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Abstract 

Lateral two-dimensional (2D) transitional metal dichalcogenide (TMD) heterostructures have recently 

attracted a wide attention as promising materials for optoelectronic nano-devices. Due to the nanoscale 

width of lateral heterojunctions, the study of their optical properties is challenging and requires using 

subwavelength optical characterization techniques. We investigated the photoresponse of a lateral 2D 

WSe2-MoSe2 heterostructure using tip-enhanced photoluminescence (TEPL) with nanoscale spatial 

resolution and with picoscale tip-sample distance dependence. We demonstrate the first observation of 

quantum plasmonic effects in 2D heterostructures on a non-metallic substrate, and we report the nano-

optical measurements of the lateral 2D TMD heterojunction width of ~ 150 nm and the charge 

tunneling distance of ~ 20 pm. Controlling the plasmonic tip location allows for both nano-optical 

imaging and plasmon-induced hot electron injection into the heterostructure. By adjusting the tip-

sample distance, we demonstrated the controllability of the hot electron injection via the competition of 

two quantum plasmonic PL enhancement and quenching mechanisms. The directional charge transport 

in the depletion region leads to the increased hot electron injection, enhancing the MoSe2 PL signal. 

The properties of the directional hot electron injection in the quantum plasmonic regime make the 

lateral 2D MoSe2-WSe2 heterostructures promising for quantum nano-devices with tunable 

photoresponse.   
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Two-dimensional (2D) transition metal dichalcogenides (TMDs) are promising candidates for 

optoelectronic devices  [1–3], sensors  [4,5], and photo-catalysts  [6,7]. Assembling two TMD 

materials vertically or laterally introduced new possibilities  [8–11]. Optoelectronic properties of lateral 

heterostructures are determined by the band structure, doping, and defects of both materials near the 

boundary  [12,13]. Due to the nanoscale size and multi-component optical properties, lateral TMD 

heterostructures are suitable for single molecule sensing and nano-devices with tunable 

photoresponse  [14–16]. However, in order to fully understand and utilize the unique optoelectronic 

properties of these 2D materials it is important to characterize and control them with nanoscale spatial 

resolution. 

In tip-enhanced photoluminescence (TEPL), the optical signal is enhanced by focusing light at 

the apex of the scanning probe (tip) and placing the tip at the close distance d near the sample surface 

(Fig. 1a). When the tip-sample distance is large enough to ignore tunneling effects, resonant excitation 

of surface plasmons at the metallic tip generates large electromagnetic field enhancement, and therefore 

provides photoluminescence (PL) enhancement and increase in spatial resolution  [17], [18–21]. Apart 

from this electromagnetic mechanism, hot carriers can also be injected into the sample and contribute 

to the improved sensitivity and spatial resolution via the charge transfer mechanism [22,23]. When the 

distance between the tip and the substrate decreases to the “quantum regime”, i.e. sub-nanometer range, 

electron tunneling becomes significant, leading to the attenuation of the local electromagnetic field and 

thus the quenching of the emission  [24–33]. This tunneling-induced quenching of the PL signal is the 

optical signature of quantum plasmonics. High spatial resolution of tip-enhanced imaging has recently 

been demonstrated  [34–41]. The spatial resolution depends on the near field enhancement which may 

be optimized by varying the tip-sample distance. Plasmon-induced hot electron injection may also 

contribute to the PL enhancement via the carrier recombination mechanism. 

Hot electrons are carriers with high kinetic energies that can be generated using bias  [42], 

photocurrent  [43], and plasmonic nanostructures including metallic tips  [44–46]. Injecting hot 

electrons into TMDs may facilitate  photocatalytic reactions  [6,47] and photoelectron emission  [48].  

Plasmonic tips are especially suitable for hot electron generation and injection in TMDs due to the 

strong local electromagnetic fields [49] which  may be described using the metal-semiconductor 

coupling model  [50–53]. Moreover, directional hot electron transfer in TMD heterostructures may take 

place in the depletion region  [50–52] and may be enhanced by adjusting the tip-sample distance in the 

sub-nanometer quantum regime. Quantum plasmonic effects were previously observed in plasmonic 

metallic nanostructures with sub-nanometer gaps, due to the tunneling-induced quenching of the local 
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electric fields [24–33]. Since the tunneling is sensitive to the gap size, it is possible to manipulate it by 

varying the gap size at the picometer scale from the classical regime where there is no tunneling to the 

quantum regime there the tunneling makes a significant contribution to the field quenching. Recently, 

we developed a picometer-scale tip-sample distance dependence approach which can be used to 

perform such precise measurements  [30]. This approach is well suited for studying quantum plasmonic 

effects in TMD heterostructures.  

