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Quantum plasmonic control of trions in a picocavity
with monolayer WS2
Zhe He1, Zehua Han1, Jiangtan Yuan2, Alexander M. Sinyukov1, Hichem Eleuch1,3, Chao Niu4,5,
Zhenrong Zhang4,6, Jun Lou2, Jonathan Hu4,5*, Dmitri V. Voronine7*, Marlan O. Scully1,4

Monitoring and controlling theneutral and chargedexcitons (trions) in two-dimensional (2D)materials are essential for
the development of high-performance devices. However, nanoscale control is challenging because of diffraction-
limited spatial resolution of conventional far-field techniques. Here, we extend the classical tip-enhanced photo-
luminescence based on tip-substrate nanocavity to quantum regime and demonstrate controlled nano-optical
imaging, namely, tip-enhanced quantum plasmonics. In addition to improving the spatial resolution, we use
the scanning probe to control the optoelectronic response of monolayer WS2 by varying the neutral/charged ex-
citon ratio via charge tunneling inAu-Agpicocavity.Weobserve trion “hot spots”generated by varying thepicometer-
scale probe-sample distance and show the effects of weak and strong coupling, which depend on the spatial location.
Our experimental results are in agreement with simulations and open an unprecedented view of a new range of quan-
tum plasmonic phenomena with 2D materials that will help to design new quantum optoelectronic devices.
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INTRODUCTION
Two-dimensional (2D) transition metal dichalcogenides (TMDs)
have attracted worldwide attention for their promising applications
in photonics (1), sensing (2), and optoelectronic nanodevices (3).
Low-dimensional quantum confinement effects play a major role
in the optoelectronic response of 2D TMDs such as monolayer tung-
sten disulfide (WS2) (4). Many-body states such as neutral excitons,
trions, and biexcitons govern the photoresponse in TMDs (5, 6). Their
interconversion may be controlled by using photoexcitation or bias,
which strongly depends on the local inhomogeneities such as impu-
rities, defects, or external dopants. As a result, unlike the bulk mate-
rials, the optoelectronic properties of monolayer WS2 are dominated
by excitons and trions (4). Therefore, controlling the excitons in 2D
TMDs allows the manipulation of the device performance.

Previous work on the control of neutral excitons (X0) and negatively
charged trions (X−) was based on the exciton interconversion X0+e− →
X− via gating (7), photoexcitation (8), plasmonic hot carriers (9), and
chemical doping (10). However, the nanoscale optical control of the
2Dmaterials has not yet been realized. Nanoscale control of trions is
of great importance in optoelectronic nanodevices, for example, car-
bon nanotube film–based electroluminescence devices (11) and
MoS2-based field-effect transistors (12). Here, we show that quan-
tum plasmonics provides a convenient and effective tool for gener-
ation, nanoimaging, and control of trions in 2D materials.

Quantum plasmonics plays an important role when the dimensions
of plasmonic nanostructures reach a critical subnanometer size (13), as,
for example, in the picoscale cavity formed by the plasmonic scanning
probe andmetal substrate (14). Few-layerMoS2 in the picocavity showed
interesting tunneling-induced photoluminescence (PL) and Raman
quenching effects (14). However, although the classical plasmonic
modulation of excitons inMoS2 has been achieved (15, 16), the quantum
yield of exciton generation is low in few-layer compared to monolayer
2D materials, and the quantum plasmonic control of trions in mono-
layer TMDs was not yet explored. Using tip-enhanced quantum plas-
monic (TEQPL) imaging, we show that it is possible to locally control
both neutral excitons and trions in monolayer WS2. Compared to the
classical plasmonic imaging, TEQPL can be used to control andmonitor
the exciton interconversion by varying the size of the picocavity.

