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ABSTRACT: Understanding the impact of doping variations on
the physical properties of two-dimensional materials is important
for their application in electronic and optoelectronic devices. Here
we report a nano-optical study on graphene and MoS2
homojunctions by placing these two materials partly on top of a
layered talc substrate, partly on top of an SiO2 substrate. By
analyzing the nano-Raman scattering from graphene and the
nanophotoluminescense emission from MoS2, two different doping
zones are evident with sub-100 nm wide charge oscillations. The
oscillations occur abruptly at the homojuction and extend over
longer distances away from the interface, indicating imperfect
deposition of the two-dimensional layer on the substrate. These
results evidence fine and unexpected details of the homojuctions, important to build better electronic and optoelectronic devices.

The versatile two-dimensional (2D) van der Waals
heterostructures compose an important platform for the

development of ultrathin and flexible electronic and optoelec-
tronic devices.1−6 More specifically, graphene and MoS2 can
generate wide bandwidth and highly efficient photodetectors
and light-emitting devices,7,8 valley-spin polarized emitters and
absorbers,9 photothermoelectric,10 and photomemory devi-
ces.11 Besides the specific combination of properties within a
heterostructure,3 the key aspect of these 2D material devices
are their junctions, which can be out-of-plane12 or in-
plane.12−15 The most commonly applied is the in-plane type,
named as homojuction, in which a single material is utilized.
Optical spectroscopy involves a variety of nondestructive

techniques able to extract a wide range of spectroscopic
information from material systems. However, the spatial
resolution is usually limited to the micrometer-scale due to
light diffraction. The use of nanoantennas to enhance and
detect the near-field interactions has been employed to
overcome the diffraction limit and to attempt to image p−n
junctions in bulk semiconductors.16−18 More recently, some
works reported imaging of MoS2−WS2 lateral heterojunctions
with submicron resolution, but lacking in-depth spectroscopic
analysis.19,20 The problem is that the nanoantenna strategies,
such as tip-enhanced Raman scattering (TERS)21−24 or tip-
enhanced photoluminescence (TEPL)24,25 are generally
efficient for locally enhancing the optical signal from zero- or
one-dimensional features, being hardly effective to study the
intrinsic properties of two-dimensional systems. The reason for
that lies in the competition between the locally enhanced
signal from the tip apex vicinity and the large area originating

the far-field emission,26−28 thus hindering the observation of
subtle intrinsic details in 2D materials.
Here we report a robust nanospectroscopy study of

homojuctions that was possible due to a high-optically efficient
tip-enhanced system, which enables measuring local variations
in the intrinsic properties of the two-dimensional struc-
tures.29−33 We developed lateral homojunctions by depositing
a 2D layer partly on top of a thin (∼30 nm thick) layered
talc34,35 and partly on top of a SiO2 substrate (see Figure 1a).
Graphite, MoS2, and talc crystals were exfoliated with a blue
tape and transferred into a SiO2/Si wafer. Both graphene and
MoS2 flakes were optically selected and transferred atop the
talc flake by the pick-up method described in ref 36. Talc was
demonstrated to generate a spontaneous p doping,37 and the
two different homojunctions are made one of graphene and the
other of MoS2, talc removing electrons in both materials,
creating two regions of different doping: graphene (MoS2) on
talc and graphene (MoS2) on SiO2.
Figure 1b exhibits an optical micrograph of the hetero-

structure, where the optically faint monolayer graphene is
highlighted by the dashed line. Figure 1c presents a micro-PL
map from MoS2, where an enhancement of the PL signal on
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talc can be clearly observed. Figure 1d shows a micro-Raman
map of graphene recorded from the intensity of the 2D band
(also named G′ in the literature, at 2650 cm−1). There is no
clear variation of the graphene’s 2D band intensity in Figure
1d, but a background PL emission from the MoS2 monolayer.
Figure 1e plots the MoS2 PL spectrum recorded on talc (red),
and on SiO2 (blue). On talc, the MoS2 PL is more intense than
on SiO2 and the PL spectral shape changes significantly. The
two regions (in and out talc) also render different spectral
characteristics of the graphene Raman peaks, as shown in
Figure 1f, where one can see the G (∼1583 cm−1) and 2D
Raman peaks. In the following we investigate these effects,
which are interestingly modulated at the nanoscale homo-
juctions.
Starting with the graphene homojunction, Figure 2 presents