In this work, we investigate tunneling-assisted hot electron injection (HEI) in the system of 

coupled Au-coated plasmonic Ag tip and MoSe2-WSe2 heterostructure on a Si/SiO2 substrate at room 

temperature. We observed quenching and enhancement of the PL from the 2D heterojunction due to the 

attenuation of localized electromagnetic field and hot electron injection, respectively. Using the near-

field TEPL imaging, we performed nanoscale optical characterization of the heterojunction and 

achieved control of the junction PL by varying the nanoscale lateral tip position and picoscale tip-

sample distance. For the tip-sample distance d > 0.36 nm, the classical plasmon-induced hot electron 

injection is limited by the air gap barrier. For gap sizes comparable to or smaller than the van der Waals 

(vdW) contact distance, the electron tunneling facilitates thermionic injection in the quantum 

regime  [53]. This provides an alternative mechanism for manipulating the optoelectronic properties of 

2D materials which may be used for improving the characterization and design of TMD based devices.  

The monolayer lateral type II MoSe2-WSe2 heterostructure was grown on the Si/SiO2 substrate 

via chemical vapor deposition  [54,55]. MoO3 and WO3 acting as precursors were placed into the center 

of the furnace. Se powder at upstream was introduced into the furnace center by the hydrogen gas and 

it reacted with MoO3 and WO3 precursors to grow MoSe2-WSe2 heterojunctions at 750 ℃. Atomic 

force microscopy (AFM) revealed uniform thickness of the selected triangle area of < 2 nm (Fig. 1b). 

We compared the photoluminescence (PL) intensity of the heterostructure with the Raman intensity of 

the Si/SiO2 substrate to determine the number of layers. The near unity ratio and the narrow full width 

half maximum (FWHM) of the PL signal strongly indicate that the sample is a monolayer. The 

chemical composition of the MoSe2 and WSe2 parts of the heterostructure was also confirmed using the 

PL and Raman spectra shown in Figs. 1c and 1d, respectively. Note that the PL peak position and 

FWHM of monolayer WSe2 and MoSe2 vary in previous reports  [56–59]. This may be due to the strain 

or defects. 
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Figure 1. Lateral 2D MoSe2-WSe2 heterostructure. (a) Sketch of the tip-enhanced photoluminescence (TEPL) 

measurement setup. 532 nm linearly polarized laser (green arrow) is focused onto a Au-coated plasmonic Ag 

nanotip operated in the contact mode with the controllable tip-sample distance d. The back-scattered TEPL 

signal (red arrow) is collected as a function of d in the classical (d > 0.36 nm) and quantum plasmonic (d < 0.36 

nm) regimes. (b) Atomic force microscopy (AFM) image of the MoSe2-WSe2 heterostructure. The bottom 

profile curve shows a uniform sample thickness < 2 nm along the black dashed line. (c) Normalized far-field PL 

images of the WSe2 (blue) and MoSe2 (red) parts of the heterostructure. Highlighted spots 1, 2, and 3 correspond 

to the MoSe2, junction and WSe2 parts of the heterostructure, respectively. (d) The corresponding far-field 

Raman spectra show the peaks of  WSe2 at 250 cm-1  [60], MoSe2 at  242 cm-1  [61] and both peaks at the 

heterojunction. 
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TEPL was carried out using the state-of-the-art commercial system (OmegaScope-R coupled 

with LabRAM Evolution microscope, Horiba Scientific). Silicon tips with apex radius ~ 10 nm were 

used for AFM. Au-coated Ag tips with apex radius ~ 20 nm were used for TEPL measurements. 

Therefore, the spatial resolution of TEPL was ~ 40 nm as determined by the tip diameter. The 532 nm 

linearly polarized laser radiation was focused onto the tip apex at an incident angle of 53 degrees and 

the resulting PL signals were collected using the same objective (100×, NA 0.7, f = 200). The sample 

was scanned while recording at each point both the near-field and the far-field signals with the 

controllable tip-sample distance d ~ 0.36 nm and ~ 20 nm, respectively. For the results shown in Figs. 

2a and 2b, the laser power was 2.5 mW and the sample scanning step size was 40 nm, with 0.2 s 

acquisition time. The results shown in Figs. 2d and 2e were obtained with the same laser power and 

acquisition time while the scanning step size was 1 nm.  