The classical tip-enhanced PL (TEPL) technique provides a high
spatial resolution beyond the optical diffraction limit due to the near-
field (NF) enhancement of the PL signals by localized surface plasmon
resonances of a plasmonic scanning probe such as a silver- or gold-
coated nanotip (14, 17). The classical tip-substrate coupling leads to
the large local electric field enhancement within a tip-sample distance
of 1 < d < 10 nm with an additional enhancement in the case of a me-
tallic substrate via gap-mode plasmons. However, for very small sub-
nanometer gaps, the NF enhancement may be reduced because of the
quantum plasmonic effects such as tunneling of surface charges in the
gap plasmon TMD system (14). As a result, the tunneling electrons re-
duce the overall surface charges and the corresponding local electro-
magnetic fields at the probe (18, 19). Previously, we reported similar
control experiments in a plasmonic picocavitymade of a pure gold sub-
strate and gold tip (without WS2) and observed quantum plasmonic
quenching due to electron tunneling (14). Here, we use quantum plas-
monic effects in a Au-Ag substrate-tip picocavity to control trions in
monolayer WS2 by the tunneling charges. In addition, because of the
picometer-scale control of the tip-sample distance, we obtained pico-
scale control of the photoresponse in the vertical tip-sample coupling
direction. Using TEQPL, we achieved both imaging and control of neu-
tral excitons and trions with a high lateral spatial resolution of ~80 nm.
This is the first demonstration of quantum plasmonic interconversion
of neutral excitons to trions in 2D materials, which has promising ap-
plications for novel nanoscale light-matter interaction schemes in atom-
ically thin semiconductors.
RESULTS
The schematic representation of the experimental setup is shown
in Fig. 1A. We used the state-of-the-art commercial scanning probe
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microscopy system to perform the coupled atomic force microscopy
(AFM) and nano-optical TEQPL experiments with precisely controlled
tip-sample distance (OmegaScope-R coupled with LabRAM, HORIBA
Scientific; details are given inMaterials andMethods). Au-coatedAg tip
was mounted on an AFM cantilever, and the 532-nm laser was focused
on the tip apex, leading to the enhancement of local electric fields in the
tip-substrate cavity. To study the quantum plasmonic effects, we con-
structed a picometer-gap cavity between the Au substrate and the
Au-coated Ag tip by calibrating the tip-sample distance using the
force-distance analysis, which was previously described (14) and is
shown in fig. S1. Briefly, we used the short-distance approximation
of the Lennard-Jones potential to estimate the tip-sample distance
within the van derWaals (vdW) contact between the Au and S atoms
(0.35 nm) (20). We used the vdW radii of 0.166 nm (Au) and 0.180 nm
(S) for the estimation of the 0.346-nm Au-S contact.

Figure1 (CandE) shows thePLspectra ofmonolayerWS2 in theAu-Ag
cavity fitted by twoGaussian functions (19) centered at the PL signals of
X0 (614 nm) and X− (625 nm). Similar observations of trionic emission
on both nonmetallic (4, 10, 21, 22) and metallic (23–26) substrates
show negative trion peaks at room temperature. Figure S10 shows
the corresponding PL signals of WS2 on the Si/SiO2 substrate as com-
pared with the PL signals on the Au substrate. The PL spectra on the
Si/SiO2 substrate are in agreement with previous reports (21, 27) and
show similar line shapes with ~30-meV separation between the PL
peaks of neutral excitons and trions, indicating similar values of the
binding energies on both substrates. The relative blue shift of ~10 nm
on the Au substrate compared to the Si/SiO2 substrate may be due to
the combination of surface plasmonic effects (10, 21, 28), and the
release of strain in chemical vapor deposition (CVD)–grown WS2 may
be due to the transfer on Au (25, 26).

Several previous theoretical studies predicted a strong dependence of
the binding energy of both neutral excitons and trions on the dielectric
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
properties of the substrate (29–31), which was confirmed experimental-
ly for neutral excitons; however, contrary to the predictions, only aweak
dependence of binding energy on the substrate was shown experimen-
tally for trions (32, 33). Another recent model accounted for this
difference by treating the monolayer TMD behavior of the transition
metal and chalcogenide atomic sheets (34). The trion wave functions,
confined to themiddle layer transitionmetal sheet, were screened by the
outer chalcogen layers. In addition, the model included the polaron
effects of lattice distortion due to the charged exciton, which increased
the effective mass of the trion and increased the trion’s binding energy.
This weak dependence allowed the observation and control of trions on
metallic substrates at room temperature.

Panels C and E of Fig. 1 correspond to the two representative tip-
sample distances d for the classical coupling (CC) and quantum cou-
pling (QC) regimes with d > d0 and d < d0, shown in Fig. 1 (B and D,
respectively), where d0 = 0.35 nm is the vdW contact distance. When
d = 0.31 nm (QC; Fig. 1E), the peak ratio of the X− and X0 signals is
larger than that of d = 1.03 nm (CC; Fig. 1C), which indicates that
the relative ratio of trions to neutral excitons increased because of
tunneling.