a nano-Raman investigation28 of graphene@talc/graphene@
SiO2 junction down to a 10 nm resolution, performed at
ambient conditions. The nano-optics system is a combination
of a micro-Raman and a scanning probe microscopy setups in a
TERS configuration, as described in ref 30. The highly efficient

nanoantennas are monopole-based plasmon-tunable tip
pyramids.29,31 Figure 2a shows an atomic force microscopy
(AFM) topography image of the junction graphene@talc/
graphene@SiO2 where, at the bottom of the panel, the
graphene is on top of talc (yellow-shaded), and at the top of
the panel, the graphene is on top of SiO2. Panels b−d of Figure
2 present the Raman spectral maps at the same location as in
Figure 2a, drawn using the 2D band’s intensity, frequency, and
full-width at half-maximum (FWHM), respectively. A broader
area was originally measured, but because of tip drifting and
lost of enhancement, only part of the measurement is shown
here. As shown in Figure 2b, the 2D intensity is similar on top
talc and SiO2, but there are abrupt changes when crossing the
homojunction interface. The intensity variation along the
homojunction is due to the loss of near-field enhancement
caused by tip drift in respect to the center of the laser focus.
Figure 2c depicts higher 2D frequencies for graphene@talc
relative to graphene@SiO2, with frequency nanoscale oscil-
lations at the interface. Figure 2d depicts a 2D peak broadening
at the interface.
Figure 2e (both panels) plots the (same) averaged

topography profile across the junction, with the vertical dashed
lines indicating the ∼60 nm wide transition from talk to SiO2.
Graphene@talc appears on the left (lateral distances <290
nm), where the topography is higher, and graphene@SiO2 is
on the right side (lateral distances >350 nm). We measured a
∼30 nm step (the talc thickness) across the heterostructure,
and we use the topography profile to mark the junction
location at the other panels using the red-dashed lines. Panels
f−h of Figure 2 show the across-junction average behavior of
the Raman peak intensities, frequencies, and FWHMs,
respectively, for the 2D (left graphics) and G (right graphics)
bands. Focusing initially on the 2D band (left panels), the
intensity nano-oscillations in Figure 2f display a local
maximum at 300 nm, followed by global minimum at 330
nm. Within the SiO2 substrate, the 2D intensity exhibits
oscillations also seen in Figure 2b. The 2D frequency in Figure
2g shows a 15 cm−1 decrease when crossing the interface, and
oscillations with frequency maxima coinciding with the 2D
intensity minima in Figure 2f. Finally, the FWHM plot in
Figure 2h confirms a broadening of the 2D mode at the
interface. The G profiles (right panels) are noisier because of
the intrinsic lower intensity (lower signal-to-noise ratio), but
one can see that it shows similar results as observed for the 2D
band. The oscillations at the SiO2 side may be due to wrinkles
caused by the graphene deposition, consistent with the faint
topography variations at the SiO2 side in Figure 2e.
The variations of the graphene Raman peaks can have origin

in several physical mechanisms such as strain, doping, and
electron−phonon coupling.38,39 Therefore, we should employ
alternative methods to distinguish between these mechanisms.
Here, we draw our attention to the strain and doping aspects.
The method introduced by Lee et al. separates the influence of
doping and strain40 by plotting the 2D vs G band frequencies;
a pure strain gives a data distribution over a 2.2 slope line,
while pure doping over a 0.75 slope line. Moreover, Neumann
et al. shows that FWHM plots also translate nanometer-scale
strain variations over a 2.2 slope line.41 Figure 3a thus presents
frequency plots of the 2D vs G bands recorded at (blue dots)
and outside (black dots) the interface. The 2.2 (red) and 0.75
(black) slope lines are arbitrarily plotted near the data for
reference. The black dots exhibit two majority data sets whose
center of mass fall into the 2.2 slope line. However, the data of

