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Abstract Gold-enhanced mechanical exfoliation method attracts broad interests in recent years, which has
been widely used for preparing large-area and high-quality 2D single crystals. Even many calculations predict
that there is strong interaction between Au film and the exfoliated 2D crystals, direct experimental evidence
is still lacking. Here, we perform Raman spectroscopy measurements for few layer MoSg2 with and without
Au film underneath. The main peaks of MoS2 on Au film show no obvious change at higher frequency,
however, the breathing and shear modes at low-frequency are suppressed, especially for breathing modes.
In contrast, both breathing modes and shear modes can be detected on suspended MoSg and the samples
are transferred from Au film to SiO2/Si. These comparison results provide direct evidence for the existence
of covalent-like quasi-bonding at the interface of Au film and the exfoliated MoSy crystal. This MoS2/Au
interface interaction presents a special pinning-effect for low-frequency rigid vibration. Similar pinning-effect
is also discovered in WSz /Au system. Our work reports the suppression of low-frequency Raman modes of
MoS2, WS on Au film, which will deliver new inspiration for studying other interactions between layered
materials and solid surfaces.
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1 Introduction

Two-dimensional (2D) materials, in present of graphene and MoSs, have stimulated the fast progress in
condensed matter physics and material sciences. Comparing with 3D layered materials, 2D counterparts
show unique mechanical [1,2], optical [3,4] and electrical properties [5-7], and compatible with tradi-
tional Si-based in-plane fabrication technology [8,9], which makes 2D materials very attractive both in
fundamental studies and future electronic applications. Mechanical exfoliation method provides a “top-
down” strategy to obtain high-quality 2D single crystals [10-12]. Most of the intrinsic properties are
discovered on exfoliated 2D crystals, including the room-temperature quantum Hall effect [13] and twist
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angle induced superconductivity in graphene [14], and indirect to direct band gap transition in MoS,,
WS,, ete. [3,15]. After the first successful exfoliation of graphene in 2004 [16], mechanical exfoliation
technique was regarded as a simple way to get 2D materials. In fact, even the mechanical exfoliation
method is widely used to get high-quality 2D single crystals, the size of exfoliated flakes is always around
few micrometers, which hinders further characterization and discovery of new 2D materials. For example,
it is difficult to locate the position of micrometer size 2D materials and collect sufficient signal by the
scanning tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (ARPES). Besides,
the small sized 2D samples cannot be used in integrated circuit devices.

In recent years, some researchers try to find new ways to improve the yield ratio and size of exfoliated
2D materials. Oxygen plasma treatment has been proved to be an effective way for exfoliating large area
and high quality graphene and layered copper-based high temperature superconductors (Bi2212 etc.) [11].
Au-enhanced exfoliation has been used to get large area transition metal dichalcogenides (TMDCs), such
as MoSz, WSy [17-19]. In our recent work, we extended the Au-enhanced exfoliation method to exfoliate
more than 40 layered materials and provided a universal exfoliation routine [12], which will be widely
used in the advanced studies for 2D materials. Our theoretical calculations indicate that the non-metallic
elements in VA, VIA, and VIIA in periodic table of elements, such as P, As, S, Se, Te, Cl, have strong
interaction with Au, and may form covalent-like quasi-bonding (CLQB) [12], which is relatively stronger
than interlayer van der Waals interaction but still weaker than covalent bonds. Therefore, the Au film
can improve the exfoliation yield ratio and flake size for those layered materials which containing the
non-metallic elements above. Even the interlayer CLQB interaction has been demonstrated in black
phosphorus, PtSa, PtSes and CrSy [20-24], however, the CLQB interaction at the interface of layered
materials and Au has not been reported in experimentally. So far, this 2D material-Au CLQB interaction
is still not clear and difficult to be detected by some surface sensitive characterization tools, because
the interaction is at the interface instead of the top surface of 2D materials. STM, ARPES and also
X-ray photoelectron spectroscopy (XPS) cannot be easily used to unveil whether the covalent-like quasi-
bonding exists at the interface. How to characterize this interaction is still a great challenge. Clarifying
the existence of covalent-like quasi-bonding between Au and these 2D materials is not only important
for examining the theoretical prediction, but also may provide some new clues to unveil the exfoliation
mechanism and optimize exfoliation procedures to get wafer-scale large area 2D crystals.

