
1L flakes larger than few tens of microns is a challenge.[7,16] On
the contrary, CVD can produce 1L flakes a few cm in lateral
size, but controlling the parameters and conditions is tedious[17]

and the high temperature[18] (≈800 °C) needed for the growth
of high-quality layers increases the costs and is often incompati-
ble with direct device fabrication. Moreover, samples prepared us-
ing CVD or related methods contain vacancies and grain bound-
aries, which modify the properties of the resulting material.[19]

The grain sizes for samples prepared using these methods lie in
few μm range,[20] which undermines their (opto)electronic appli-
cations because of the increased carrier scattering at grain bound-
aries. Liquid-phase exfoliation is a viable route for scalable pro-
duction of 1L flakes, whose quality, however, is poor. All these
disadvantages combined limit the applications of 2D materials
in both research and industry.

Recently, several research groups have reported on mechani-
cal exfoliation of large-area monolayers on gold substrates.[21–25]

This method relies on the fact that clean Au interacts strongly
with the closest layer of the bulk layered materials, particularly
chalcogenides such as MoS2, since the van der Waals (vdW) in-
teraction between Au and the closest 2D layer is larger than the
vdW interaction between the closest 2D layer and the rest of the
layered material.[23] The effect of this interaction on the electronic
band structure of the 2D material can be observed in the Ra-
man and photoluminescence (PL) spectra, X-ray photoelectron
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spectra (XPS), and scanning tunneling microscopy/spectroscopy.
We previously observed a sizeable shift in the Raman vibration
frequencies along with the splitting in the A1 mode of 1L MoS2 on
Au and predicted a bandgap closure for this system, which does
not only result in quenching of PL, but also limits their utility
for (opto)electronic applications.[23,26] Thus, a method of trans-
ferring the large-area monolayers from Au to another, arbitrary
substrate in order to eliminate the undesirable effects of Au, is of
utmost importance.

Several works demonstrated the transfer of large exfoliated
monolayers from Au to different substrates without damaging
the optoelectronic properties of monolayers.[22,24,27–29] Most of
those studies employed a spin-coated polymer or used thermal
release tape as a supporting layer to transfer the monolayers to
the target substrate. These protocols were exploited to build pat-
terned heterostructures as well as optoelectronic devices.[30–33]

However, none of the mentioned protocols achieved a precise
control of the flake positioning, which is essential for the design
and fabrication of large area optoelectronic devices.

In this work, we present a facile and time-efficient method ca-
pable of preparing large 2D monolayers on arbitrary substrates
that allows the exfoliation of common TMDCs (MoS2, MoSe2,
WS2, WSe2, etc.) as well as less-studied materials such as PtSe2,
which are very difficult to exfoliate on SiO2/Si along, especially
with sample positioning control. It is based on the combination
of the chemically etched, Au-assisted exfoliation and determin-
istic transfer method using a viscoelastic stamp. We characterize
the prepared layers using XPS, Raman, and PL spectroscopies. As
a proof-of-concept of the utility of our method, we also prepare
a large-area vdW heterojunction of two monolayers of different
semiconducting 2D materials. Finally, we fabricated a phototran-
sistor using the transferred 1L MoS2. The optoelectronic perfor-
mance of the photo-device shows behavior consistent with the
reported devices based on 2D materials exfoliated directly onto
dielectric substrates. We believe that our study constitutes a ma-
jor step toward mm- and cm-scale devices based on large-area
exfoliation of high-quality 2D materials.

2. Results and Discussion

The schematic of our exfoliation and transfer process is shown in
Figure 1a. We first cleaned the SiO2/Si substrates by sonication
in acetone and isopropanol (5 min each) and blow-dried them
with nitrogen gas (i). We then deposited thin layers of Cr/Au (4
nm/10 nm) on SiO2/Si substrates using magnetron sputtering
(ii). All 2D materials were then immediately exfoliated from bulk
crystals directly onto the Au-coated substrates using the “scotch-
tape” method reported elsewhere (iii, iv).[34] The sizes of the 1L
flakes obtained on the Au-coated substrate reached 25 mm2 (Fig-
ure S1, Supporting Information), limited only by the size of the
bulk layered crystals.

