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ABSTRACT In this work, we use Raman spectroscopy as a
nondestructive and rapid technique for probing the van der Waals
(vdW) forces acting between two atomically thin crystals, where one
is a transition metal dichalcogenide (TMDC). In this work, MoS, is
used as a Raman probe: we show that its two Raman-active phonon
modes can provide information on the interaction between the two
crystals. In particular, the in-plane vibration (Ez;) provides informa-
tion on the in-plane strain, while the out-of-plane mode (A;) gives
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evidence for the quality of the interfacial contact. We show that a
vdW contact with MoS, is characterized by a blue shift of +2 cm " of the Aqq peak. In the case of a MoS,/graphene heterostructure, the vdW contact is also

characterized by a shift of +-14 cm " of the 2D peak of graphene. Our approach offers a very simple, nondestructive, and fast method to characterize the

quality of the interface of heterostructures containing atomically thick TMDC crystals.
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eterojunctions have played a crit-

ical role in electronic devices, such

as transistors, rectifiers, quantum
wells, photoelectric converters, etc.' Most
heterostructures consist of two materials in
close contact either through ionic bonding
or by van der Waals (vdW) interaction. It is
well-known that strong effects can occur at
the interface between these materials,
which may result in a dramatic variation of
the device performance.?

The very recent discovery of a new class of
materials, two-dimensional (2-D) crystals
such as graphene, MoS,, WS,, and boron
nitride (BN), etc., has led to the development
of 2-D crystal-based heterostructures,* '3
composed of individual atomic crystals
stacked on top of each other. Therefore,
the whole heterostructure is held together
by vdW interactions. Such novel hetero-
structures show great promise for flexible
and transparent electronic and optoelectro-
nic applications. However, the fabrication
process is quite complex and requires sev-
eral mechanical transfer processes, where
polymers and solvents are used in order
to transfer a crystal on top of another.'

ZHOU ET AL.

Because of this, the heterostructures can often
suffer from contamination trapped at the
interface, typically coagulating in the form of
bubbles."*~ "¢ Interfacial strain and contam-
ination can strongly affect the performance
of the device."* Therefore, it is very impor-
tant to be able to characterize the contact
between the crystals.

Normal surface techniques, for instance,
scanning probe microscopy or contact angle
measurements, are only sensitive to the top
layer, but they are unable to probe the proper-
ties of the interface. Currently, the only method
able to provide information on the morphol-
ogy of the interface is cross-sectional high-
resolution transmission electron microscopy.'*
However, this method is time-consuming and
destructive. Therefore, it is essential to develop
a fast, simple, and nondestructive technique
that can be easily implemented into the device
fabrication processes.

Raman spectroscopy is a powerful tool
for the noninvasive characterization of gra-
phene and other 2-D crystals."’ % This
technique has been also used to identify
and quantify the quality of the interface in
epitaxial multilayers, where effects of strain
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Figure 1. (a) Opticalimage of nG/mMo heterostructures on Si/SiO, (n=1,2; m =1, 2). The scale bar is 5 um. The region marked
by the green line corresponds to single-layer MoS,, while the zone surrounded by the red line represents the graphene and bilayer
area. (b) G and (c) 2D bands of graphene measured for different heterostructures. The dots correspond to the experimental data,
while the solid lines indicate the fits obtained by using a Lorentzian line shape. (d—h) Raman maps of the G peak position, its
intensity, its full width at half-maximum, intensity ratio between G and 2D peaks, and 2D peak position, respectively.

and dislocations must be minimized to create perfect
heterostructures from materials with different lattice
parameters.>*?® |n this work, we combine these two
approaches to overcome the challenge of characteriz-
ing the interface between a transition metal dichalco-
genide (TMDC) and another 2-D crystal. Our strategy is
to apply a “knock-listen” method. In this scheme, the
vibration of one component of the heterostructure
interface is first stimulated (i.e., “knock”) by an external
wave (i.e., a light beam), and the effect can be directly
measured by collecting the inelastically scattered light
(i.e., "listen”). To test our strategy, we investigated
several heterostructures where molybdenum disulfide
(MoS;) monolayer is used as a probe to extract infor-
mation about the contact at the interface. The Raman
spectrum of MoS, shows two main Raman-active
modes, E»y' and A;5.>" >° The E,,' mode represents
an in-plane vibration, and the A,y mode corresponds
to an out-of-plane lattice expansion. According to the
thickness-dependence Raman studies,”®?° the out-of-
plane Raman vibration depends on the interaction
with its neighboring material; hence this Raman mode
should provide information on the strength of the vdW
interaction between the two adjacent layers.