As the prime nondestructive characterization tool, Raman spectroscopy has been widely used to identify
the stacking order, strain field distribution, defects and layer numbers [25-27]. Different from the surface
sensitive characterization tools, Raman spectroscopy can be applied to detect some information of 2D
materials within a certain depth. Thus, Raman spectra may provide a new entry point to detect the
CLQBs between Au and 2D materials. As reported in previous studies, most 2D materials consist of
two kinds of Raman modes [28,29], the in-plane vibrations and interlayer rigid vibrations, such as the
interlayer shear (C) and layer breathing (LB) modes [30,31]. In graphene system, the in-plane vibrations
include D, G and 2D Raman peaks [29]. The C and LB modes in graphene and MoS, are sensitive to
layer numbers and thus can be used to probe the interlayer information [28,30].

MoSs, as one of the most well-studied 2D semiconductors, shows high on-off ratio in field-effect transis-
tor and strong photoluminescence (PL), which has great potential in logic circuit, photon detector, and
flexible /wearable devices [7,8,15]. The Raman spectra characters of monolayer and few layer MoS, have
been well studied [28,32], therefore, it is convenient to use MoSs as a reference to probe the CLQBs re-
lated behaviors by Raman spectroscopy. Here we report the low-frequency shear and breathing modes of
few layer MoSs on different cases, including Au film, SiO2/Si and hole-array substrates. After comparing
the Raman spectra of MoSy at low-frequency range, we demonstrate that the Au film can suppress the
shear and breathing modes of MoS,, which provides a convincing evidence for the existence of CLQBs
between Au-MoS, interface. This conclusion is further verified on few layer WSs, which show similar
behaviors, indicating that the CLQBs at the interface of Au-TMDCs are a universal phenomenon.

2 Results and discussion

Few layer MoS, samples are exfoliated from bulk MoS, crystal through a newly developed Au-enhanced
exfoliation method, which has been thoroughly introduced in our previous work [12]. Two metal layers
(Au/Ti: 5 nm/2 nm) are deposited on Si substrates with 300 nm SiOz layer by electron-beam evaporation
system. The flakes with different layer numbers can be determined by optical contrast and atomic force
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Figure 1 (Color online) (a) Lattice structure and shear modes in 2L and 3L MoSs. (b) Layer breathing modes in 2L and 3L
MoSs. The theoretical Raman peak positions of these modes based on the diatomic chain model are indicated. (c¢) Schematic image
of bi-layer MoS2 on Au film. The interaction between S atom and Au atom is indicated. The Au-S interaction can affect the shear
mode and layer breathing mode of MoSs layers near the interface.

microscopy [32]. Raman measurements are performed using a WITec alpha300R system with a low-
frequency detection capability (> 7 cm™!). The excitation wavelength is 532 nm from a diode-pumped
solid-state laser. In order to protect the sample, we set the laser power at 2 mW for all the measured
spectra. The spectral resolution is ~0.4 cm ™!, which facilitates to observe the fine peaks at low-frequency
range.

There are 18 normal vibration modes for bulk MoSs and 2L-MoS; [33]. The two modes, A, (~408 cm™*
in bulk and ~405 in 2L-MoS;) and E3, (~382 cm™"' in bulk and ~383 cm™! in 2L), are observed when
the laser is normal to the flake basal plane. These two modes are widely used to identify the layer number
of MoS, (< 10L) [32]. In low-frequency range, the doubly degenerate Es, mode, E22g, and one By, mode,
ng, are shear and LB modes. E22g is a rigid-layer vibration parallel to each unit MoSs layer (C mode),
while ng corresponds to rigid-layer vibration perpendicular to each MoSy plane (LB mode). Different
from even layer MoSs, which belong to D¢, point group, the odd layers, such as 1L and 3L-MoSs cor-
respond to Dsp point group [34], with A} and AJ belong to LB modes, and E’ and E” belong to C
modes. The origin of each vibration mode has been clearly presented in Tan’s work [28], which will be
used as reference in our experiments discussed below. The rigid-vibration modes of 2L and 3L are shown
in Figures 1(a) and (b) schematically.