For the transfer of 1L flakes, we have adopted a different ap-
proach to those reported in the literature to date. Instead of
spin-coating a polymer layer on top of the 2D material, we uti-
lize ready-to-use polydimethylsiloxane (PDMS) stamps (Gel Pak
4 by GelPak Inc.). First, we stamp the PDMS on the Au-coated
SiO2/Si substrate with the exfoliated monolayers (v). Next, the
PDMS/1L/substrate stack is placed in a KI/I2 gold etchant solu-
tion (Thermo Fisher Scientific Inc.). KI/I2 solution etches away

the Au and causes the PDMS/1L stack to lift off of the substrate
and float on the liquid surface (vi). The whole transfer process
following the exfoliation on Au takes less than 30 min, which
is significantly faster than in earlier reports where the samples
were kept in the solution for 10 h.[24] The PDMS/1L stack is then
rinsed with 0.1 M KCl solution (two times) to wash the remain-
ing Au from the surface of the 2D material, followed by rinsing
with distilled water (three times) to remove the KCl residues (vii).
Next, the PDMS/1L stack is scooped using a glass slide, flipped
on a support substrate (thick PDMS) (viii), and blow-dried with
N2. The sample is now ready for the final transfer step to a target
substrate. We then align the PDMS/1L stack with the target sub-
strate, bring them in contact with the help of a micromechanical
transfer stage (ix), and heat for 15 s at 70 °C. Finally, the PDMS
film is peeled off leaving the large-area flakes on the arbitrary tar-
get substrate (x). This protocol allows to transfer very large mono-
layers with the help of PDMS rather than using direct exfoliation
on PDMS. Direct exfoliation on PDMS is not only very tedious
due to the need of identifying the 1L flakes in the optical micro-
scope but it usually provides smaller flakes of only tens of μms
in lateral size. Once the 2D flakes are placed on PDMS, they can
subsequently be transferred to any substrate by using common
transfer setups.

Optical microscopy was used to examine the dimensions
and uniformity of the transferred 1L flakes. Figure 1b–g shows
the optical images of 2D materials transferred onto 300 nm
SiO2/Si substrates, including transition metal dichalcogenides
and graphene. Besides SiO2/Si, we used quartz, borosilicate
glass, and flexible plastics (polyethylene terephthalate) as target
substrates for the transfer of 1L MoS2 flakes (Figure S2, Support-
ing Information). The number of layers was determined from the
optical contrast of the transferred flakes.

High transfer yield and preservation of crystalline quality are
the key parameters of the transfer process efficiency. Therefore,
we measured the 1L flake areal coverage before and after the
transfer, yielding ≈ 90% transfer efficiency in the case of 1L MoS2
on SiO2/Si (Figure S3, Supporting Information). We employed
the XPS analysis of the transferred 1L MoS2 to determine the
chemical composition and impurity content (Au, K, I, etc.). The
atomic ratio of 1.6 between Mo and S confirms the presence of
commonly occurring sulfur vacancies, although the exact ratio
is unreliable due to the low absolute concentrations. The sur-
vey spectrum (Figure S4, Supporting Information) reveals the ab-
sence of both K and I. The Au concentration is also near or below
the XPS detection limit (Figure S4, Supporting Information). Fig-
ure 2a shows the high-resolution core-level XPS spectra of the Mo
3d and S 2s orbitals. The spectrum in Figure 2a was fitted with
two Gaussian–Lorentzian doublets with well separated (Δ = 3.15
eV) spin-orbit components of Mo 3d (229.7/232.9 eV for Mo4 +