ZHOU ET AL.

In this work, we present a variety of heterostructures
containing MoS, crystals. To clearly describe all the
heterostructures investigated, we refer to them in the
following way: “nX/mY" describes a heterostructure in
which n and m represent the number of layers, and
X and Y describe the top and bottom crystals, respec-
tively. The number of layers has been identified by using
a combination of optical and Raman spectroscopy.?®~*°
In all cases, the heterostructure lies on silicon covered by
a 290 nm oxide layer substrate (Si/SiO,). Note that the
samples are made in such a way that the layers X and Y
also partially lie on the bare substrate, so their corre-
sponding Raman spectra can be used as a reference to
reveal the effects of the interfacial contacts. In order to
avoid effects from uncontrolled and unwanted doping,
strain, and defects, we used high-quality flakes pro-
duced by micromechanical exfoliation, and we opti-
mized the transfer process to minimize residuals
trapped at the interface.™

RESULTS AND DISCUSSION

Figure 1a shows an optical micrograph of nG/mMo
heterostructures on Si/SiO, (n=1,2;m=1, 2), where G
refers to graphene and Mo to MoS,. We first focus on
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Figure 2. (a) Raman spectrum of MoS, in a nG/mMo heterostructure on Si/SiO, (n =1, 2; m = 1, 2), as shown in Figure 1a. The
dots correspond to the experimental data, while the solid lines are the fits obtained by using a Lorentzian line shape. (b)

Raman peaks positions of MoS, extracted from the spectra

in (a). Raman maps of (c) Ezg‘ and (d) A,4 positions for the

heterostructures depicted in Figure 1. Note that the red and green regions in (c) correspond to bare MoS; and encapsulated

MoS,, respectively. In (d), the dark blue region (403.8 cm ') co

rresponds to bare monolayer MoS, (1Mo), while encapsulated

MoS, (1G/1Mo and 2G/1Mo) corresponds to the light blue region (405.2 cm™"), which also extends to bilayer MoS, (2Mo).

the Raman spectrum of graphene. Figure 1b compares
the G band of graphene and its bilayer on bare Si/SiO,
and the G band measured in the heterostructures.
The G peak position is 1583—1584 cm ™' in all cases,
showing no remarkable difference between graphene
on MoS, and Si/SiO,, in agreement with the Raman
map of the G band in Figure 1d. The full width at half-
maximum (fwhm) of the G peak also shows negligible
change if graphene is deposited on Si/SiO, or on MoS,
(Figure S2, Supporting Information). Figure 1c shows
the second-order Raman spectrum of graphene: the
2D band shows a blue shift from 2685 cm ™' for bare
graphene to 2699 cm~' when transferred on MoS,.
This is evident from the Raman map of the 2D peak
shown in Figure 1h (the yellow-green region sur-
rounded by the dashed line). The shift appears to be
independent of the number of MoS, layers beneath
graphene. Independent of the substrate, the 2D fwhm
is 27 cm ™' for monolayer graphene (Figure 1f). Con-
cerning the intensity, the G and 2D peak intensities are
strongly reduced when graphene is placed on MoS,,
which is clearly seen in the Raman map shown in
Figure 1d. The decrease of the band intensity is attrib-
uted to interference effects and absorption of MoS,.3' 34
However, the intensity ratio between the G and 2D peaks
is not affected by the substrate, as shown in Figure 1g.
Therefore, the width of the 2D band and I¢//,p are still

ZHOU ET AL.

suitable parameters for identification of monolayer
graphene in heterostructures.