CLQB is a kind of non-covalent interaction with typical interaction energies of ~0.5 eV per unit cell,
which has been reported in recent theoretical studies [20,21,35]. The intermediate interaction energy
for CLQB is a balance of a reasonably large Pauli repulsion induced by interlayer wavefunction overlap
and an enhanced dispersion attraction caused by more pronounced electron correlation in 2D layers with
high polarizability. The materials for CLQB with 2D crystals contain elements whose Fermi level falls
in a partially filled band with mostly s- or p-electrons to prevent disrupting the electronic structure of
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Figure 2 (Color online) Raman spectra of MoS; exfoliated on Au film and after transferring onto SiO2/Si. (a) An optical image
of MoS, flake exfoliated on Au film. The layer numbers are labeled on the flake. (b) and (e) are Raman spectra of 1L-10L MoS3
(bottom up) on Au film and after transferring onto SiO2/Si substrate. The Raman peak of Si is used as reference. (c) and (f)
are the statistic of A1z and Eég peak positions of 1L-10L and bulk MoSs2, which are exfoliated on Au film and transferring onto
SiO2/Si substrate, respectively. (d) The relative intensity ratio of A, and Eég modes for 1L-10L MoSs.

2D layers, and which have highly polarizable electron densities to ensure a large dispersion attraction.
Gold is a potential candidate to form CLQB with many layered materials, which has been proved to
be useful to exfoliate many monolayer materials [12]. However, direct experimental evidence to prove
the CLQB at Au-2D material interface is still lacking. We speculate that if CLQB exists between Au
and 2D materials, the Raman spectra of 2D materials may deliver some clues, especially for shear and
breathing vibration modes at the low-frequency range. The CLQB can induce pinning-effect and decrease
the Raman intensity because the Au atoms is much heavier than S and Mo atoms. The pinning-effect of
Au is schematically shown in Figure 1(c).

To uncover the CLQB induced effects for 2D materials, firstly, we measure the Raman spectra of few
layer MoS; on Au/Ti/SiO2/Si substrate at higher frequency range, as shown in Figure 2. One MoS, flake
with various thickness can be seen in Figure 2(a), and the layer numbers from 1L to 10L are labeled in the
optical image. In Figure 2(b), the Raman spectra measured on 1L to 10L MoSs are presented, together
with the peaks of Si at 521 cm™'. Both Aig and E219 can be observed on each layer. The position of the
two peaks is summarized in Figure 2(c). For monolayer MoSs, the E%g peak is at 380 cm ™!, which is a
little lower than previous reported results [28,32]. As N increases, the intensities of the two main peaks
increase while the intensity of Si getting weak gradually. After subtracting the background intensity, we
plot the intensity ratio of A;,/Si and E%g /Si as a function of layer numbers, as shown in Figure 2(d). The
layer number dependence of intensity ratio is almost linear within 10L. Therefore, one can determine the
layer number by using the relative intensity ratio. In our previous work, we also proved the effectiveness
of this method for determining the layer number of SnSy [36].

By spin-coating one layer of PMMA and etching the Au film by KI/Iy solvent, the exfoliated MoSs
flakes on Au film can be transferred onto arbitrary substrates. Raman spectra are measured on the same
flake in Figure 2(a) after transferring from Au film to SiO2/Si. Detailed transfer process can be found
n [12]. All the Raman spectra measurement parameters are the same before and after transfer. Similar
to the results plotted in Figures 2(b) and (c), the spectra and two peaks position of MoSs (1L-10L) on
SiO4/Si are presented in Figures 2(e) and (f). The intensities of two peaks, A4 and Ej,, are all increasing
after removing Au layer, indicating that the in-plane vibration of MoSy on Au film is suppressed. More
detailed comparison can be seen in Figure 3, which show the two dominant peaks intensities of 1L and 2L
MoS; before and after removing Au layer. The two peaks of 1L and 2L MoS, on Au film, A;, and E%g,
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Figure 3 (Color online) The two dominant Raman peaks (A1, and Eég) of 1L and 2L MoS; exfoliated on Au film and after
transferring onto SiO2/Si substrate.