and 233.6/236.8 eV for Mo6 +) and one Gaussian–Lorentzian for
S 2s (226.5 eV). The low intensity peak at 233.6 eV belongs to the
oxidized Mo species. The S 2p spectrum in Figure 2b was fitted
as a doublet (2p3/2 and 2p1/2) yielding binding energies of 162.6
and 163.7 eV, respectively. The peak positions in the Mo 3d spec-
trum were also compared with those of the 1L MoS2 exfoliated
on Au and bulk MoS2 (Figure S5, Supporting Information). The
high-energy Mo 3d component for MoS2/Au sample was shifted
by ≈0.4 eV and it can be assigned to the MoS2 layer closest to the
Au substrate.[35] Similar shape of the Mo and S spectra for the
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Figure 1. 2D material preparation method combining the gold-assisted exfoliation and deterministic transfer using PDMS. a) Schematic of the exfolia-
tion/transfer process: (i) cleaned SiO2/Si substrate, (ii) deposition of Au, (iii) tape exfoliation of bulk layered crystal on Au-coated SiO2/Si substrate, (iv)
1L flake on the Au-coated substrate, (v) PDMS stamp placed on 1L/Au substrate, (vi) etching of gold, (vii) PDMS/1L stack was cleaned using KCl and
distilled water and scooped using a glass slide, (viii) PDMS/1L was flipped on a thick PDMS support, (ix) PDMS/1L stack placed on the target substrate,
(x) 1L on the target substrate. b–g) Optical microscopy images of 1L flakes transferred onto an SiO2/Si substrate. All scale bars correspond to 600 μm.
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Figure 2. High-resolution XPS of 1L MoS2 transferred to SiO2/Si. a) Mo 3d
and b) S 2p spectral regions of monolayer MoS2 prepared by gold-assisted
exfoliation and transfer to SiO2/Si. The binding energies were obtained
from Gaussian–Lorentzian fits of the baseline-subtracted Mo 3d and S 2p
spectra. The black lines show the sum of all the convoluted peaks and the
empty boxes show the raw data in both (a) and (b).

transferred and directly exfoliated samples therefore indicates
that the transferred samples maintain structural and chemical
integrity after transfer.

To further compare the properties of the directly exfoliated
samples with samples prepared using our method, we performed
atomic force microscopy (AFM) and Raman and PL spectroscopy
measurements. AFM provides an independent measurement of
the surface morphology of the monolayers. On the other hand,
Raman and PL spectroscopies inform one about the mechanical
strain, charge carrier density, and band gap. Figure 3a,b shows
the optical and AFM image of the transferred 1L MoS2 flake of a
selected area of the sample.

It is evident from the topography images shown in Figure S6,
Supporting Information that the surfaces of samples transferred
using our method have similar morphologies as those of directly

exfoliated samples. Raman spectra in Figure 3c show the two
main vibrational modes, E′ (in-plane) and A1′ (out-of-plane), of
MoS2.[35,36] Crucially, we do not see any significant shifts in the
positions of the Raman modes between the transferred MoS2
and MoS2 directly exfoliated on SiO2/Si. This is in contrast to
MoS2 on Au, where large shifts in the peak positions, splitting
of A1′, and emergence of symmetry/geometry forbidden modes
are observed.[35,37] The similarity between the transferred and di-
rectly exfoliated samples confirms that MoS2 is not chemically
modified during exfoliation on Au and does not retain any resid-
ual strain after transferring from Au to SiO2/Si. The PL spectrum
of the transferred MoS2, composed of the neutral (A) and charged
(A−) excitons reveals a slight energy blueshift and a change in the
spectral shape in comparison to the directly exfoliated MoS2, as
shown in Figure 3d. These differences could be attributed to mi-
nor variations in charge doping, corroborated by the slight shift of
the A1′ Raman mode.[38] Similar effects were observed for other
TMDCs as well (Figures S9 and S15, Supporting Information).
We also exfoliated and transferred graphene monolayers using
our method. While the Au-assisted exfoliation was reported to be
less effective for graphene due to the small adhesive energy be-
tween graphene and Au,[24] we were able to exfoliate relatively
large graphene monolayers by heating the substrate to 80 °C for
15 s.