We now focus on the Raman spectrum of MoS,.
Figure 2a compares the spectrum of single-layer and
bilayer MoS, in contact only with the Si/SiO, substrate,
with the spectrum of MoS, encapsulated between
graphene and the substrate (Figure 1a). Figure 2b
shows that both the Raman peaks of MoS, shift
when the layer is encapsulated. The additional layer of
graphene causes the Ezg1 peak to slightly shift from 385
to 384 cm ™' (green region in Figure 2c) and the Agto
shift from 403 to 405 cm ™' (white region in Figure 2d).
Those positions do not change when a second layer
of graphene is transferred on top. This indicates that
the shifts of E,,' and A4 are caused only by the direct
contact with graphene and not by the number of
graphene layers placed on top of MoS,. Similarly,
for bilayer MoS,, its encapsulation in one or two layers
of graphene causes a blue shift of A,y from 405 to
406.5 cm™ (white region in Figure 2d); also, in this
case, the effect does not depend on the number of
graphene layers used as a top layer. Similar blue shifts
have been found in other graphene/MoS, heterostruc-
tures (Figure S3, Supporting Information).

In order to understand these results, one has to note
that the changesin the Ezg1 and A, 4 positions observed
in encapsulated MoS, are similar to the shift in the
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positions observed when increasing the thickness from
single-layer MoS, to few-layer MoS,.2%% In particular,
the A4 position of nG/1Mo (n = 1, 2) at 405.1 cm ™"
matches that of a bare bilayer MoS, (405.2 cm™")
(Figure 2b). The Raman map of the A4 position does not
show any difference between nG/1Mo (n = 1, 2) and 2Mo
(Figure 2d). A similar result is found for nG/2Mo (n = 1, 2)
and trilayer MoS; (Aq4 position is 406.4 cm ™). Accord-
ing to above facts, we can conclude that

POSmG/nMo(A1g) ~ Pos(n-H)Mo(A]g)
(m=12.5n=123.) (1)

where Pos(A) is the position of the A4 peak in a
mG/nMo heterostructure and in a thin layer MoS,
[(n+1)Mo]. We attribute this result to the different
nature of the vibrations involved when MoS, is en-
capsulated into a heterostructure. The position of a
phonon with momentum ¢q, Pos(q), in a condensed
material can be written as*°

wwi—,/wz Co, (@) —Po@| =0 (2
where M; and M, are the masses of the atoms / and J
involved in the vibration, and Cy, s(q) corresponds to
the real-space atomic force constant matrix, where a
and f represent the direction of the atoms / and J
displacement, respectively. For the Ezg1 mode of MoS,,
the dominant in-plane long-range interaction term,
Cwmio, Mo, Will decrease with increasing number of layers
or lattice expansion.3® Therefore, the decrease in
Cwmo, Mo, Causes softening of the Ezg1 mode. Meanwhile,
owing to the additional interlayer interaction term, the
matrix elements Cs, s Will increase and cause a blue
shift of the A;g mode as observed with increasing
number of MoS, layers.>
By using this model, given that the Ezg1 mode has a
small shift of —1.3cm ™" as compared to the bare MoS,,
and that the Gruneisen parameter of the E,4' mode is
0.54,%> we found that a 0.3% lattice expansion occurs
for MoS,. However, while the position of the Ezg1 mode
keeps changing with increasing MoS, thickness, its
position does not change with increasing number of
graphene layers in the heterostructure, indicating that
the in-plane stretching only comes from the interfacial
contact with graphene. In addition, the interlayer strain
can also be identified in graphene: when graphene
is placed on MoS,, the 2D peak shifts +14 cm™' as
compared to the bare graphene (Figure 1c). This
corresponds to a 0.1% in-plane compression by using
a 2D peak Gruneisen parameter of 2.6 (see also Sup-
porting Information).3® This is in agreement with re-
cent ab initio simulations, in which the C—C bonds are
expected to shrink from 1.41 to 1.40 A in a graphene—
MoS, superlattice.’” According to the shift of Eyg'
and 2D modes measured when graphene and MoS,
are in direct contact, MoS, appears to be stretched,

ZHOU ET AL.

while graphene is slightly compressed. Therefore,
we can use the shift of E,,' and the 2D modes to get
direct information on the interfacial strain of the
crystals in contact in the heterostructure. We observed
the same 2D peak shift in high mobility BN/1G/Mo
heterostructures, where graphene is encapsulated be-
tween thick layers of hexagonal boron nitride (BN)
and MoS, (Supporting Information). In contrast, low-
mobility BN/1G/MoS, heterostructures show a 2D peak
shift of +-5 cm ™', showing that the lower quality of the
contact between the crystals can significantly affect
the performance of the device (Supporting Informa-
tion, Figure S8).