show shoulders at low-frequency part. We believe this split is also closely related to the CLQB interaction
at the Au/MoS interface. There are 3 layers of atom in each MoSy unit layer, S-Mo-S, and once the
bottom S atoms are pinned by Au atoms, the lattice vibration frequency between the two S layers will be
different, both for the perpendicular (A4;,) or parallel (E21g) vibration. Therefore, the peaks will split into
higher frequency ones and normal ones. This is another evidence that CLQB exists between MoSy and
Au, while there is no strong CLQB between SiO2 and MoSs. The peak positions of A1, mode for 1L-10L
MoS; do not show obvious difference for the substrate with and without Au film. However, the Eég mode
shows different N dependence after transferring onto SiO5/Si. The E%g peak positions for 1L-3L MoS,
on Au film are 380.2, 383.6 and 384.0 cm ™!, while these values for the same flake (1L-3L) after removing
Au film and transferring onto SiO2/Si are 387.4, 386.3 and 386.3 cm~'. For monolayer, the peak position
moves 7.2 cm ™! to high-wavenumber direction after transferring. This Raman behavior of MoS, on Au
film is similar to the MoSs and graphene under tensile strain [26,37], which clearly demonstrates there
must be some new interaction between Au and MoS,.

Even the SiO2/Si substrate shows weak interaction with MoSs, but it still cannot completely exclude the
substrate induced effects. Since the low-frequency Raman modes are usually weaker than the main peaks
at high-frequency range, the substrate can still suppress the rigid-layer vibration modes. Theoretically,
suspended samples can completely remove substrate induced effects. To prepare suspended MoSs samples
with different thickness, the SiO2/Si substrate is pre-patterned with hole-array before exfoliation. The
diameter of each hole is 4 pum, fabricated by optical lithography patterning (Suss MicroTec Gmbh, MAG)
and plasma etching (Oxford, Plasma Pro 100 Cobra). Similar to the exfoliation process on normal flat
substrates, we deposit Au/Ti metals on hole-array substrate before putting MoSs bulk crystal onto it.

Figure 4(a) shows the high-frequency Raman spectra of 1L-10L suspended MoSs, which is consistent
with previous studies [28,32]. The inset in Figure 4(a) is the optical image of one few layer MoS, flake
exfoliated on hole array substrate, and the layer numbers (1L-5L) are labeled. Low-frequency Raman
spectra of 1L-10 L MoS; are measured on this sample, which are shown in Figures 4(b) and (c) for the
supported and suspended area, respectively. Since monolayer MoSs cannot show shear and breathing
vibration modes, we just compare the low-frequency Raman spectra of MoS, with thickness larger than
2L. Two peaks are detected on suspended bilayer MoSs (Figure 4(c)), positioning at 22.3 and 38.4 cm™1.
However, it is difficult to observe any peak for bilayer MoSy on Au film (Figure 4(b)). For 3L MoS,
on Au film, two peaks of shear and breathing modes start to emerge on Au film (17.0 and 28.1 cm™!),
but still with low intensity. There are four peaks detected on suspended 3L MoSy (16.3, 22.5, 28.8 and
39.2 cm™1). In previous reports, only one broad peak (~28 cm~!) was observed for 3L MoS, exfoliated
on Si0O5/Si [28,38]. There are some small peaks in low-frequency range for samples on hole, especially
for the 1L and 6L-10L. This phenomenon may be due to the interference of incident and reflected laser
from hole’s side and bottom, but not dependent on layer number of MoSy. Our results indicate that the
suspended areas are more easily to observe low-frequency vibration modes since both surfaces are not
confined by any solid materials, which show great advantages to study the shear and breathing modes of
2D materials in the future.
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Figure 4 (Color online) Low-frequency Raman spectra of few layer MoSs. (a) Raman spectra of 1L-10L suspended MoSz. The
top-right inset is the optical image of MoSs onto hole array substrate, and the layer numbers from monolayer to 5L are labeled in
this image. (b) and (c) are low-frequency Raman spectra of 1L-10L MoS2 measure on supported areas and suspended hole areas,
respectively. (d) and (e) are Stokes and anti-Stokes Raman spectra of odd (d) and even (e) number layer MoSs in the low-frequency
range (—45 to 45 cmfl). The layer breathing modes and shear modes are indicated by green and red dashed lines. (f) Position of
layer breathing and shear modes as a function of layer number. The data points for 2L MoS> on Au film are not shown since the
main low-frequency modes is hard to distinguish.