Figure 3e–g shows the optical and AFM images of monolayer
graphene transferred on SiO2/Si after exfoliation on Au, and the
Raman spectra of the transferred and directly exfoliated graphene
on SiO2/Si, respectively. Since the Raman spectrum of graphene
is more sensitive to defects than that of MoS2, we proceed to
analyze the former in greater detail. We observe both the main
G and 2D modes of graphene; however, the D mode activated
by defects in the ≈1340–1350 cm−1 range is not present (Fig-
ure S7, Supporting Information),[39] which confirms the absence
of a significant amount of disorder in our samples. For the case of
graphene on Au, we observe a clear shift as a result of the charge
transfer and/or strain. The average (20 spectra) Raman frequen-
cies of the G and 2D modes for monolayer graphene prepared
using our method (Au-assisted exfoliation followed by transfer)
are 1581.2 ± 0.5 and 2672.3 ± 1.9 cm−1, respectively. The corre-
sponding averages for the directly exfoliated samples are 1580.7
± 1.6 and 2670.9 ± 3.3 cm−1, respectively. The correlation anal-
ysis of the G and 2D Raman positions (Figure S8, Supporting
Information) reveals that the individual data points mostly differ
in strain, as do the average G and 2D position values. Quanti-
tatively, the sample transferred by our method shows a minor
compression (by approximately −0.014%) relative to the directly
exfoliated graphene,[40] and a slightly lower carrier density (by ≈1
× 1011 cm−2).[41] Furthermore, we observe a narrowing of the 2D
linewidth along with an increase in I2D/IG ratio to 3.6 for the
samples prepared using our method. The I2D depends on sev-
eral factors such as electron–phonon coupling, electron–defect
scattering, electron–electron scattering rate, etc., and its sensi-
tivity to changes in carrier density is much higher at low dop-
ing levels (between the charge neutrality point and Fermi energy
corresponding to the phonon anomaly).[41] For that reason, I2D
can vary significantly from sample to sample as discussed ex-
plicitly by Froehlicher et al.[42] and the I2D/IG ratio is therefore
not an ideal parameter to fully explain the strain and doping ef-
fects. Nevertheless, its increase also suggests a partial de-doping
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Figure 3. Raman spectroscopy, PL spectroscopy, and AFM of MoS2 and graphene monolayers prepared using different methods. a) Optical image of
MoS2 prepared by gold-assisted exfoliation followed by transfer to SiO2/Si using PDMS (our method). b) AFM image of a selected area of MoS2 in (a). c)
Raman spectra of MoS2 directly exfoliated on SiO2/Si (blue), exfoliated on gold (red), and transferred to SiO2/Si using our method (black). d) PL spectra
of MoS2 directly exfoliated (blue) and transferred using our method (black). e) Optical image of graphene transferred to SiO2/Si using our method. f)
AFM image of a selected area of graphene in (e). g) Raman spectra of graphene directly exfoliated (blue), exfoliated on gold (red), and transferred to
SiO2/Si using our method (black) monolayer graphene. Laser excitation of 532 nm was used throughout.

(charge carrier density decrease) of graphene toward its native,
undoped state, in contrast to its p-doped state when directly ex-
foliated on SiO2/Si.[41,43] The decrease in the 2D band linewidth
also evidences larger strain and/or doping homogeneity within
the laser spot,[44] in line with the smaller spread of the G and 2D
mode frequencies shown in Figure S8, Supporting Information.

Since our method relies on the transfer of 1L flakes us-
ing a PDMS stamp, we can use it to construct vdW homo- or
hetero-structures. Figure 4 shows characterization of a typical
MoSe2/MoS2 hetero-bilayer assembled using our method (MoSe2
on top of MoS2). In the left panel, Raman spectra corresponding
to MoS2, MoSe2/MoS2, and MoSe2 are shown. The Raman mode
frequencies for the MoSe2/MoS2 heterostructure are matching
well those of the individual materials, indicating a weak interac-
tion between the two monolayers. In the right panel, PL spectra
of the same samples are shown. The A exciton of MoS2, com-
posed of the neutral exciton A and charged trion A−, is located at
1.88 eV and the B exciton is at 2.05 eV. In the case of MoSe2, the
excitonic A peak at 1.57 eV is symmetric and the B type exciton
is also visible at around 1.75 eV. Two remarks should be made re-
garding the PL spectra of the MoSe2/MoS2 heterostructure. First,

the MoS2 PL peak position redshifts and second, its intensity de-
creases, in comparison to pristine MoS2. These observations can
most likely be attributed to the interlayer charge transfer and/or
strain in the top layer localized in bubbles and blisters.[45,46]

As mentioned earlier, although the large-sized flakes can eas-
ily be exfoliated on Au, metallic substrates are not suitable for
electrical and optoelectronic studies and applications. For such
purposes, an additional transfer step to a dielectric substrate is
needed. In this section, we demonstrate the utility of our method
to prepare a device, which can be utilized in optoelectronics. To
that end, we fabricated a Hall bar device using MoS2 transferred
to SiO2/Si and measured its mobility (see Section S16, Support-
ing Information for details). The calculated mobility was 0.86 cm2

V−1 s−1, which is lower in comparison to that of the typical field-
effect transistor (FET) devices prepared from MoS2 transferred
on SiO2/Si.[24,47] We then extended our approach to an array of
FETs (Figures S10 and S11, Supporting Information), which indi-
cates the utility of our transfer approach for the integrated circuit
design and its potential for the field of complex electronics.