Quantumplasmonic control of trions inmonolayerWS2 in theAu-Ag
cavity was further investigated as a function of the tip-sample dis-
tance as shown in Fig. 2. AFM imaging confirmed the monolayer
uniform thickness and a high quality of the triangular-shapedWS2 na-
noflake (Fig. 2A). The PL intensity measured in the spatial location
marked by a circle in Fig. 2A was investigated as a function of the
tip-sample distance in the range of 10 nm down to a few hundred pic-
ometers, which correspond to the CC and QC regimes, respectively
(Fig. 2C). Figure 2B shows the PL quenching of both neutral excitons
(X0; blue) and trions (X−; red) at the picoscale distances. The rates of the
X0 andX− quenching are different due to the differentmechanisms such
as the tunneling-induced decrease in the local electric field at the tip
Fig. 1. Quantum plasmonicgeneration of trions in aAu-AgpicocavitywithmonolayerWS2. (A) Schematic of TEQPL imagingwithmonolayerWS2 in a picocavity formedby
the Ag tip and the Au substrate. The 532-nm laser beamwas focused on the tip apex, and the samplewas scanned to obtain the PL spatialmaps of neutral excitons (X0) and trions
(X−). The tunneling-induced X0→X− transition takes place for the short tip-sample distance. (B) Sketch of the Au-Ag cavity with d > 1 nm tip-sample distance that corresponds to
the classical coupling (CC) regime. (C) PL spectra ofX0 and X− inmonolayerWS2 in theCC regime. Blue and red solid lines areGaussian fitting functions centered at 614 and625nm,
respectively. a.u., arbitrary units. (D and E) Corresponding sketch and PL spectra ofmonolayerWS2 in the Au-Ag picocavity in the quantum coupling (QC) regimewith a tip-sample
distance d < 0.35 nm, where the charge tunneling [blue arrow in (D)] contributes to the formation of trions. The PL intensity of X− becomes larger than that of X0 in the QC (E)
compared to the CC (C) regime.
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apex (14, 35, 36) and the tunneling-assisted exciton-trion interconver-
sion (12, 35). The PL ratio IX−/(IX0 + IX−) shows an increase in the trion
signal at distances shorter than ~300 pm (Fig. 2D). More examples are
shown in fig. S2.

We then performed similarmeasurements on a complexWS2 nano-
flake, which consists of several areas of interest including a monolayer
periphery and a few-layer center as well as a multilayer structural defect
at the right corner shown by the AFM height variations in Fig. 3A.
TEQPL imaging provides a sensitive method for probing the heteroge-
neity of the nano-optical response of 2D materials. We obtained PL
images of neutral excitons and trions by plotting the integrated areas
under the corresponding fitted PL spectra (Fig. 3, C to F). We observed
differences between theNF (Fig. 3, C and E) and far-field (FF) (Fig. 3, D
and F) PL images of the complexWS2 nanoflake in a Au-Ag cavity with
tip-sample distances of 0.31 and 10 nm, respectively. Compared with
the FF images, the NF TEQPL images show a higher spatial resolution
and reveal a rich variety of features. For example, the width of the Au-
WS2 interface at the edge of the flake was measured as ~82 and 881 nm
using the NF and FF X− PL signals, respectively (Fig. 3G). The AFM
profile in Fig. 3G indicates the position of theWS2-Au substrate bound-
ary, which correlates well with the optically detected boundary in the
NF images. The origin of the increased roughness of the AFM height
profile in Fig. 3G is the use of the same Au-coated Ag tip for the AFM
measurements and the simultaneous TEPL. Themetal coating of the tip
leads to the enhanced tip-sample interaction, which is responsible for
the increased noise level with the estimated SDof the height profile to be
less than 1 nm.

Because TEQPL is based on tunneling, it is very sensitive to the
thickness of the sample placed in the gap mode–enhanced electric field
of the cavity. This leads to a higher imaging contrast of TEQPL com-
pared to the conventional FF PL. For example, the few-layer central tri-
angle part of the WS2 nanoflake is better resolved in the NF TEQPL
images (Fig. 3, C and E) than in the FF PL images (Fig. 3, D and F).
In addition, the top (G) and right (I) corners of theWS2 nanoflake have
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
low intensities in both the FF andNF signals due to the presence of the
charge doping effects in G and multilayer structural defects in I. The
increase in the height in I is supported by the correlated AFM data in
Fig. 3A. The charge doping is supported by the correlated Kelvin
probe force microscopy (KPFM) image, which shows the surface con-
tact potential difference (CPD) signal in Fig. 3B. KPFM shows larger
signals in the G and I corners compared toH, which anticorrelate with
the PL signal intensities. It has been previously shown that charge dop-
ing reduces the PL signals in 2Dmaterials, which is in agreement with
our results.