Figure 1. Micro-optical characterization of the heterostructure. (a)
Sketch of the heterostructure. (b) Bright-field optical image of the
heterostructure. (c) Photoluminescence (PL) map of MoS2. (d)
Raman map of the graphene’s 2D band. (e) PL spectra of MoS2 on
talc (red) and on SiO2 (blue). (f) Raman spectra of graphene on talc
(red) and on SiO2 (blue). All images were obtained with a Nikon
Eclipse Ti−U inverted microscope equipped with a 60× and 1.4 NA
objective lens. Raman and PL were excited with a HeNe (632.8 nm)
laser, 750 μW power at the sample, recorded using an Andor
spectrometer equipped with an iDus DU401A-BR-DD charged-
coupled device (CCD). The scale bars in panels b−d indicate 20 μm.
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each one of the two data sets scatters in a mixture between 2.2
and 0.75 slope lines. The data at the interface (blue dots)
transit from the two observed distributions outside the
interface. By inspecting the FWHM plot in Figure 3b, no
clear trend can be observed, except for a clear spread of the
interface region. Hence, from the above analyses we conclude
that doping plays a major role in the difference between the
two regions (graphene@talc and graphene@SiO2); i.e., overall,
the observed effects might be due to a mixture of both with
prevailing doping.
Das et al. demonstrated that the intensity ratio between the

2D and G peaks is inversely proportional to the charge doping
(for doping values lower than ∼1013 cm−2).42 To check this
viewpoint, an intensity ratio (I2D/IG) map is shown in Figure
3c, and an averaged line profile is provided in Figure 3d. At the
talc region, lower I2D/IG is observed, which corresponds to a
higher doping,42 while a lower doping is evidenced at the SiO2
side (high I2D/IG). Compellingly, we observe an abrupt I2D/IG
oscillation close to the interface, a peak followed by a dip at the
interface, consistent with results in Figure 2, and noisy
oscillations elsewhere.
We cannot quantitatively estimate the carrier concentration

through the I2D/IG parameter in Figure 3d, because ref 42
works on the far-field regime, while we explore the nearfield,
where the 2D and G bands are amplified distinctively.43,44

However, we can use the intensity ratio as a qualitative
indicator. Moreover, ref 37 reports that talc provides a

spontaneous p-doping in graphene of the order of ∼1013
cm−2. Graphene devices on SiO2 are slightly p-doped, with a
∼1012 cm−2 carrier concentration.45 Thus, we expect that these
differently doped regions generate a p−p′ junction at the
interface (with p′ < p). The graphene doping monotonically
varies from higher doped p to a lighter doped p′. However,
Figure 3d shows an abrupt change of heavier-doping p at talc,
to moderate doping at the interface, then to a more doped
condition again after the interface, and finally to lower-doped
p′ at SiO2. Thus, the graphene heterostructure forms a pp′pp′
junction (see Figure 3d). We also depict on the top panel of
Figure 3d a sketch of the graphene charge neutral point (CNP)
over the junction. This oscillation is surprising, and we could
not explain how talc induces these effects. We hope these
results will encourage theorists to model this system.
Moving now to the MoS2 device, conversely to graphene,

this 2D material is a direct band gap semiconductor, whose
optical properties are pronounced by tightly bound neutral and
charged (trion) excitons.46 Mak et al. showed that the energy
difference (ωA − ωA‑) between the energies of the neutral (A)
and negatively charged (A-) excitons is directly proportional to
the MoS2 Fermi level, and increases monotonically with
doping due to the combined effects of Pauli blocking and
many-body interactions.47 Thus, we plot in Figure 4a a map of
ωA − ωA‑ recorded from the MoS2 nano-PL, on the right, and
an AFM topography map on the left, with a consistent talc
thikess of ∼30 nm (see Figure 5a). We also indicate the

