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Quantum plasmonic two-dimensional WS2–MoS2
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Two-dimensional heterostructures have recently gained broad interest due to potential applications in

optoelectronic devices. Their reduced dimensionality leads to novel physical effects beyond conventional

bulk electronics. However, the optical properties of the 2D lateral heterojunctions have not been comple-

tely characterized due to the limited spatial resolution, requiring nano-optical techniques beyond the

diffraction limit. Here, we investigate lateral monolayer WS2–MoS2 heterostructures in a plasmonic Au–Au

tip–substrate picocavity using subdiffraction limited tip-enhanced photoluminescence (TEPL) spec-

troscopy with sub-nanometer tip–sample distance control. We observed more than 3 orders of magni-

tude PL enhancement by placing a plasmonic Au-coated tip at the resonantly excited heterojunction. We

developed a theoretical model of the quantum plasmonic 2D heterojunction, where tunneling of hot

electrons between the Au tip and MoS2 leads to the quenching of the MoS2 PL, while simultaneously

increasing the WS2 PL, in contrast to the non-resonant reverse transfer. Our simulations show good

agreement with the experiments, revealing a range of parameters and enhancement factors corres-

ponding to the switching between the classical and quantum regimes. The controllable photoresponse of

the 2D heterojunction can be used in novel nanodevices.

Introduction

Lateral 2D heterostructures of transition metal dichalcogen-
ides (TMDs) have been investigated due to the exceptional pro-
perties of their atomically sharp junctions, quantum confine-
ment, and band gap tunability.1–7 TMDs have been investi-
gated for optoelectronic, sensing, and quantum information
applications.8–10 However, because of the highly averaged
measurements of the far-field optical characterization experi-
ments such as the conventional photoluminescence (PL) spec-
troscopy, there is a need to improve the understanding and
applications of the heterojunctions at the nanoscale. This is
experimentally challenging since the PL signals from the atom-

ically thin junctions are weak and the surrounding materials
generate large background. Previously, several nano-optical
imaging techniques were used to address this challenge
including scanning near-field optical microscopy (SNOM),11,12

tip-enhanced Raman spectroscopy (TERS),13–15 and tip-
enhanced photoluminescence (TEPL).16–18 The spatial imaging
resolution in these techniques depends on the size of the exci-
tation spot and the signal enhancement. The excitation spot
size is limited by the size of the scanning local probe such as
the plasmonic metallic tip, which is typically on the order of
∼10 nm. The signal enhancement is limited by the electric
field strength at the tip apex, which depends on tip–sample
distance (TSD). Classically, the PL signal increases with the
decrease of the TSD.19 However, for the TSD shorter than
∼1 nm, the PL signal decreases due to charge tunnelling
between the tip and the sample, leading to the depletion of
surface charge density, described using the quantum plasmo-
nics model.20–29

Quantum effects, such as tunneling and non-locality, play
an important role in plasmonic systems when the TSD is
reduced. The classical descriptions of surface plasmon energy,
linewidth, and field enhancement break down, and the full
quantum mechanical treatment is necessary.18,21–23,25,27–31 In
this quantum plasmonic regime, tunneling at small TSD leads
to the reduction of surface charge density and the corres-
ponding near field intensity. Therefore, after the optimal

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr00861d

aDepartment of Medical Engineering, University of South Florida, Tampa, FL 33620,

USA. E-mail: dmitri.voronine@gmail.com
bDepartment of Physics, Stony Brook University, Stony Brook, NY 11790, USA
cDepartment of Physics, Texas A&M University, College Station, TX 77840, USA
dCAS Center for Excellence and Synergetic Innovation Center in Quantum

Information and Quantum Physics, University of Science and Technology of China,

Hefei, Anhui 230026, China
eDepartment of Physics, King Saud University, Riyadh 11362, Kingdom of Saudi

Arabia
fDepartment of Physics, University of South Florida, Tampa, FL 33620, USA
gMaterials Science Centre, India Institute of Technology, Kharagpur, India