The apparent lack of the clear triangular shapes in the FF and NF
images is a result of the limited spatial resolution of ~880 and 80 nm for
FF and NF, respectively, which limits the ability to resolve small trian-
gular features (especially for the FF) in the chosen relatively small
(~4-mm-size) nanoflake. The flake outlines in the NF images in Fig. 3
(C and E) exhibit the triangular shape more clearly than the corre-
sponding FF images in Fig. 3 (D and F). Still, the absence of the full
triangular outline is due to two effects, namely, charge doping andmul-
tilayer structural defect. In addition to the intrinsic charge doping of the
nanoflake, there is also a quantum plasmonic contribution due to the
plasmon-induced electron tunneling from the tip to the sample. There-
fore, we performed KPFM measurement both without and with the
simultaneous laser excitation (fig. S4, A and B, respectively). Now, it
is more clearly seen that quantum plasmonic charge doping leads to
the notable variation of the CPD across the G to H line of the KPFM
image in fig. S4B.

More detailed information about the sample heterogeneity and the
correlation of the AFM topography, KPFM surface potential, and PL
signals is shown in the line profiles in Fig. 3 (G and H) obtained from
the spatial maps, as indicated by white dashed lines (i) and (ii), respec-
tively. The weaker PL signal from the central area is due to the indirect
bandgap nature of multilayer WS2. Both FF PL and NF TEQPL signals
are strong when the sample thickness is small, as shown in the line pro-
files in Fig. 3H. The NF TEQPL signals show a higher spatial resolution
and qualitatively new spatial features compared to the FF PL signals.
Different areas of strong PL signals (“hot spots”) exist at different loca-
tions in the NF images. For example, the left corner (H) shows strong
FF PL hot spots of both neutral excitons (Fig. 3D) and trions (Fig. 3F).
However, these hot spots are suppressed in the corresponding NF
images (Fig. 3, C and E). In addition, the FF profiles of neutral excitons
and trions are similar (Fig. 3H, green and orange lines), but the
corresponding NF profiles show maximum intensity peak shifts of X0

and X− (blue and red lines with shifted maxima highlighted by the ver-
tical dashed lines), which indicates a possible quantum plasmonic tip-
induced conversionX0→X− in certain spatial locations. This qualitative
difference between the hot spots in the FF and NF signals indicates the
importance of the tip-sample interaction during the imaging, and it can
be used for both imaging and controlling the excitons in 2D materials
simultaneously by adjusting the appropriate instrument parameters.
The PL spectra at different tip-sample distances and the corresponding
IX−/(IX0 + IX−) ratios for different spots labeled A to E in Fig. 3 (A and B)
are shown in fig. S2. These selected spots provide a rich picture of var-
ious heterogeneous photoresponses. The results were reproducible as
shown by the two consecutive distance dependence measurements at
spot B in fig. S6. Further insight into the sample heterogeneity may
be obtained by a more detailed analysis of the NF TEQPL maps. For
example, figs. S7 and S8 show zoomed-in X0 and X− maps with antic-
orrelated subwavelength features. The regions of large intensity in theX−

map in fig. S7B reveal trion hot spots (dashed circles). Similar regions
Fig. 2. Picoscale quantum plasmonic control of neutral excitons (X0) and trions
(X−) inmonolayerWS2 in aAu-Ag cavity. (A) AFM image of the triangularmonolayer
WS2 nanoflake. PL intensity of neutral excitons (X

0; blue) and trions (X−; red) measured
in a spatial locationmarked by a circle in (A) as a function of the tip-sample distance in
the picometer scale (B) and in the whole range (C) shows the PL quenching of both
signals at the picoscale distances. (D) However, the ratio IX−/(IX0 + IX−) shows an increase
in the trion relative to the neutral exciton signal at distances shorter than 300 pm.
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in the X0 map show the suppression of the PL signal in fig. S7A. This
provides evidence for the X0→X− conversion due to the tunneling-in-
duced tip-sample interaction. While FF PL maps show microscale var-
iation of contrast, they do not show any localized anticorrelations (fig.
S7, C and D).