We further used our method to design a phototransistor and
demonstrate its utility toward the integration within state-of-
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Figure 4. Raman and PL spectroscopy of heterostructures fabricated via sequential transfer of large monolayers. (Left panel) Raman spectra of MoSe2
(green), MoSe2/MoS2 heterostructure (orange), and MoS2 (red). (Right panel) PL spectra of MoSe2 (green), MoSe2/MoS2 heterostructure (orange),
and MoS2 (red) taken at room temperature using 532 nm excitation wavelength at 50 μW of power. Blue dashed (dotted) lines in PL spectra show the
Lorentzian fitting of the neutral (charged) excitons. Inset: optical image of the MoSe2/MoS2 heterostructure, scale bar: 20 μm.

the-art optoelectronic circuits. In Figure 5, we show a proof-
of-concept photodetector device based on 1L MoS2. Schematic
representation and optical images of the device are shown in
Figures 5a–c. To investigate the device performance, we first
recorded the drain-source current-voltage (Ids–Vds) output char-
acteristics in the dark and under illumination, using a focused
laser beam (𝜆 = 514.5 nm) of different illumination power den-
sities in the range 2.5 to 63.6 μW cm−2, as shown in Figure 5d.
The linearity and symmetry of the Ids–Vds curves for small Vds
indicate an ohmic contact, and show an increase of Ids by several
orders of magnitude upon illumination. The photocurrent (Iph
= Iilluminated–Idark, where Iilluminated and Idark are the drain–source
currents under laser illumination and in the dark, respectively)
also increases with Vds as a result of increase in carrier density.
All the other measurements were performed under low Vds to
avoid heating of the sample. The temporal photoresponse of the
FET under different incident laser power densities at Vds = 1 V
and gate voltage (Vg) = 0 V is shown in Figure 5e. Upon turning
the laser on, Ids increases promptly and saturates within a few
seconds. When the laser is turned off, Ids decreases toward the
dark current background level, which is a photovoltaic behavior
expected for a semiconducting device. The dependence of pho-
tocurrent on illumination density shown in Figure 5f was fitted
using a power law (Iph ≈ Pc, where P is the illumination den-
sity and c = 0.84 is the fitted exponential parameter). At low il-
lumination power densities (below 22.9 μW/cm2), the photocur-
rent shows a near-linear dependence on the illumination den-
sity, which is a signature of low defect density in MoS2. In con-
trast, it has been shown that defects induces a nonlinear depen-
dence of the photocurrent with the excitation power density, as
the trap states fill up with photo-carriers.[48,49] Similar behavior
was observed for the power-dependent PL of monolayer MoS2

prepared using our method (Figure S12, Supporting Informa-
tion). The photocurrent ON/OFF ratio (Iilluminated/Idark) follows a
similar trend as Iph achieving the maximum of 72 at 63.6 μW
cm−2. The photodetector response had a typical rise time of 40 ms
and decay time of 60 ms under 2.5 μW cm−2 illumination power
density (Figure S13, Supporting Information), which is compa-
rable to earlier reports.[9]

One of the most important figures of merit for a photodetector
is its responsivity (R = Iph/P, where P is the power used by the
device). For our device, the responsivity was found to be ≈47 A/W
for Vds = 1 V and 1.27 μW cm−2, and ≈2200 A W−1 for 10 V and
63.6 μW cm−2. The observed responsivity values are comparable
with the reported values of typical MoS2-based devices produced
by direct exfoliation method for similar Vds and power density.[9]

Figure 5g shows the variation in detectivity, D = R
√

A∕(2eIdark),
where A is the device area, and photocurrent gain, 𝜂 = R(hc/e𝜆),
where 𝜆 is the wavelength of the incident light, with illumination
power density. The responsivity decreases with an increase in illu-
mination power as a result of unbalanced electron–hole pair gen-
eration. This happens by virtue of saturable absorption and de-
fect saturation at higher illumination intensities. Moreover, due
to the nonlinear I–V characteristics of the FET, the photocurrent
increases superlinearly with the increase of source–drain voltage,
giving rise to increased responsivity.[9] We are aware of the fact
that the photocurrent in such devices is position-dependent.[50,51]