7318 | Nanoscale, 2023, 15, 7318–7328 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
m

ar
zo

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

25
 5

:2
1:

40
 p

.m
.. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-8841-7657
https://doi.org/10.1039/d3nr00861d
https://doi.org/10.1039/d3nr00861d
https://doi.org/10.1039/d3nr00861d
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr00861d&domain=pdf&date_stamp=2023-04-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr00861d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015016


balance of EM enhancement and tunneling suppression,
further reduction of TSD leads to the quenching of the TEPL
signal. This specific value of TSD sets the quantum tunneling
limit to TEPL that has traditionally been accepted as “ulti-
mate”.32 Several experimental demonstrations revealed this
tunneling limit of SERS signals for gaps smaller than
∼1 nm.22,33 Similar limits were shown in TSD dependence
studies of TEPL.27 These quantum plasmonic effects have
been mainly investigated in pure TMD materials or the non-
resonantly excited TMD heterostructures.34 However, the TSD
dependence of the PL in resonantly excited TMD hetero-
structures has not been investigated. Therefore, the limits of
PL enhancement in such systems have not been well under-
stood. TSD is a control parameter that can be optimized to
obtain the maximum signal enhancement and the highest
spatial resolution. It will provide a better understanding and
controllability of the nanoscale quantum devices based on the
complex interplay of excitons, plasmons and hot electrons.

Hot electrons, generated in plasmonic systems, contribute
to the PL enhancement.34,35 Hot electron injection (HEI) in
TMDs promotes photoemission and photosensitive
reactions.36–38 Strong localized electromagnetic fields of plas-
monic nanostructures facilitate HEI,39–41 and can be optimized
by varying TSD in the picoscale quantum tunneling regime.
Previously, we investigated the TSD dependence of HEI in
lateral WSe2–MoSe2 heterostructures excited above the band
gap.34 We observed MoSe2 PL enhancement and WSe2 PL
quenching in the quantum tunneling regime of TSD < 1 nm
due to the transfer of the injected electrons across the WSe2–
>MoSe2 junction.

Here, we investigated a different 2D TMD system, namely, a
WS2–MoS2 monolayer lateral heterostructure in a plasmonic
cavity between a Au tip and an atomically thin Au substrate.
We performed the picometer-scale controlled TSD dependent
PL measurements using a 660 nm laser excitation, in reso-
nance with the A excitons of the heterostructure. The experi-
ments were carried out at several spatial locations across the
junction in the classical (320 pm < TSD < 20 nm) and
quantum tunnelling (220 pm < TSD < 320 pm) regimes. We cal-
culated the corresponding classical and quantum PL enhance-
ment factors, which showed more than 3 orders of magnitude
PL intensity increase at the junction. We developed a phenom-
enological model of the quantum plasmonic lateral 2D hetero-
junction at various TSDs, which showed a good agreement
with the experiments. This work provides new insights into
the PL enhancement mechanisms of 2D lateral junctions and
can be used for designing novel nanodevices.

Materials and methods

Monolayer lateral WS2–MoS2 heterostructures were grown on a
SiO2/Si substrate in a quartz tube using a one-pot chemical
vapor deposition (CVD) system as previously described.6 The
heterostructures were transferred to an atomically flat Au sub-

strate (TedPella) using a PMMA-assisted liquid transfer
method.

AFM, PL and TEPL imaging were performed using a con-
focal optical microscope (LabRam Evolution, Horiba) coupled
to a scanning probe microscope (OmegaScopeR, Horiba) as
previously described.26 Briefly, the 660 nm or 532 nm linearly
polarized laser excitation beams were focused on the tip apex
of the Au-coated Ag tip with the tip apex radius of ∼10 nm at
the 53° angle of incidence. The emitted PL signals were col-
lected using the same objective (100×, NA 0.7, f = 200). The
radius of the laser focal spot was ∼500 nm. AFM measure-
ments were performed in the tapping mode with the 20 nm
average TSD. TEPL measurements were performed in the AFM
contact mode. The angle between the incident laser optical
axis and the horizontal sample plane was 25°. The angle
between the tip and the sample plane was 78°. The incident
light polarization was along the tip axis. The tip and the laser
were stationary during the experiments, while the sample
stage was scanned.