The tip-sample distance used for the TEQPL images in Fig. 3 (C and
E) corresponds to theQC regime, where the local electric field was par-
tially quenched by tunneling, leading to a large contribution of the X0

→X− transition. The TEQPL images revealed a highly inhomogeneous
pattern with localized regions of strong PL signals (hot spots) in ac-
cordance with previous reports of nano-optical imaging of 2D
materials (17, 37). Here, we further investigated the tip-sample distance
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
dependence from different spatial locations within the complex WS2
nanoflake. Figure 4 shows the tip-sample distance dependence of the
X0 and X− PL signal intensities from two spatial locations marked in
Fig. 3A as spot A (Fig. 4, B and C) and spot C (Fig. 4, D and E). These
two locations represent the typical examples of strong and weak quan-
tum tip-sample coupling, which correspond to the complete and
incomplete quenching of the PL signals in the QC regime. Because
of the small size of the tip apex, its influence on the FF PL signalswithin
the 10-nm range can be ignored. Therefore, the effects of the varying
tip-sample distance on the FF signals can be ignored, and one expects
the same FF contributions to the PL signals at all tip-sample distances
plotted in Fig. 4.
Fig. 3. TEQPL imaging of a complex WS2 nanoflake. (A) AFM image shows the height topography with WS2 triangular monolayer periphery and a few-layer triangular
central region. Several areas of interest are marked A to F in different parts of the flake. (B) Kelvin probe force microscopy (KPFM) image under a 532-nm laser
illumination shows inhomogeneous contact potential difference (CPD) signal at the surface of the sample. G to I mark the top, left, and right corners, respectively.
NF neutral exciton, X0 (C), and trion, X− (E), TEQPL, and FF X0 (D) and X− (F) PL images of the complex WS2 nanoflake in a Au-Ag cavity with tip-sample distances of 0.31
and 10 nm, respectively. Black dashed lines indicate the outlines of the WS2 nanoflake. The imaging step size is 50 nm. (G and H) Line profiles of the AFM, KPFM, and PL
signals from the marked white dashed lines (i) and (ii), respectively. Vertical orange and red dashed lines in (G) mark the width of the FF and NF PL profiles, respectively,
of trions at the Au-WS2 interface at the edge of the flake. Vertical blue and red dashed lines in (H) mark the positions of the maximum signal intensities of the NF PL
signal profiles of neutral excitons and trions, respectively, showing the relative shift of the two signals.
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Weconsider three different regimes of tip-sample coupling, which are
indicated by arrows and corresponding schematic diagrams in Fig. 4B:
(i) FF with no tip-sample coupling (with tip-sample distance d > 10 nm
and pure FF excitation), (ii) NF with classical tip-sample coupling
(NF CC) with tip-sample distance 0.35 nm < d < 10 nm, and (iii) NF
with quantum tip-sample coupling (NFQC) with d < 0.35 nm. Case (ii)
corresponds to the classical NF coupling, while case (iii) corresponds to
the NF coupling with strong quantum plasmonic effects due to field
quenching via tunneling and X0 → X− transition. Figure 4B shows the
enhancement and quenching of the X0 and X− PL signals in the NF CC
and QC regimes, respectively. The X0 PL intensity at short tip-sample
distances of <250 pm is smaller than the X0 FF PL intensity at a long
distance of 10 nm, as indicated by the horizontal blue and green dashed
lines in Fig. 4B, respectively. In the absence of the X0 → X− transition,
one would expect the same PL intensities in the case of the complete NF
PL quenching at short tip-sample distance as in the case of the long-
distance FF PL signal. This is because tunneling completely suppresses
the NF enhancement in the QC regime (14). In the case of the in-
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
complete PL quenching, the PL intensities at the short tip-sample
distances are larger than at the long distances. This is observed in the
incomplete quenching case where the NF QC PL (blue dashed line) is
larger than the FFPL (green dashed line) in Fig. 4D.However, this is not
the case in the complete quenching case where the opposite behavior is
observed (Fig. 4B). This may be attributed to theX0→X− contribution,
which reduced the number of X0 below the FF limit. This shows the
main difference between the classical TEPL imaging technique, where
the tip-sample interaction only leads to the confinement of the
enhanced electric field. Because of the inhomogeneity of theWS2 nano-
flake under the ambient conditions in air, the Schottky barrier (SB) de-
pends on the local surface energy (38), leading to the inhomogeneous
local quenching behavior. The incomplete quenching may take place
when the electron tunneling is suppressed by the WS2-gold SB, while
in the complete quenching case, the SB is low. In addition, the variations
in the local electrostatic environment under the ambient conditions, re-
vealed by the inhomogeneous CPD images in KPFM (Fig. 3B and fig.
S4), result in different tip-WS2 tunneling efficiencies, which, together
with SB, determine the PL quenching. The spatial locations in Figs. 2
and 4B showed complete PL quenching, while the spatial locations in
Fig. 4D and fig. S3 showed incomplete PL quenching. Only the spots
with complete PL quenching showed a substantial decrease in the X−

signals in theQC range of 360 to 260 pmdue to the strong contributions
of the quantum plasmonic quenching effects needed to support the
X0 → X− conversion.