Concerning the out-of-plane A4 mode, the shift
observed in the heterostructures can be attributed to
the interlayer interaction between graphene and
MoS,. For bare MoS,, the interaction term Cs, s, within
one layer dominates the out-of-plane A;4 mode. This
term can be modeled as a “spring” connecting the two
sulfur layers (Figure 3). Without spatial restriction from
the environment, the spring has full freedom to oscil-
late, so for a bare MoS, monolayer, the phonon posi-
tion of A4 is equal to [(1 /MS)(CSZ,SZ)]1/2 (eq 2). However,
the loading of a graphene layer introduces a vdW term,
Cs,c», into the total interaction matrix. Owing to this
additional spring, the phonon position of A;q will
increase up to [(1/My)(Cs,s; + Cszs2)1"2. This additional
term is negligible above 4 A,*® so the term Cq,, is a
fingerprint of the vdW interaction of the neighboring
2-D crystals. This explains why the shift of the A;; mode
is independent of the numbers of graphene layers in
the heterostructure. This can be used as a fingerprint of
the vdW interaction strength in our heterostructure:
from eq 1, we know that the A, phonon position of G/
1Mo nearly equals that of 2Mo, indicating that (Cs,s, +
Cs,cz) ~ (Cszsz + Cs52). Therefore, the interlayer vdW
interaction at the interface with graphene (Cs,c,) is as
strong as that between MoS; (Cs; ). This result shows
that if no shift or a small shift of the A4 peak is
observed after contact, then the stacking interaction
is not of high quality, and further techniques shall be
developed to improve the interfacial contact. There-
fore, this method can be very useful in the prescreen-
ing of the quality of the heterostructures. However, one
could argue that in our case the shift may be produced
by other effects. Owing to the change on the anhar-
monic terms in the lattice potential energy of MoS,, the
laser-induced thermal effect can be very strong.3**°
However, the thermal effect would be the same for
graphene and MoS;, on the substrate and in the
heterostructure, in particular, considering the very
small attenuation of the laser power through 1 or 2
graphene layers. Furthermore, both MoS, modes
should harden for increasing temperature.394°
However, in our study, the Ezg1 mode was found to
soften. This allows us to exclude any thermal effect.
Note that damage by heating was observed only in
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Figure 3. Schematic of the interaction between graphene
and MoS, in a heterostructure 1G/1Mo (bottom panel),
as compared to 1Mo (middle panel) and 2Mo (top panel).
The green, gold, and gray balls represent molybdenum,
sulfur, and carbon atoms, respectively. The arrows indicate
the direction of atom displacement (x or z). The dominating
interaction terms C,, 3 for the Ezg1 and A,y mode are
modeled by using springs.

suspended heterostructures (Figure S5, Supporting
Information).

Another effect that can shift the Raman peaks is
doping: this has been observed in both graphene®'
and MoS,.*?> One should consider doping from the
charged impurities in the Si/SiO, substrate**** and
from charge transfer between graphene and MoS,.
Note that the Raman peaks of graphene are strongly
sensitive to doping, in particular, the G peak, because
of the removal of the Kohn anomaly at the T" point.**
However, the effect of doping is expected to be smaller
in other materials such as MoS,. Indeed, a shift of 4 cm ™'
is observed for the A; 4 mode for a charge concentration
of 1.8 x 10" cm ™2, in contrast to a shift of 10 cm ™" for
the G peak at the same charge concentration.*' The G
peak position in our heterostructure is found to be at

ZHOU ET AL.

~1583 ¢cm™, corresponding to a very small charge
concentration (well below 103 cm ™), suggesting that
graphene is slightly doped (Fermi energy < 0.2 eV),
which is a typical condition for graphene exposed to
atmospheric conditions. Recent studies also showed
that the Raman signals on the suspended MoS, have
no significant difference from those on Si/Si0,,2**°
showing that the effect of MoS, doping from the
substrate is negligible. Concerning charge transfer, it
has been shown that in order to achieve doping levels
high enough to be probed by Raman spectroscopy,
MoS, must contains heavy metal impurities.*” There-
fore, it is reasonable not to expect any effect from
charge transfer in the Raman spectrum of MoS, on
graphene. In addition, doping would affect also the
intensity ratio between 2D and G peaks, Ig/lp,*'*8>°
in contrast to our results, where no strong variations
in this parameter have been observed (Figure 1g).
Therefore, doping should have a negligible effect
on the shift of the peaks observed in our hetero-
structures.