We performed TEPL imaging of the part of the MoSe2-WSe2 heterostructure marked by the 

dashed rectangular area in Fig. 1b. The double Gaussian fitting of the heterojunction PL is shown in 

Fig. 2c, where the WSe2 (centered at 783 nm, 1.58 eV) and MoSe2 (centered at 806 nm, 1.54 eV) 

components are shown by blue and red curves, respectively. The integrated values within FWHM of 

these Gaussian functions represent the total PL intensities of both components. Figs. 2a and 2b show 

the integrated PL intensity distributions of the WSe2 and MoSe2 for the near-field TEPL and far-field 

PL, respectively. The near-field image in Fig. 2a shows a sharper heterojunction boundary than the far-

field image in Fig. 2b. To estimate the junction width, we scanned the tip along the white dashed line 

across the junction with 1 nm step size (Figs. 2d and 2e), which showed ~150 nm and >400 nm width 

in the near-field and far-field profiles, respectively. Therefore, compared with the confocal PL 

microscopy, TEPL with subwavelength spatial resolution is more suitable for probing the spectral 

properties of the heterojunction. 
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Figure 2. Tip-enhanced photoluminescence (TEPL) imaging of the MoSe2-WSe2 heterostructure. (a) Near-field 

PL image with the tip-sample distance d ~ 0.36 nm and (b) far-field PL image with d ~ 20 nm. The green and 

blue areas correspond to the integrated MoSe2 (806 nm) and WSe2 (783 nm) PL signals, respectively. The PL 

intensity of each component is obtained by integrating the area which corresponds to the FWHM of each 

component’s Gaussian fit (c). Spatial dependence of the near-field (d) and far-field (e) PL intensity of both 

components along a white dashed line crossing the heterojunction marked in (a) and (b), respectively. The 

heterojunction width is highlighted in (d) and (e) by the shaded red areas. 

 

To understand the effects of the tip-sample interaction on the heterostructure PL, we varied the 

tip-sample distance from ~ 40 nm to the Au-S vdW contact of ~ 0.36 nm and further down to ~ 0.2 nm 

which was estimated according to the contact force via the Lennard-Jones potential  [18,22,30,31,35]. 

The picometer-scale tip-sample distance dependence calibration procedure was used as previously 

described  [30]. Two main factors, namely, the local electromagnetic field and the hot electron injection, 

contribute to the tip-sample distance dependence of the PL signal. As the tip-sample distance decreases 

from 40 nm to 20 nm, the enhanced electromagnetic field increases while the hot electron injection can 

be neglected (Figs. 3 and 4). For pure WSe2, the near-field enhancement saturates at d  20 nm, at 
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which point, the hot electron  injection rate increases, leading to a competition between the PL 

enhancement induced by hot electrons and quenching due to the attenuation of the tip electric 

field  [53]. For the CVD-grown pure WSe2, the concentration of the holes is larger than the intrinsic 

electrons, and, therefore, its PL shows gradual enhancement in the classical regime of 0.36 nm < d < 40 

nm (Figs. 3a and 3c). Once the tip and WSe2 are within the vdW contact separation (d = 0.36 nm), 

thermionic injection may occur with the increasing electron density in WSe2  [53]. Consequently, an 

abrupt increase of the PL intensity in pure WSe2 can be seen in Figs. 3a and 3c.  On the other hand, for 

the CVD-grown MoSe2, as the electron-hole recombination is limited by the lack of the intrinsic holes, 

tunneling is suppressed and, therefore, the PL of pure MoSe2 shows no significant enhancement at 0.36 

nm (Figs. 3b and 3c). Compared with the results from the heterojunction shown in Fig. 4a, no 

significant quenching of pure WSe2 PL and no enhancement of pure MoSe2 PL was observed. 

 

Figure 3. Distance-dependence of the photoluminescence (PL) intensity of the pure monolayer 2D materials: (a) 

WSe2 and (b) MoSe2. (a) PL of WSe2 increases when the tip-sample distance decreases from 40 nm to 0.26 nm 

due to the classical plasmonic enhancement. (b) PL of pure MoSe2 does not show significant enhancement both 

in the classical (d > 0.36 nm) and quantum (d < 0.36 nm) regimes under the similar experimental conditions as 
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WSe2 due to the difference in the PL and tunneling efficiencies. (c) Distance-dependence of the PL spectra of the 

pure monolayer WSe2 and MoSe2.  

 

At the MoSe2/WSe2 heterojunction, directional hot electron injection may take place due to the 

carrier-deficient depletion region formed at the junction  [50–52]. Fig. 4 shows a schematic energy 

diagram of the hot electrons transferred to MoSe2 due to the chemical potential gradient at the 

heterojunction  [8,9]. As the tip diameter is comparable to or narrower than the size of the WSe2-MoSe2 

depletion region, the energy needed for the diffused hot electrons transferred to the MoSe2 side to 

tunnel back to the tip is higher because of the air barrier. The Au-semiconductor depletion region  [50] 

also performs as a barrier to reduce the backward tunneling of the dissipated hot electrons in the MoSe2. 