In order to reduce the power density, we intentionally broadened
the excitation spot size, which extended beyond the device area.
Hence the obtained photocurrent in low-intensity regime may
have the contribution from the flake outside of the device active
area, which we have ignored for the proof-of-concept demonstra-
tion. The values obtained for all figure of merit parameters for
the device prepared using our method were comparable to the
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Figure 5. Phototransistor based on the MoS2 monolayer on SiO2/Si using the Au-assisted exfoliation followed by transfer. a) Schematic of the pho-
todetector device. b,c) Optical images of the photodetector device. The active area of the device was 1000 μm2. d) Drain–source (Ids–Vds) characteristic
of the device in the dark and under different illumination power densities. e) Temporal photoresponse of the device to a laser pulse of 514 nm under
different illumination power densities at Vds = 1 V and Vg = 0 V. f) Variation in photocurrent (left) and ON/OFF ratio (right) with illumination power
density. g) Detectivity (left) and photocurrent gain (right) at different illumination power densities.

values reported in the literature.[9,52] Even after 5 months, the
device showed outstanding performance and the values of pho-
tocurrent were about 80% of the initial current (Figure S14, Sup-
porting Information). These values combined with XPS and Ra-
man data prove that the transferred MoS2 monolayers preserve
its high crystalline quality.

3. Conclusions

Our results demonstrate the advantages of the Au-assisted exfo-
liation and subsequent transfer to an arbitrary substrate over ex-
isting methods. This method is suitable for the preparation of
2D materials, which cannot be exfoliated to large-area monolay-
ers using mechanical exfoliation due to interlayer interactions
stronger than those between the substrate and the adjacent 2D
layer but can be readily exfoliated on Au (e.g., PtSe2). Hence, our
method makes such materials available for fundamental studies
and applications. While significant progress has been made in

developing efficient ways of transferring 2D materials to other
substrates, our methods provides the fastest route to date thanks
to the avoidance of the spincoating step, absence of which signifi-
cantly speeds up the etching rate of Au (less than 30 min). Charac-
terization of the transferred, large-area monolayers confirms that
the 2D flakes are of high quality. We apply our method to design
a large-area 2D heterostructure and study its optical properties.
Finally, we show that our method is suitable for fabrication of op-
toelectronic devices requiring large-area samples of high-quality.
We demonstrate this utility by fabricating FET and photodetector
devices with characteristics of high-quality mechanically exfoli-
ated monolayers.

4. Experimental Section
Mechanical Exfoliation on Gold Substrates: The metal layer deposition

was completed in a sputtering system Quoram Q300T D (Quorum Inc.,
UK). An adhesive layer of Cr was deposited on an SiO2/Si substrate,

Adv. Mater. Technol. 2023, 8, 2201993 2201993 (7 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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after that a layer of Au was deposited. After depositing the metal layer, the
2D flakes were directly exfoliated from a bulk crystal (Manchester Nano-
materials Ltd., 2D Semiconductors Ltd., and Hq graphene Ltd.) using a
low-adhesion tape (Nitto Denko Corp.). The yield of monolayers was usu-
ally only limited by the size of the parent crystal, but the morphology and
history of the Au surface also played a role.[23,35] It was observed that for a
thinner Au film, the area covered by monolayer was larger, while for thicker
Au films (>15 nm Au), the flake-covered area was relatively smaller. In this
case, the optimum thickness of Au was 10 nm and Cr was 4 nm. The yield
of large area monolayers also depend on the time for which the Au-coated
substrate was kept under the ambient conditions.[23]

Preparation of Heterostructures by Stacking Of Large Monolayers: To
prepare the heterostructure, first 1L MoS2 was exfoliated and transferred
onto the SiO2/Si substrate using the method described in Figure 1a. Then,
1L MoSe2 was separately exfoliated and transferred onto a PDMS stamp,
up to the step (viii) in Figure 1a. Then, 1L MoSe2 was transferred on top
of 1L MoS2 using a commercial transfer stage. No special alignment was
needed in this step as the twist angle between these two layers was not
specified. Additional annealing at 200 °C was done to improve the contact
between the two layers.

Fabrication of Monolayer MoS2 Phototransistor and Hall Bar Devices:
For the fabrication of the devices, first, monolayer MoS2 was prepared on
PDMS using the method. Then, the electrodes were patterned on cleaned
SiO2/Si (300 nm) substrates with a direct-write lithography technique,
and subsequently, 10 nm Cr and 40 nm Au was evaporated. This was fol-
lowed by a direct transfer of MoS2 monolayer from PDMS to SiO2/Si sub-
strate with electrodes. To ensure proper contact between the electrodes
and monolayer MoS2, the samples were annealed at 200 °C in a quartz
tube under argon atmosphere for 2 h.