Figure 2. Nano-Raman characterization of the graphene@talc/graphene@SiO2 hetereostructure. (a) AFM topography image of the graphene@
talc/graphene@SiO2 hetereostructure. (b−d) Simultaneously obtained nano-Raman maps of the intensity, frequency, and FWHM of the
graphene’s 2D band, respectively. The scale bars in panels a−d are 100 nm. (e) Topography profile across the junction. (f−h) Raman intensities,
frequencies, and FWHM, respectively, for the graphene 2D (left panels) and G (right panels) bands. The data in panels e−h are an average over all
the vertical line profiles across the junction in panels a−d, after accounting for the slope in the junction position. For the nano-Raman
measurements we use a laser power of 200 μW and 1 s accumulation time per pixel.
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interface region in Figure 4a with a black-dot-dashed line. The
original measurement suffered from tip drifts during the image
acquisition, and for a better visualization of the effects we fixed
this drift manually, by adjusting the relative position of the
image lines without compromising the information contained
in the data set. The right panel of Figure 4a displays low values
of ωA − ωA‑ at talc (bottom) and higher values at SiO2 (top).
Similar to the case of graphene, at the interface we observe

oscillations of ωA − ωA‑, which are extended at longer
distances within the SiO2 substrate (see Figure 4a). To deeply
explore the spectral variations, in Figures 4b−e the PL spectra
at regions indicated by arrows in Figure 4a are shown. Two
Lorentzians are used to fit the neutral and charged exciton PL
contributions. Besides, we plot in Figure 4f an averaged line
profile over four lines from the yellow dashed box at Figure 4a
(right) showing ωA − ωA‑ on the left axis, and EF on the right
axis, according to the phenomenological relation described by
the equation (in meV unit):47

E1.2 18A A Fω ω− = × +‐ (1)

Therefore, assuming that the oscillations at the interface on
Figure 4f are due to doping, we evaluate EF from ωA − ωA‑
according to eq 1. Note that EF varies from 10 meV on talc to
30 meV at the interface, moving abruptly to 10 meV, and then
back to 30 meV on SiO2. This behavior is similar to what we
observe in graphene (see Figure 3d), but here we measure a
n′n n′n junction (n > n′), reflecting a global localized doping
dynamics effect. The top panel in Figure 4f exhibits a
schematic illustration of the MoS2 band structure across the
junction. Since MoS2 is a semiconductor, the particular
configuration in Figure 4f allows localized potential wells
that can confine excitons. Furthermore, oscillations of ωA −
ωA‑ at the SiO2 side are now clearly observed (while the
oscillations of the 2D and G graphene features were faint in

SiO2), also visible in Figure 4f, that might be related to strain,
since they are also visible in the topography shown Figure 4a.
Figure 5 presents a more detailed nanospectroscopy analysis

of the MoS2 data. The averaged AFM topography of the
junction in shown in Figure 5a (the left and right panels are the
same measurement). Panels b−d of Figure 4 plot the energy,
FWHM, and PL intensity, respectively, for the neutral (at left)
and charged (trion, at right) excitons. These profiles are the
result of the average over the four lines delimited by the yellow
rectangle on the right panel of Figure 4a. In Figure 5 we
delimit the interface with the dashed black lines. In Figure 5b
we observe clear oscillations of the trion energy (A-, right),
absent in the neutral exciton (A, left). We observe the FWHM
oscillation in Figure 5c is similar for both neutral exciton and
trion at the interface, but the oscillations on the SiO2 are more
evident for the neutral exciton. The PL intensity also depicts

Figure 3. Graphene nano-Raman data analisis. (a) 2D vs G band
frequency plot at the graphene@talc/graphene@SiO2 hetereostruc-
ture. (b) 2D vs G band FWHM plot equivalent to (a). The black dots
are data from the area outside the interface, whereas the blue dots are
data at the interface. In panels a and b we plot arbitrary lines with 2.2
(red) and 0.75 (blue) slopes. (c) I2D/IG Raman map recorded at the
graphene@talc/graphene@SiO2 heterostructure. The scale bar is 200
nm. (d) The botton panel is a I2D/IG averaged line profile and the top
panel is an illustration of the charge neutral point (CNP) over the
junction. A laser power of 200 μW was used for these measurements.