Here, we show that the tip-sample distance is a convenient control
parameter. For example, Fig. 4 (C and E) shows zoomed-in picoscale
tip-sample distance dependence of TEQPL signals from spatial loca-
tions A andC in Fig. 3A. Figure 4C shows a decrease in theX−PL signal
with a decrease in the tip-sample distance until it reaches ~250 pm.
Classically, the opposite trend is expected in which the PL signal in-
creases with the decrease in the gap due to the plasmonic gap-mode
enhancement. Therefore, the observed PL quenching is attributed to
the tunneling-induced quenching of the plasmonic fields. Similar effects
were previously predicted and observed in metallic plasmonic systems
(13, 14, 39). However, after the further decrease in the tip-sample dis-
tance below 250 pm, the X− PL signal increases again with the simulta-
neous decrease in the X0 PL signal. This gives strong evidence for the
tunneling-induced contribution of the X0 → X− transition. Then, sub-
sequently, the X− PL signal decreases again with the further decrease in
the tip-sample distance below 240 pm, which is attributed to the forma-
tion of the conductive channel in the reduced tip-substrate cavity gap.
As a result, all the optical NF signals are suppressed. We developed a
theoretical model described in Materials and Methods, which was used
to successfully fit the data shown in Fig. 4 (C and E, black lines).

The tip-sample distance dependence plots in Fig. 4 show the overall
quenching of the PL signals of neutral excitons in both CC and QC re-
gimes. However, the signals of trions show less changes in the QC re-
gime for the selected spatial locations. The quenching rates for the
neutral excitons and trions are different due to the contribution of
the X0→ X− transition. To show more clearly the competition of these
two mechanisms, we use the peak ratio IX−/(IX0 + IX−) from the two ad-
jacent spots that are separated by 60 nm, E (Fig. 5A andB) andD (Fig. 5
C and D). In the CC regime, these peak ratios are constant and do not
depend on the tip-sample distance (see fig. S2). However, in the QC re-
gime, spot E shows a decreasing ratio at d < 260 pm (Fig. 5B), and spot D
shows the opposite behavior with an increasing ratio (Fig. 5D). This can
be understood by analyzing the behavior of theX0 andX− PL signals sep-
arately for these two spots. Figure 5C shows that the X− PL intensity in
Fig. 4. Tip-sample distance dependence of PL of WS2 nanoflake in a Au-Ag
cavity. (A) Energy diagram of the tip-sample-substrate (Ag-WS2-Au) system with
Schottky barrier (SB). Tip-sample distance dependence of the PL signal intensities of
neutral excitons (X0) and trions (X−) from two spatial locationsmarkedA (B andC) andC
(D and E) in Fig. 3A. Three regimes of tip-sample coupling are identified in (B): (i) FFwith
no tip-sample coupling (d > 10 nm), (ii) NF with classical tip-sample coupling (NF CC)
with 0.35 nm< d < 10 nm, and (iii) NF with quantum tip-sample coupling (NF QC) with
d < 0.35 nm. Green and blue dashed lines indicate the FF and the short-distance NF X0

PL signals, respectively. Zoomed-in picoscale tip-sample distance dependence of
TEQPL signals from spatial locations A (C) and C (E) in the QC regime. The vertical black
dashed lines separate the CC and QC regimes at the vdW tip-sample contact distance
(0.35 nm).
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spot D did not significantly change, but the X0 PL intensity decreased
because of the X0→ X− transition and tunneling, respectively. This indi-
cates not only a substantial contribution of theX0→X− transition in spot
D but also a reversal of the peak ratio and a contribution of the opposite
reaction in spot E, leading to the inverseX−→X0 transition. This shows a
strong dependence of the observed effects on the spatial location and
sample heterogeneity and also provides new opportunities for
controlling the subwavelength local photoresponse of excitons in
2D materials.
ebruary 5, 2020
DISCUSSION
The TEQPL images revealed detailed inhomogeneous properties of the
samples that correlated with topography and CPD measurements.
TEQPL also revealed specific locations with different quenching behav-
ior that could not be identified using the conventional FF PL, AFM, and
KPFM techniques. Different regimes of PL imaging may be used for
different purposes. Distance dependence may be classified on the basis
of the results shown in Fig. 4 into four cases. First, the classical PL en-
hancement increases with the decrease in the tip-sample distance. Sec-
ond, the saturation of the enhancement takes place due to the energy
transfer between the tip and the sample and the competing PL suppres-
sion., Third, PL control in the QC regime is achieved below the vdW
distance due to the X0 → X− transition. Fourth, the complete suppres-
sion of the TEQPL is due to the broken tip-substrate cavity and the for-
mation of the classical conductive channels shown in Fig. 4C when
d < 240 pm. Although the transition to quantum plasmonic trion gen-
eration increases the trion density in WS2, the strong NF quenching
mechanism suppresses the overall NF effects. Therefore, the tip-sample
distance should be optimized on the basis of a specific target.