X-Ray Photoelectron Spectroscopy: The XPS measurements were per-
formed in a VG ESCA3 MkII electron spectrometer with a base pressure
better than 10−9 mbar. Al K𝛼 radiation was used for the excitation of the
electrons. The electrons were energy-analyzed using a hemispherical an-
alyzer operating at constant pass energy of 20 eV. The spectra were cali-
brated by setting the main feature of Si 2p region to the binding energy of
103.5 eV. The high-resolution spectra of Mo 3d, S 2p, Si 2p, Au 4f, C 1s,
and O 1s photoelectrons were measured. The surface atomic content was
determined assuming a homogenous distribution of atoms and Scofield
photoionization cross-section.

Optical and AFM Characterization: Optical microscopy images were
taken using an Olympus optical microscope with an Infinity 1-2 CCD cam-
era and Infinity Capture software (Lumenera Corp). The transfer efficiency
was calculated using a constant sampling area method. Identical regions
of 25 mm2 were chosen and the areas covered by 1L flakes before and
after transfer were estimated using the Fiji/ImageJ software. The trans-
fer efficiency was then calculated as Aafter∕Abefore × 100%, where Abefore
and Aafter are the 1L flake areas before and after transfer, respectively. Ra-
man and PL measurements were performed on a commercial WITEC Al-
pha 300R spectrometer using a 532 nm diode laser at illumination powers
of 500 or 50 μW focused through a 100× MPlan N objective with ≈1 μm2

spot size. AFM topography measurements were performed in a PeakForce
tapping mode using a Bruker Icon instrument.

Electrical Characterization: Electrical and optoelectronic measure-
ments were performed using an in-house probe station equipped with a
semiconductor parameter analyzer Keithley 2612B (Tektronix, Inc., USA).
For optoelectronic measurements, 𝜆 = 514.5 nm line of an Ar–Kr laser
were used and the illumination intensities were controlled using a vari-
able neutral density filter. A microscope objective and a micromechanical
stage were used to align the device to the center of the laser beam and
an optical diffuser was used to broaden the laser beam area (0.78 cm2)
to uniformly illuminate the sample resulting in an estimated maximum
illumination power density of 63.6 μW cm−2. Origin Pro 2019 Academic
Edition was used for data analysis and graph plotting.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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J. Koltai, Phys. Rev. B. 2022, 105, 195413.

[38] Z. Melnikova-Kominkova, K. Jurkova, V. Vales, K. Drogowska-Horná,
O. Frank, M. Kalbac, Phys. Chem. Chem. Phys. 2019, 21, 25700.

[39] A. C. Ferrari, D. M. Basko, Nat. Nanotechnol. 2013, 8, 235.
[40] N. S. Mueller, S. Heeg, M. Peña-Alvarez, P. Kusch, S. Wasserroth, N.

Clark, F. Schedin, J. Parthenios, K. Papagelis, C. Galiotis, M. Kalbac,
A. Vijayaraghavan, U. Huebner, R. Gorbachev, O. Frank, S. Reich, 2D
Mater. 2018, 5, 015016.

[41] A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha, U. V. Wagh-
mare, K. S. Novoselov, H. R. Krishnamurthy, A. K. Geim, A. C. Ferrari,
A. K. Sood, Nat. Nanotechnol. 2008, 3, 210.

[42] G. Froehlicher, S. Berciaud, Phys. Rev. B. 2015, 91, 205413.
[43] Q. H. Wang, Z. Jin, K. K. Kim, A. J. Hilmer, G. L. Paulus, C.-J. Shih,

M.-H. Ham, J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, J.
Kong, P. Jarillo-Herrero, M. S. Strano, Nat. Chem. 2012, 4, 724.

[44] C. Neumann, S. Reichardt, P. Venezuela, M. Drogeler, L. Banszerus,
M. Schmitz, K. Watanabe, T. Taniguchi, F. Mauri, B. Beschoten, S. V.
Rotkin, C. Stampfer, Nat. Commun. 2015, 6, 8429.

[45] T. Fan, A. A. Eftekhar, H. Taghinejad, P. Ajayan, A. Adibi, in Laser Sci-
ence, Optica Publishing Group, Washington, D.C. 2016, p. JTh2A–99.
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