The dominant shear mode of MoSs (~30 cm™!) on Au film becomes clearer as the thickness larger than
4L. However, the breathing modes are still weak even for 10L. MoSs on Au film. On suspended areas, the
intensities of both shear and breathing modes are getting enhanced as layer number increasing. Some
new low-frequency peaks are observed for the first time, which again proves that the suspended samples
are the most ideal ones for studying the rigid-layer vibration modes. For example, there are six Raman
active modes for 5L from a theoretical point of view, but only three of them are observed in previous
experimental results. In our 5L suspended MoS,, we directly observe all the six Raman modes at 18.7,
22.3, 27.3, 30.4, 40.8, and 45.9 cm™!, which is consistent with theoretical prediction [28].

As mentioned above, odd layer and even layer belong to Dsj, and Dgj, point groups [34], respectively.
Thus, we plot the Raman spectra of 1L-10L suspended MoSs into two groups, as shown in Figures 4(d)
and (e). The C and LB modes in each N are labeled by red and green dashed lines. As N increases, the
C mode moves from lower wavenumber to higher wavenumber, while the LB mode moves from higher
to lower wavenumber. Comparing to previous studies [28,38], we find more low-frequency modes on
suspended samples, which indicates that more rigid vibration modes are active on suspended structure
since no substrate blocks the vibrations. The peak positions of both shear and layer breathing modes are
summarized in Figure 4(f). The LB peak decreases from 38.4 cm~! on bilayer to 9.3 cm~! on 10L, while
the C peak increases from 22.2 cm ™! to 32.2 cm~!. These layer dependence behaviors of the two modes
are consistent with previous reports [28,38]. By comparing the low-frequency Raman spectra of few layer
MoS; measured on Au film and suspended area, we find that both C and LB modes are becoming weak,
especially the interlayer breathing modes. Low-frequency modes are not detectable on bilayer MoS,
exfoliated on Au film, while the two modes can be clearly observed on suspended bilayer MoSs. More
fine peaks in low-frequency range are detectable on suspended few layer MoS,. For example, we detected
4 peaks on 3L suspended MoSs, while only 1 broad peak was discovered on 3L MoSs exfoliated on SiO4/Si
substrate in previous reports [28,38]. Interestingly, the positions of main C and LB modes for MoS; on
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Figure 5 (Color online) Raman spectra of bilayer (a) and tri-layer (b) MoS2 in low-frequency range. The black, red and blue
curves are measured on the same 2L and 3L flakes exfoliated on Au film, after transferring onto SiOs/Si with PMMA and after
removing PMMA| respectively. All the Raman spectra are measured using the same parameters.

Table 1 Statistics of main low-frequency peak intensity of 2L to 5L MoS2 (0-60 cmfl)"‘)

Layer number Peak position On Au film After transfer with PMMA After transfer without PMMA
2L 22.1 17.9 822.7 1244.5
3L 27.8 61.0 2255.7 3553.3
4L 22.8 52.4 1333.6 1771.2
5L 19.3 78.7 1561.2 2050.8

a) As can be seen in the table, the Raman intensity of MoS2 on Au film is the lowest for one specific layer number, while the
dramatically increase after removing Au layer and transferring onto SiO2/Si.

Au film and hole are almost the same for L > 3, as shown in the statistic curves in Figure 4(f). The
Raman results demonstrate that the interaction between MoSs and Au shows clear an-isotropic, which
is consistent with the pinning-effect as we speculated above. The Raman spectra of few layer MoSy on
Au provide a clear evidence to confirm the existence of CLQB at the interface.