Monolayer thickness of 2D heterostructures was confirmed
by AFM and Raman measurements (not shown) as previously
described.42 Briefly, Raman characterization measurements
were performed using 532 nm excitation. The observed Raman
intensity of the MoS2 in-plane E12g vibrational mode at
385 cm−1 was in agreement with the previously reported
monolayer MoS2.

40 Similarly, the vibrational mode at 355 cm−1

confirmed the presence of monolayer WS2.
41 AFM height pro-

files showed an average monolayer thickness of ∼0.9 nm.41

Experimental results

Fig. 1 shows the sketch of the experimental setup and sche-
matic diagrams illustrating the measured PL signals. Fig. 1a
shows a schematic monolayer lateral WS2–MoS2 hetero-
structure with different tip locations on the MoS2 (left), WS2
(right), and center of the WS2–MoS2 junction (middle). Three
tips at different TSDs are shown at each location. These TSDs
correspond to the non-contact (large TSD > 1 nm), van der
Waals (vdW) contact (medium TSD = 0.36 nm), and conductive
contact (small TSD < 0.22 nm). Quantum tunneling takes
place at TSD smaller than the vdW contact distance. Therefore,
it is referred to as the quantum regime. The large TSD range is
referred to as the classical regime. The spatial resolution of the
PL imaging in the classical regime varies from the far-field
excitation spot size of ∼ 500 nm radius shown by the red oval
in Fig. 1a to the the near-field excitation spot size based on the
10 nm radius of the tip apex. The spatial resolution in the
quantum regime is given by the size of the single gold atom at
the tip apex.

The sketch of the TEPL setup in Fig. 1c shows the plasmo-
nic Au tip on top of the WS2–MoS2 heterostructure. The area
used for TEPL measurements (blue box) includes parts of the
pure WS2, MoS2, and the WS2–MoS2 junction. The inset shows
the AFM phase image with marked locations of TSD measure-
ments labeled 1–9, where spot 3 is on the junction. We chose
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representative spots 1–5 for the analysis below. Other spots
located further away from the junction showed similar behav-
ior that is characteristic of the pure WS2 and MoS2 materials.
The distances between the spots 1–2, 2–3, 3–4, and 4–5 are
172 nm, 246 nm, 238 nm, and 231 nm, respectively.

We used a 660 nm excitation laser with a 665 nm cutoff
spectral filter to block the laser background as shown in
Fig. 1d. This resulted in the partial cutoff of the WS2 and MoS2

PL signals shown by the highlighted green and red shaded
spectral areas in Fig. 1d, respectively. No filter was used for the
corresponding PL spectra obtained with 532 nm excitation (see
ESI Fig. S1 and S2†).

TSD dependent PL measurements at the S1–S5 locations
across the WS2–MoS2 junction are shown in the classical and
quantum regimes in Fig. 2 and 3, respectively. The 2D contour
maps in Fig. 2a–e show PL intensity as a function of TSD and