Because we can neglect external perturbations such
as doping and heating, the shift of 2 cm™" of the Aig
mode is taken as a fingerprint of the vdW contact. In
the general case, where one cannot neglect effects
from external perturbations, it can be useful to analyze
the Raman peaks from both crystals in the heterostruc-
ture. For example, in the case of a Gr/MoS, hetero-
structure, a vdW contact will be characterized by a blue
shift of ~2 cm™" for the A4 peak and a blue shift
of ~14 cm™" for the 2D peak (Figure 1c).

The loading-induced blue shift of the A4 mode for
MoS; bilayer can be understood in the same way: when
bilayer MoS, is encapsulated by graphene, the total
interaction term further increases, so the position
of the A,y mode further blue shifts, closer to that in
trilayer MoS,. Therefore, the blue shift of the Aqq
mode of single-layer or bilayer MoS, encapsulated
by graphene is also attributed to the vdW interaction.
However, we do not see any effect when graphene
is placed on tri- or multilayer MoS,. This can be
explained by taking into account that the interface is
now giving a smaller contribution to the overall Raman
signal.

Since MoS; is found to be stacked naturally, the
packing between graphene and MoS, is certainly self-
stimulated from thermodynamics. This self-driven
stacking makes the formation of 2-D heterostructures
possible,*'""'® and the observed vdW terms here can
also explain the driving force in the chemical vapor
growth of MoS, on graphene.'?

The second type of heterostructure is nMo/mG
(n=1,3;m=1, 2) (Figure 4a). In this case, graphene
is encapsulated between the substrate and MoS,.
Figure 4b,c shows the first and second order of
the graphene Raman spectrum, respectively. Similar
to nG/mMo, the position of the 2D band has a blue
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2D bands of graphene measured for different heterostructures. The dots correspond to the experimental data, while the lines
indicate the fitting obtained by using a Lorentzian line shape. (d—f) Raman maps of fwhm (2D), /,p/ls, and the position of the

2D band, respectively.

shift of +-13 cm ™" from 2683 (bare) to 2696 cm ™' under
MoS,, indicating a 0.9% in-plane compression of
graphene.3® One might note that in nMo/1G (n = 1, 3),
the G band has a blue shift of 5 cm™' (from 1585 to
1590 cm™ "), compared to the bare graphene, while in
the nG/mMo heterostructure, we did not observe
any strong shift. This difference can be due to the
higher sensitivity of graphene to the neighboring
materials, for example, due to different dielectric
environments on the top and bottom layers. A shift
in the G peak has been observed in all heterostruc-
tures where graphene is encapsulated between two
crystals (Figure S7) and its origin is not completely
understood.

ZHOU ET AL.

In a MoS, monolayer (1Mo), the position of the Ezg1
and A, modes are at 384.9 and 403.1 cm ™, respec-
tively (Figure 5a). When monolayer MoS, is placed on
mono- or bilayer graphene, the E,4' mode is softened
by about 1 cm™". The A,4 phonon of monolayer MoS,
has a blue shift of about 2 cm™' on Mo/mG hetero-
structures (m = 1, 2) (Figure 5). Likewise, the E,4' and
A, modes of bi- and trilayer MoS, were also found to
shift to opposite directions on graphene. The distance
between E,q' and A;4 modes was found to vary from
18.2 (white blue region in Figure S1b) to 20.7 cm ™'
(green region in Figure S1b). Since eq 2 is still valid for
mono- to trilayer MoS, on graphene, this shift indicates
the existence of a vdW interaction at the interface.
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Similar blue shifts of A;4 and 2D bands are reproducible
in other MoS,/graphene heterostructures (Figure S3,
Supporting Information). Similar to the results demon-
strated for the nG/mMo heterostructures, the shifts are
not affected by the number of graphene layers used as
bottom layers. Thus, our model is valid in both hetero-
structures when MoS; is encapsulated or used as a top
layer.