To further verify the CLQB induced pinning-effect, we measure Raman spectra of bilayer and tri-layer
MoSs on Au film, encapsulated between PMMA /SiO5 and removing PMMA. As shown in Figure 5(a),
the Raman spectrum of bilayer MoSs on Au is difficult to detect any peaks. But the two peaks are quite
clear after removing Au layer and transferring onto SiO2/Si substrate. The intensities of the two peaks at
22.1 and 40.7 cm~! increase slightly after removing PMMA, which indicates no strong coupling between
MoSs and SiO2 or PMMA. Similar behavior can be discovered on tri-layer MoSa, as shown in Figure 5(b).
After deducing the background signal, we summarize the main peak intensity at low-frequency of 2L to
5L MoS; in Table 1. For example, the intensity of 3L MoSs at 27.8 cm ™! is 61, while this value increases
to 2255.7 after etching Au and transferring onto SiO5/Si. The intensity further increases to 3553.3 after
removing PMMA, which has been enhanced about 5.8 times than the peak intensity measured on Au
film.

In order to verify the pinning-effect in other few layer 2D materials, we exfoliate WS, on hole-array
substrate and measure Raman spectra as reference. As shown in Figure 6(a), the shear mode of WSy on
Au can be observed as thickness larger than 3L, but LB mode is difficult to detect even for 10L WSs.
However, these Raman peaks at low-frequency range can be clearly detected for the suspended few layer
WSy (Figure 6(b)). This phenomenon is consistent with the one observed on MoSs/Au system, which
demonstrates the CLQB induced pinning-effect is universal for 2D materials exfoliated on Au film.

3 Conclusion and perspective

The Raman spectra of few layer MoSs are measured on Au film and after removing Au layer on SiO4/Si
substrate. For the in-plane vibration modes, we find the E21g peak at 380.2 cm~! for monolayer MoS; on
Au film, which moves to 387.4 cm™! after moving Au film and transferring onto Si substrate. Few layer
MoS,, flakes are further exfoliated on hole array substrate by using the Au-enhanced exfoliation method.
The MoS: flakes on hole areas are free-standing, which can completely exclude substrate-induced effects.
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Figure 6 (Color online) Low-frequency Raman spectra of 1L-10L WSs measure on supported areas (a) and suspended hole
areas (b).

Therefore, the Raman spectra of few layer MoS; measured on hole area provide an ideal reference to
understand the Raman behavior of MoSs on other solid substrates. Both C and LB modes are clearly
observed on suspended few layer MoS,, and some of the vibration modes are discovered for the first
time. The intensity of low-frequency modes of few layer MoS, on Au film is suppressed, especially for
the breathing modes. After removing MoSs flakes from Au film and transferring onto SiO2/Si substrates,
the intensities of C and LB modes are dramatically enhanced. The suppression of low-frequency modes
of few layer MoSs, which is exfoliated on Au film, is attributed to the pinning-effect induced by CLQB
at the interface of Au and MoSs. This pinning-effect is further verified on WSy samples, which is also
exfoliated on the hole-array substrate.

The interaction between 2D materials and different substrate surfaces plays an important role for
exfoliation and modification of the properties of 2D materials. Among many solid surfaces underneath
2D materials, Au is the special one because it has a stronger interaction with S, Se, Te, P, As, Cl, Br, I
atoms. These non-metallic atoms are mainly the out-most elements in many layered materials, such as
MXs (M = Mo, W, Ta, Nb, Sn, X = S, Se, Te), black phosphorus, RuClz, CrBrs, and Crls. Here, our
findings have revealed the existence of CLQB between 2D materials and Au, providing a direct evidence
in experimental. After investigating the mechanism of low-frequency modes of MoSs, we speculate that
there must be some pinning-effect for few layer MoSs if CLQB generates between MoSs and Au. These
results indicate that the pinning-effect is commonly seen in few layer 2D materials prepared by the Au-
enhanced exfoliation. This work also demonstrates that the suspended 2D crystals show great advantage
for Raman studies and may present unique potential in other optical and electrical measurements in the
future.
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