We distinguish two regimes of the tip-sample coupling, namely, the
CC and QC regimes, which correspond to the tip-sample distance of
d > 1 nm and d < 0.35 nm, respectively. In theory, we distinguish the
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
classical TEPL and quantum TEQPL imaging techniques. However,
in reality, both TEPL and TEQPL contribute in the quantum plas-
monic regime of small tip-sample distance, where the classical NF
effects of TEPL are still present and, in addition, the quantum plas-
monic effects make a substantial contribution. The contribution of
the TEQPL can be controlled by varying the tip-sample distance.
Optical NF and FF images in fig. S3 show a small contribution of
TEQPL and a large contribution of TEPL, which was achieved by
varying the set point of the AFMmeasurement. TheNFmaps of neu-
tral excitons and trions in fig. S3 (A and B, respectively) show
correlated intensity distributions of the TEPL signals (the TEQPL
signals show anticorrelated intensity distributions but contribute less
in thismeasurement due to a different AFM set point). The comparison
between the mostly TEQPL and mostly TEPL signals in Fig. 3 and fig.
S3, respectively, shows the key differences between the classical and
quantum plasmonic techniques. The classical TEPL technique provides
nanoscale imaging by the plasmonic NF enhancement but does not al-
low the local control of the charged excitons and trions. The quantum
plasmonic TEQPL technique provides new control tools in addition to
imaging. This opens new possibilities for simultaneous imaging and
control in the quantum regime.
MATERIALS AND METHODS
We performed AFM, KPFM, and TEQPL imaging of monolayer WS2
in a Au-Ag tip-substrate cavity using a state-of-the-art commercial
instrument (OmegaScope-R coupled to LabRAM, HORIBA Scientif-
ic). Plasmonic Ag tips have larger NF enhancement compared to the
Au tips. However, Ag rapidly oxidizes in air, reducing the tip lifetime.
Therefore, the Ag tips were coated with 3 to 4 nm of Au to protect
from oxidation. The WS2 samples were grown on Si/SiO2 substrates
via CVD and were transferred to the atomically flat Au substrates
(Platypus).
Fig. 5. Subwavelength control of trions in an Au-Ag picocavity with monolayer WS2. Zoomed-in picoscale tip-sample distance dependence of TEQPL signals of
neutral excitons X0 (blue) and trions X− (red) from spatial locations E (A) and D (C) in the QC regime. (B, D) The corresponding peak ratios IX−/(IX0 + IX−) show the relative
number of trions and neutral excitons and reveal the underlying quantum plasmonic mechanisms. Inset shows the tip-sample distance control parameter d and the
AFM image of the central part of the complex WS2 nanoflake, with the marked locations of spots D and E separated by 60 nm. The peak ratios show two different types
of behavior from the closely spaced locations, which may be switched by varying the tip-sample distance by only a few picometers.
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AFMmeasurements were performed using a silicon tip with ~20-nm
diameter. The scanning step size was 25 nm. Each scan took 3 min
with a scanning rate of 1.0Hz. TEPL imagingwas based on the contact
modeAFM.A 532-nm laser (400-mWpowerwith an equivalent power
density of 4 × 105 W/cm2) was used for excitation and adjusted to
focus on the tip apex by optimizing the microscope objective. Both
the FF and NF PL signals were collected before and after the tip-sample
contact. The TEQPL scanning step size was 50 nm, and the acquisition
time per pixelwas 0.5 s. TheNF signalswere obtained by subtracting the
data with and without the tip contact. The overall background was
removed, and the PL spectra were normalized for convenience. The
contact mode AFM image, which was obtained during the TEQPL
mapping simultaneously with the NF and FF PLmaps in Fig. 3, shows
the absence of any notable thermal drift (fig. S5).

The PL distance dependence was performed by keeping the tip sta-
tionary within the laser focus, lifting the sample up toward the tip using
the piezo-electric control. The total displacement of the sample stage was
40 nm, but the actual tip-sample distance variation was less, as was pre-
viously described (14) and shown in fig. S1. The distance dependence
datawere collectedusing 200 steps and the 0.5-s acquisition timeper step.