Figure 4. Nano-PL of MoS2@talc/MoS2@SiO2. (a) Topography map
on the left, and ωA − ωA‑ map recorded from the MoS2 nano-PL on
the right. (b−e) Nano-PL spectra recorded from the areas indicated
by the arrows in panel a (see colors for each location). Two
Lorentizans with all parameters free are used to fit the PL spectra. (f)
The bottom panel depicts the experimentally obtained ωA − ωA‑ (left
axis) and the converted EF averaged value (right axis, according to eq
1). The top panel illustrates the energy structure across the junction.
For these measurements we used a laser power of 200 μW and 1 s
accumulation time per pixel. A long-pass filter (Razor edge Long Pass
633 nm) is utilized to remove the 632.8 nm laser excitation (1.96 eV),
which is close to the exciton energy (≲1.9 eV).
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strong oscillations for both neutral exciton and trion, and again
they show similar results at the interface, and the oscillations
on the SiO2 side is discernible for the neutral exciton.
Reference 48 shows that the neutral exciton and trion

energies of a strained monolayer MoS2 suffers a red shift with
the applied strain with similar magnitudes. Contrarily, the
magnitude of the energy oscillation of the trion in Figure 5b is
higher than the neutral exciton. So, only the strain seems not to
be sufficient to account for the oscillations in Figure 5b.
Another circumstance is that, at the middle of the edge (where
a strong strain would be expected), we observe an intensity
peak of the neutral exciton in Figure 5d. A strained MoS2 has a
PL quenching, in contrast to our result. Again, our results
suggest that only strain cannot describe our results, and the
charge doping might have a significant contribution. We also
note that the energy variation of the trion is higher than the
neutral exciton in Figure 5b, which is a unusual behavior when
compared to ref 47. It is worth investigating further to
elucidate these substrate interactions. These results are
consistent with local strain-doping effects, as discussed for
p−i−n junction,49 strain-induced one-dimensional moire ́
potentials50 and strain soliton networks.51 Other than that,
the oscillations of the FWHM, Figure 5c, are also interesting
and may be due to lifetime variations across the junction that
should be investigated in future works.
Finally, it is interesting to compare the results reported here

with the previous development of a lateral homojunction by
substrate dielectric engineering.52 Utama et al. created an
MoS2 junction based on the band gap variations using
substrates whose dielectric constant differs by about a factor
of 3. In our case, talc has dielectric constants observed to range
between 2 and 4.7,37 while SiO2 has a well-established
dielectric constant of 3.9. Therefore, the difference to be
considered here is much smaller when compared to the ones
utilized by Utama et al. Indeed, the MoS2 band gap

discrepancy in talc and SiO2 seems to be smaller than 10
meV (see left panel in Figure 5b), while in ref 52 the authors
claim to achieve 180 meV. Based on these differences and on
the experimental evidence for doping we discussed here, we
believe our results are mostly due to doping variations caused
by Fe or Al acceptor impurities replacing Si sites in talc,
removing electrons from the graphene and MoS2 layers
deposited on it (see also ref 37).
In summary, direct visualization of lateral homojunctions

show spectral oscillations in the tens-of-nanometers scale. To
achieve these results, we employed a highly efficient near-field
optics setup and built a heterostructure of monolayer graphene
and MoS2 side-by-side and precisely placed part on talc and a
part on SiO2. In graphene, we observed oscillations of the 2D
and G bands intensities and frequencies, and a broadening of
these peaks at the junction. By inspecting the 2D/G intensity
ratio at the junction, we confirmed that local doping variations
across the junctions explain these oscillations. For MoS2, we
showed that the energy difference between the neutral and
charged exciton follows a similar trend, pointing to a doping
oscillation at the junction, similarly to what we observed in
graphene. Furthermore, the observed oscillations extend to the
lower topograpy (SiO2) of the device, which might indicate
imperfection when depositing the 2D layers in this
heterosubstrate. Our work helps understanding the fine details
of the homojuctions, important to build better electronic and
optoelectronic devices.
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