Fig. 1 (a) Sketch of the tip–sample distance (TSD) dependence PL measurements of a lateral WS2–MoS2 heterostructure in the classical (TSD >
0.36 nm) and quantum (TSD < 0.36 nm) regimes. Electric field excitation spots (red ovals) decrease with the decrease of TSD. (b) The schematic
energy level diagram of the 2D lateral heterojunction shows hot electron injection (HEI) from the plasmonic tip to the heterostructure accompanied
by the nonresonant (γ1, purple arrow) and resonant (γ2, blue arrow) charge transfer. (c) Tip–sample configuration in tip-enhanced photo-
luminescence (TEPL) experiments. Inset shows an AFM phase image of a part of the heterostructure including the WS2–MoS2 junction and locations
1–9 of TSD measurements. (d) Sketch of the PL signals of WS2 (green shaded area) and MoS2 (red shaded area) including the laser (solid line) and the
filter cutoff (dashed line). (e) Schematic diagram of the PL enhancement mechanism in a quantum plasmonic p–n junction.
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wavelength. The 2D contour plots were obtained by combining
the PL signals at two TSD regimes, separated by the horizontal
dashed lines in Fig. 2a–e. Our TSD analysis procedure was pre-
viously described.26 Briefly, we used the TSD = 0.36 nm as a
reference point, which corresponds to the vdW contact dis-
tance between the Au atom of the tip and the S atom of the
WS2–MoS2 heterostructure. We used the piezo motor positions
as TSD values in the classical regime (above the horizontal
dashed line). The TSD values in the quantum regime (below
the dashed line) were obtained using our previously described
fitting procedure in the repulsive range of the Lennard-Jones
potential.26 Briefly, the tip and laser were kept stationary

before the vdW contact, while the sample stage moved
upwards. After the vdW contact, both the tip and sample
moved upwards together, while the AFM cantilever bending
and the tip–sample repulsive force increased. The corres-
ponding TSD values were obtained by fitting the repulsive
force as a function of the piezo position. We used the value of
the A coefficient, A = 2.2 × 10−7, in the repulsive force, F = A/
d13, and the cantilever spring constant of 2.8 N m−1.

We calculated the classical and quantum enhancement
factors, shown in Fig. 2 and 3, respectively, that provides quan-
titative analysis of the PL enhancement normalized by the con-
tributing areas in the classical and quantum regimes. We use

Fig. 2 Tip–sample distance (TSD) dependent PL of WS2–MoS2 lateral heterostructure. (a–e) 2D contour plots of PL signals at various TSDs for
locations S1–S5 across the junction, shown at 5 spots in the inset (marked as stars 1–5). (f–j) Classical enhancement factors and (k–o) PL spectra at
the corresponding locations. PL spectral intensities are shown at 20 nm (blue) and 0.32 nm (red) TSDs. Vertical solid and dashed lines in (h) indicate
the van der Waals contact and jump-to-contact TSDs, respectively. The shaded area in (k) highlights the spectral range of the integrated TSD signal.
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the conventional definition of the classical enhancement
factor (CEF) as:43

CEF ¼ ITip In
ITipOut

� 1
� �

SFF
SNF

; ð1Þ

where ITip In and ITip Out are the PL intensities with the tip in
contact and out of contact with the sample, respectively. SNF

and SFF are the effective surface areas that generate the
near-field (NF) and far-field (FF) PL signals, respectively. We
assume that the NF PL at vdW contact is generated by the
tip apex with the 10 nm radius of curvature. On the other
hand, the radius of the FF excitation laser spot is ∼500 nm.
Assuming circular areas of πR2 for both cases gives the

value of
SFF
SNF

of 2.5 × 103. The resulting CEF values as a

Fig. 3 Picoscale TSD dependent PL of WS2–MoS2 lateral heterostructure in the quantum tunneling regime. (a–e) 2D contour plots and (f–j)
quantum enhancement factors for the locations S1–S5 corresponding to Fig. 2.
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function of TSD are shown for the locations S1–S5 in
Fig. 2f–j, respectively.

In the quantum plasmonic regime, we consider the tunnel-
ing effect by using the NF PL intensity at vdW contact TSD of
0.36 nm for IvdW, relative to the NF PL at TSD < 0.32 nm for IC,
which approaches the conductive contact distance of 0.22 nm.
The corresponding quantum EF (QEF) equation is:

QEF ¼ IC
IvdW

� 1
� �

SvdW
SC

: ð2Þ

We assume that the PL enhancement at TSD < 0.36 nm
originates from only a few atoms at the tip apex, in the limit
from just one Au atom. Therefore, we use the radius of a Au
atom of 0.179 nm to define the area SC. For SvdW we use the
same area as above for the near field with the tip apex area of

10 nm. This gives the value of the
SvdW
SC

factor of 1.2 × 104. The

resulting QEF values as a function of TSD are shown for the
locations S1–S5 in Fig. 3f–j, respectively.