KPFMwas performed using the sameAu-coated Ag tip, as was used
in TEQPL for measuring the relative surface CPD between the sample
and the tip. KPFMscanswere performedwith a 25-nm step size under a
532-nm laser illumination. All experiments were performed under am-
bient conditions at room temperature.

Theoretical model
To understand the mechanisms of the two quantum plasmonic effects,
that is, the tunneling-inducedX0→X− transition andPLquenching,we
developed a rate equation model describing the distance dependence of
the PL of neutral excitons X0 and trions X− by considering the ground
∣g〉, neutral exciton ∣X0〉, and trion ∣X−〉 states (fig. S9A) with Ng, NX0,
and NX− populations, respectively

dNg

dt
¼ �sGpðdÞðNg � NX�Þ � GpðdÞðNg � NX0Þ þ

GX0NX0 þ GX�NX� ð1Þ

dNX0

dt
¼ GpðdÞðNg � NX0Þ � GCTðdÞðNX0Þ þ

b GCTðdÞðNX�Þ � GX0NX0 ð2Þ

dNX�

dt
¼ sGpðdÞðNg � NX�Þ þ GCTðdÞðNX0Þ �

b GCTðdÞðNX�Þ � GX�NX� ð3Þ

where tX0 = 1/GX0 and tX− = 1/GX− are the neutral exciton and trion re-
laxation times, respectively. The relaxation times of the neutral excitons
and trions inWS2 at room temperature were approximately set to tX0 =
tX− = 1 ps (40). We only consider the NF excitation in describing the
distance dependence because the FF excitation does not depend on the
tip-sample distance that was kept below 10 nm. The NF neutral exciton
pumping rate Gp(d) depends on the tip-sample distance due to the
tunneling-induced plasmonic field quenching. The corresponding NF
trion pumping rate sGp(d) includes the parameter s to describe the ratio
of the neutral exciton to trion excitation rate that was set to s = 0.15.
He et al., Sci. Adv. 2019;5 : eaau8763 11 October 2019
Because we assume that the quantum quenching effects contribute at
d < 0.35 nm, Gp(d) is described by a piecewise function corresponding
to the CC and QC regimes (35).

GpðdÞ ¼ 1� e
�
d � c
dp ; for d < 0:35;

BðRþ d � cÞ�4; for d > 0:35

8><
>:

ð4Þ

In the QC regime of d < 0.35 nm, the parameter c represents the
distance of the conductive contact between the tip and the sample with
the complete quenching of theNF. The value 1/dp = 0.02 nm

−1 describes
the inversemean tunneling distance.Whend>0.35nm, the pumping rate
is described by the NF tip-sample energy transfer function (R + d − c)−4,
whereR=25nm is the tip apex radius andB is the smoothing parameter
(35). The distance dependence of the tunneling-induced X0 → X−

transition rate is given by GCT(d)

GCTðdÞ ¼ Ae
�
d � c
dCT ; for d < 0:35;

0; for d > 0:35

8<
: ð5Þ

where we assume GCT(d) = 0 in the CC regime for d > 0.35 nm due to
the low tunneling probability for the large tip-sample distance. The val-
ue 1/dCT describes the inverse mean distance dependence of the X0→
X− transition rate. The ratio of dCT and dp shows the competition of the
increase in trion PL due to the X0 → X− transition and the decrease in
trion PL due to plasmonic quenching. A is a normalization parameter.
The inverse X− → X0 transition probability was set to b = 0.001. This
model was used to fit the results shown in Fig. 4. For the complete
quenching case, dCT = 0.1dp and c = 0.234 nm. For the incomplete
quenching case, dCT = 0.3dp and c = 0.220 nm. Our results show that
the main differences between the complete and incomplete quenching
are the larger parameters 1/dCT and c in the case of the complete
quenching, which shows the rapid increase in the X0 → X− transition
rate with the decrease in the tip-sample distance d. Incomplete quench-
ing shows the slow increase in theX0→X− transition rate with d, which
cannot reach a notable value before the quantum quenching suppresses
the NF PL.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaau8763/DC1
Fig. S1. AFM force-distance diagram.
Fig. S2. Tip-sample distance dependence of the neutral exciton/trion PL.
Fig. S3. Classical TEPL imaging.
Fig. S4. Kelvin probe force microscopy.
Fig. S5. AFM obtained during TEQPL imaging.
Fig. S6. Repeated distance dependence measurements of spot B.
Fig. S7. Anticorrelated distributions of neutral excitons and trions under TEQPL.
Fig. S8. Mixed distributions of neutral excitons and trions.
Fig. S9. The model and simulation of TEQPL.
Fig. S10. PL and peak assignment of WS2 on Si/SiO2.
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