In order to extend our model to other types of
heterostructures, we replaced graphene with mica.
This is an interesting substrate because it is able to
enhance the luminescence of a MoS, monolayer,*' and
therefore, it shows great potential in light-emitting
devices. Here we apply our approach to probe the
contact in MoS,/mica heterostructures. In this case, in
contrast to the heterostructures previously investi-
gated, we can only use the Raman-active phonon of
MoS; to analyze the interfacial contact since the Raman
signal of mica is too weak to be observed under our
experimental conditions.

Figure 6b shows that the Ezg1 peak of MoS, on the
mica substrate has a meaningless shift of 0.2 cm™'
(below the resolution of the spectrometer) compared

to the bare MoS,. However, for the A;y mode, the
monolayer MoS, on mica initially shows a blue shift of
1.1 cm ™' as compared to the bare sample, suggesting a
vdW interaction. However, the position of this mode is
not uniform, indicating that the contact is not perfect.
It is also noted that the blue shift of A;g on mica
(0.9 cm™ ") is smaller than that shift observed in gra-
phene heterostructures. Therefore, the initial vdW
term, Csymicaz is Weaker than Cs,c», indicating that
the interfacial contact is not as good as in the graphene
heterostructures previously investigated. In such a
case, the contact can be regarded as a “pseudo-solder-
ing”. In order to improve the contact, we used atomic
force microscopy (AFM). After AFM tapping, the Ezg1
peak remains at the same position, while the A;4 mode
upshifts and becomes closer to that of bilayer MoS,
(Figure 6c¢). Moreover, the pseudo-soldering disap-
pears, indicating that the MoS,/mica contact can be
improved by AFM and probed by Raman spectroscopy.
Note that the total Aq4 shift, however, is still below
2 cm™ ', indicating that mica is not a good substrate for
fabrication of heterostructures composed of microme-
chanically exfoliated 2-D crystals, in agreement with
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Figure 6. (a) Schematic and optical image of 1TMo/mica heterostructure (the scale bar is 10 um). The region marked by the
green line corresponds to MoS,, while the zone surrounded by the orange line represents the mica. (b) Raman spectra of 1Mo/
mica heterostructures shown in (a). (c) Raman spectra of Mo/mica heterostructures after tapping the surface. The dots
correspond to the experimental data, while the solid lines are the fits obtained by using a Lorentzian line shape.

recent results."* Our method for probing the interfacial
contact can be applied to all two-dimensional materi-
als with significant in- and out-of-plane vibration
modes, such as WS,, WSe,, MoSe,, NbSe,, VS, Bi,Tes,
TaSe,, and GaSe. In the Supporting Information, we
show additional results on a graphene/WS, hetero-
structure (Figure S4); also, in this case, we observed the
A4 peak of the WS, blue shift when WS, is encapsu-
lated in the heterostructure.

We finally show that our method can be used to also
characterize heterostructures made of different
TMDCs, making our method completely general (the
heterostructure, however, must contain at least an
atomically thin TMDC). Figure 7a shows a heterostruc-
ture composed by a single-layer MoS, and WS,: 1Mo/
1W. This type of heterostructure has attracted an
increasing level of attention due their potential use in
photovoltaic devices and rectifiers.>>~>°

ZHOU ET AL.

We first analyze the vdW effect on the A;; mode of
MoS,. As shown in Figure 7b, the position of the Aq
peak is higher in the TMo/1W heterostructure (the
green region) than in 1Mo (the dark blue region).
Compared to the MoS, monolayer, its A4 peak is
hardened by +2 cm™' in TMo/1W (Figure 7c). This is
in agreement with the results obtained for 1Mo/G and
G/1Mo heterostructures (Figures 2 and 4). In addition,
the A;g mode of WS, shows a blue shift of +1 cam™,
which is in agreement with the results observed in the
1W/1G  heterostructure (Figure S4, Supporting
Information).