By setting the SC area to one Au atom we obtained the
highest estimate of QEF. This assumption is based on recent
sub-nanometer resolution TERS and TEPL experiments, where
a single Au or Ag atom protruding from a plasmonic tip was
responsible for the signal enhancement.44–48 The QEF will
decrease by taking the low estimate of the tip apex area of
10 nm. However, our experimental results better match the
simulations using the single Au atom area.

We compared the CEF and QEF values at the locations S1–
S5 in Table 1. The CEF value at TSD = 0.32 nm provides the
estimate of the relative PL enhancement due to the near field
at the tip apex interacting with the various parts of the hetero-
structure. The largest enhancement of 2554 was obtained at
the junction in spot S3. Less than 2 orders of magnitude
enhancement was obtained in spot S1 on the pure WS2. This
may be attributed to the different enhancement mechanisms
of the junction compared to the pure materials, as discussed
below. Further suppression in spot S1 is observed in QEF by
decreasing the TSD, with large negative values of QEF indicat-
ing the contribution of the traditional quantum plasmonic
limit to the PL enhancement.33,34 On the other hand, at
location S3 of the junction, the QEF value is large and positive,
indicating the additional three orders of magnitude PL
enhancement by a further decrease of TSD by a hundred pm
below the vdW contact. Positive QEF is also observed at
locations S4 and S5 on pure MoS2 with lower values compared

to the junction. This enhancement decreases when the tip
moves away from the junction.

Theoretical model

We used the phenomenological rate equation model to
describe the interplay between hot electron injection and
charge transfer across the junction that was observed in the
experiments. Fig. 1b shows the schematic state diagram used
to model the excited state dynamics of the WS2–MoS2 hetero-
structure. It shows that the initial population of the electrons
excited from the ground state, |g〉, above the band gap to states
|X0〉 or |Y0〉, subsequently decays to exciton states |X〉 or |Y〉.
Here, |X0〉, |X〉 and |Y0〉, |Y〉 are the excited states of the MoS2
and WS2 parts of the heterostructure, respectively, which
might include some degree of alloying due to the proximity to
the junction. As a result, the population dynamics can be
described by the following rate equations:

dNg

dt
¼� 2ΓpðdÞNgþNX

τX
þ NY

τY
; ð3Þ

dNX

dt
¼αNX0 � NX

τx
þ γ1ΓpðdÞNY; ð4Þ

dNY

dt
¼ βNY0 � NY

τY
� γ1ΓpðdÞNY ; ð5Þ

dNX0

dt
¼ΓpðdÞNg � αNX0 � γ2ΓpðdÞNX0 ; ð6Þ

Ng þ NX þ NY þ NX 0 þ NY 0 ¼ 1; ð7Þ
where α = 1 ps−1 and β = 15 ps−1 are the exciton |X〉 and |Y〉
generation rates (red arrows). The larger value of β compared
to α is used due to the stronger light–matter interaction of WS2
compared to MoS2 at the 660 nm excitation. τX = τY = 2 ps are
the average exciton lifetimes,49 and Γp(d ) is the TSD depen-
dent near-field excitation rate, given by

ΓpðdÞ¼
A 1� B

ðRþ d � cÞ3
 !�2

; for d>0:36 nm

1� e
� d�c

dp ; for c, d, 0:36 nm

;

8>><
>>: ð8Þ

where A is the constant of continuity, B = 5028 characterizes
the probe’s material properties,16,27,34 R = 10 nm is the radius
of curvature of the tip apex, c = 0.17 nm is the conductive
ohmic contact distance, and dp = 0.02 nm is the average
quantum tunneling distance.34 Due to the junction’s intrinsic
chemical potential difference, electrons transfer from WS2 to
MoS2 (purple arrow) with the rate γ1Γp(d ), where γ1 is the
photoinduced electron transfer coefficient.34 Lastly, we intro-
duce γ2Γp(d ) to describe the transfer of hot electrons from the
plasmonic tip to the resonantly excited junction (blue arrow).
The hot electrons are injected with the rate of GHEIΓCT(d ) into
the heterostructure and they relax by forming excitons at rates
α or β in MoS2 and WS2 (red arrows), respectively, or through
nonradiative decay channels at the rate of GHEIΓCT(d ).