One may argue that the blue shift of the A;; modein
the TMo/1W heterostructure could come from the photo-
generated charge transfer between MoS; and WS,. This
would correspond to a p-doping of 0.9 x 10'* cm 2 in
MoS,.*? However, as recently demonstrated by Wang
et al.”? a hole concentration of 0.5 x 10" cm ™2 can be
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Figure 7. (a) Schematic and optical image of 1Mo/1W
heterostructure placed on Si/SiO, (the scale bar is 10 um).
(b) Raman mapping of Mo/W heterostructures. (c) Typical
Raman spectra of 1Mo/1W heterostructures extracted from
(b). The dots correspond to the experimental data, while the
solid lines are the fits obtained by using a Lorentzian line
shape. Note that the spectrum of 1W is collected under the
same conditions of the sample in Figure S4a of the Support-
ing Information.

pumped from MoS, to WS, by an incident pulse laser
about TW. Considering the low power (50 uW) in our
experiment, the photogenerated charge transfer is not
strong enough to be observed by Raman. Therefore,
the photogenerated charge transfer is not compatible
with the shift of the A4 mode.

In principle, several other phonons can also be used
as an alternative contact probe. For instance, the
shearing and breathing modes can be treated as in-
and out-of-plane vibration modes, respectively.>®>°
However, it could be more difficult to conclude on the
quality of the contact from those modes because those
Raman peaks are weak and close to the excitation line.>®°

Our method is expected to be very useful for study-
ing vdW-induced epitaxial growth of two-dimensional
materials. This approach can be used to examine the
mechanical interaction on a nanoscale level, which
dominates the layer growth on top of two-dimensional
layers lying below. For instance, for the MoS, grown on
mica,”' the reported E,4' and A4 modes both show a

EXPERIMENTAL SECTION

Heterostructures consisting of MoS, on top of or below a
selection of crystals including graphene and mica were pro-
duced by the well-known “dry” transfer technique.>® The
structures were produced as follows: first a target crystal is
deposited onto a freshly cleaned Si/SiO, (290 nm) substrate via
micromechanical exfoliation. The flakes produced are of high
quality; that is, they are defect-free. The material that has to be
transferred is deposited onto a double-layer polymer stack,
and the bottom polymer layer is dissolved, leaving a free
floating membrane which can be inverted and aligned with
micrometer accuracy. The flakes are then brought into con-
tact, and the final polymer layer is dissolved. In all steps of
the transferring, the temperature of the MoS, is kept below
60 °C to avoid oxidation effects, which may occur at elevated
temperatures.

ZHOU ET AL.

blue shift compared to normal bare ones. According to
our protocol, compared to bare MoS, (~384cm™'), the
reported E,,' has a blue shift of about 3 cm ™", indicat-
ing an in-plane compression of ~1.42%. The compres-
sion level is very close to the estimation (1.5%)
reported in ref 37. Meanwhile, the blue shift of A;q
observed in ref 37 indicates a firm contact between
mica and MoS,, which provides direct evidence of a
vdW-driven force during growth.

CONCLUSION

In this work, we present a Raman-based strategy to
probe the interfacial contact in a two-dimensional
crystal heterostructure containing a TMDC crystal.
Here, MoS, was used as a reference, while graphene,
WS,, and mica acted as the other component at the
interface. We found that the Raman modes of the
TMDC crystal are very sensitive to the interfacial strain
and quality of the contact. According to our protocol, in
a graphene/MoS, heterostructure, a high-quality inter-
facial contact is obtained when graphene is com-
pressed by 0.1%, and MoS, is stretched by 0.3%. A
similar result is observed when graphene is encapsu-
lated between the Si/SiO, substrate and MoS,. In
contrast, we show by Raman spectroscopy that it is
more difficult to obtain a smooth and clean interface
when MoS, is placed on mica. The interfacial contact
can be strongly improved by tapping the surface with
the AFM tip, as confirmed by Raman spectroscopy.

In conclusion, we describe a noncontact and rapid
approach based on the Raman modes of MoS, to
investigate the quality of the contact in a heterostruc-
ture. As 2-D material heterostructure technology
moves to the next level and devices are produced on
a large scale, either by direct growth or by transfer
methods, we believe this method to be a very useful,
high-throughput approach to optimizing the fabrica-
tion processes of those devices and generally in im-
proving the design of new heterostructures, for
example, selecting the best combination of crystals,
growth conditions, substrate choice, etc.

All Raman spectra were collected by an inVia Renishaw
spectrometer with an excitation wavelength of 514.5 nm
(2.41 eV) under a 100x objective. To avoid any thermal damage,
the collection time was 1 s, which is the same as was used for
collecting the Raman maps. A grating of 2400 line/mm was used
and provided a resolution of 1 cm™". The laser power was well
below 1 mW to avoid thermal damage in air.
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