Table 1 Classical (CEF) and quantum (QEF) enhancement factors at
van der Waals contact (∼0.32 nm) and at conductive contact (∼0.20 nm)
TSD, respectively, at locations S1–S5

Spots CEF (0.32 nm) QEF (0.20 nm)

S1 16 −234
S2 219 −966
S3 2554 445
S4 1294 362
S5 587 259
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Fig. 4 shows the simulated PL enhancement factors for γ1 =
0 (a, b, e and f) and γ1 = 0.25 (c, d, g and h) for several values
of γ2. The classical and quantum EFs were obtained using the
ratios of the |X〉 and |Y〉 state populations at the TSDs corres-
ponding to the experimental EFs defined above. The PL
signals for γ1 = γ2 = 0 correspond to the pure MoS2 (a and e)
and WS2 (b and f) materials. In both cases, the EF values
increase in the classical and decrease in the quantum regimes
(blue lines in Fig. 4a, b, e and f for γ1 = γ2 = 0). This behavior
corresponds to the traditional classical/quantum plasmonics,
and it is in good agreement with the experimental measure-
ments at locations S1 (WS2) and S5 (MoS2), shown in Fig. 2f, j
and 3f, j. Fig. 3j shows a small enhancement of WS2 PL due to

the proximity to the junction, which disappears at locations S8
and S9 further away from the junction.

Discussion

Quantum plasmonic tunneling in a picocavity suppresses the
PL of pure materials both under the resonant and above the
band gap excitations. This has traditionally limited the plas-
monic PL enhancement. For example, exciton quenching was
observed by decreasing the gap size in a Au tip – Au nanotrian-
gle plasmonic picocavity.50 It was attributed to the interplay of
two effects, namely, the quantum plasmonic tunneling and

Fig. 4 Simulated classical (a–d) and quantum (e–h) TSD dependent PL enhancement factors of WS2–MoS2 heterostructure for various values of
the nonresonant (γ1) and resonant (γ2) charge transfer coefficients. The PL signals for γ1 = γ2 = 0 correspond to the pure MoS2 (a and e) and WS2 (b
and f) materials (blue lines). The PL signals for γ1 = 0.25 correspond to the WS2–MoS2 junction (c, d, g and h).

Paper Nanoscale

7324 | Nanoscale, 2023, 15, 7318–7328 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
m

ar
zo

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

25
 5

:2
1:

40
 p

.m
.. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr00861d


the photoexcited charge transfer from MoS2 to the Au tip by
exciton dissociation at the Schottky barrier.

Previous work on improving the contact between 2D semi-
conductors and 3D metal-buried interfaces showed PL sup-
pression by direct evaporation of Au on MoS2.

51 This corres-
ponds to the transition from vdW Au – MoS2 contact to a
higher quality electronic contact, which is analogous to the
decrease of TSD in our experiments. Charge transfer and local
strain induce degenerate doping in MoS2. Strain may also con-
tribute to PL modulation in our tip–sample cavity. Previous
work on TEPL of nanostrained MoSe2 showed the emergence
of enhanced anomalous PL from a new excitonic state loca-
lized on top of a silicon nanowire.52 However, we did not
observe such a new state in our TSD experiments, and, there-
fore, rule out strain contribution.

Previous TEPL imaging of 2D MoSe2 revealed the cumulat-
ive effect of Purcell enhancement and oxygen induced doping
leading to the enhanced biexciton emission, facilitated by the
increased exciton density in the highly localized tip area.53 We
did not observe any significant PL red-shift at decreasing TSD,
and, therefore, ruled out the biexciton formation.

In contrast to these studies, our results showed that in
TMD heterostructures it is possible to obtain an additional
increase of the PL signal in the tunneling regime beyond the
conventional quantum plasmonic limit. Our 660 nm excitation
is near resonant with the tunneling-induced charge transfer
plasmon (CTP) mode that was previously observed in a similar
Au tip – Au substrate cavity.54 The role of CTP resonance in the
PL enhancement is confirmed by the comparison of the res-
onant 660 nm excitation, which gives the 3 orders of magni-
tude PL enhancement (Fig. 2 and 3) to the insignificant
enhancement under the nonresonant 532 nm excitation (ESI
Fig. S1 and S2†). Our 2D lateral heterostructure forms a p–n
junction at the interface between the two materials due to the
slightly different doping in our CVD-grown materials, with
p-doped WS2 and n-doped MoS2 as previously described.

6 This
provides an additional mechanism of PL enhancement as
shown in Fig. 1e. The space charge region at the junction
facilitates hot electron tunneling from the Au tip to the posi-
tively charged MoS2, while the transfer to the negatively
charged WS2 region is suppressed. The charge transfer to
MoS2 is increased by CTP in the quantum regime, reducing
the electric field of the depletion region and increasing the
charge transfer γ2 across the junction. The resulting increased
carrier concentration on WS2 enhanced the PL signal. In
summary, the quantum tunneling induced CTP and quantum
plasmonic p–n junction mechanisms both enhanced the PL of
WS2 (suppressed the PL of MoS2) in the quantum regime.
Previous work showed an increase of the photoinduced charge
carrier generation in a p–n junction by the electromagnetic
(EM) mechanism in the classical regime.55–57 Here we attribute
the tunneling in a p–n junction inside the plasmonic picocav-
ity to a charge-transfer-based chemical mechanism (CM).58,59

We previously showed the possibility of switching from the EM
to the CM mechanism in a plasmonic picocavity by decreasing
the TSD.54 Here we extend this approach to a 2D heterojunc-

tion, providing new possibilities to control the optoelectronic
properties of nanoscale devices.

This work may be extended to other 2D materials, such as
the WSe2–MoSe2 heterostructure, by choosing the appropriate
excitation source and plasmonic cavity. Our previous work on
hot electron injection into the WSe2–MoSe2 heterojunction
showed the opposite PL enhancement effects compared to this
work. In contrast to the results on resonantly excited WS2–
MoS2 heterostructure on Au substrate presented here, the pre-
vious work on WSe2–MoSe2 on SiO2/Si substrate did not have
the CTP enhancement mechanism.

The simulation in Fig. 4d shows that WS2 PL is enhanced at
the junction as TSD is decreased in the classical regime only
when γ2 > 0.2, predicting the suppression of WS2 PL for γ2 <
0.2 in the classical regime. In addition, Fig. 4h shows the
decrease of the WS2 PL at the junction in the quantum regime
for γ2 > 0.3, which implies the optimal value of γ2 ∼0.25. Our
model, therefore, describes the significant contribution of the
CTP resonant transfer, γ2, whose TSD dependence is opposite
to the nonresonant charge transfer, γ1. The interplay of these
mechanisms determines the optimal values of the theoretical
parameters that best describe the experimental observations.

Conclusions

In summary, we performed nanoscale PL measurements of
lateral monolayer WS2–MoS2 heterostructures and observed a
large increase of PL in the regime of sub-nanometer scale tip–
sample distance at the location of the heterojunction. We
attributed the enhancement to the interplay of the quantum
plasmonic and chemical charge transfer mechanisms in the
coupled 2D materials in a plasmonic picocavity. Our simu-
lations predicted the corresponding charge transfer rates and
showed good agreement with the experiments. The plasmonic
tip is shown to be an efficient nano-imaging tool as well as a
novel control platform.
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