Therefore, as the tip-sample distance decreases from 20 nm to 0.36 nm, the injected hot electrons 

accumulate in MoSe2, resulting in the PL enhancement in MoSe2 while quenching the PL in WSe2 at 

the heterojunction (Figs. 4c and 4d)  [48],  [62]. It is the depletion region that allows for the MoSe2 side 

of the heterojunction accumulating more plasmon-induced hot electrons than in the pure materials. This 

directionality contributes to the unequal enhancement of the TEPL signals from the MoSe2 and WSe2 

sides of the heterojunction. 

Once the tip-sample distance reaches the vdW contact (d = 0.36 nm), the sub-nanometer gap 

between the tip and the sample leads to the electron tunneling. Previous TEPL measurements in sub-

nanometer gap metal-metal contacts showed that the PL is quenched due to tunneling  [31]. Despite the 

absence of the metal-metal contacts here, the PL intensity of the WSe2 component at the heterojunction 

also shows quenching (Figs. 4a, 4c, and 4e). The repeated TEPL measurements on the heterostructure 

confirm the observed effects. On the other hand, the MoSe2 component shows abrupt enhancement 

when d < 0.36 nm (Figs. 4a, 4d, and 4f). These phenomena can be explained by the decrease of the air 

barrier between the tip and the sample, leading to the increased number of hot electrons injected into 

MoSe2 due to tunneling and the corresponding decrease of the surface charge density and near-field 

intensity at the tip  [31,33]. The HEI enhances the PL signal of the MoSe2 part of the junction due to 

the increase of the recombination rate which is larger than the PL decrease due to the near-field 

quenching mechanism. On the other hand, the hot electron accumulation in the WSe2 part of the 

junction is suppressed due to the charge transfer across the depletion region leading to the overall 

quenching of the WSe2 PL. This delicate interplay of the two PL enhancement mechanisms may be 

controlled by the lateral tip position and tip-sample distance dependence. Due to the nanoscale size, the 
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plasmonic tip can be used to generate hot electrons with high precision in the depletion region formed 

by the heterostructure which may be used for designing controllable nano-devices.  

 

 

 ௣ሺ݀ሻ߁ߛ
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Figure 4. Directional plasmonic hot electron injection in the WSe2-MoSe2 heterostructure revealed by TEPL 

distance dependence. (a) TEPL tip-sample distance dependence from 40 nm to 0.2 nm, showing abrupt changes 

in the PL spectra of WSe2 and MoSe2 components when the tip-sample distance d ൑ 0.36 nm, indicating the 

quantum-to-classical transition in the photo-response of the heterostructure coupled to the plasmonic tip. (b) 

Energy diagram of the lateral MoSe2-WSe2 heterojunction shows the directional hot electron injection due to the 

potential gradient at the junction. The control mechanisms are shown: hot electron injection (thick black arrows) 

and plasmon-induced charge transfer (green arrow), and TEPL (purple) leading to the controllable quenching or 

enhancement of the PL signals (dashed arrows). (c, d) Tip-sample distance dependence of the PL intensities of 

the WSe2 and MoSe2 components at the junction. The dashed line at d = 0.36 nm corresponds to the van der 

Waals (vdW) contact distance between the tip and the sample with the transition from the classical to the 

quantum regime. (e, f) Zoomed-in plots of the tip-sample PL distance dependence at the junction in the quantum 

regime. Solid black lines in (c) – (f) are the fittings obtained using the theoretical model described below. 

 

Next, we present a theoretical model used to fit the data which accounts for the competition 

between the two quantum plasmonic effects, explaining the tunneling-induced HEI and near field PL 

quenching mechanisms. Fig. 4b shows the simplified diagram of the energy states and transitions at the 

WSe2-MoSe2 junction, including the effects of the HEI, photo-induced charge transfer, and TEPL due to 

the tip-sample interaction. The simulation results are shown in Figs. 4c-4f (black curves). The initial 

state populations ௑ܰ଴, ௒ܰ଴, and ௚ܰ of the excited states |ܺ଴ۧ, |ܻ଴ۧ, and the ground state |݃ۧ, 
respectively, and the exciton populations ௑ܰ, and ௒ܰ of the MoSe2 state |ܺۧ and the WSe2 state |ܻۧ, 
respectively, can be described by the rate equations  [63]: ௗே೉బௗ௧ ൌ ሺܩுாூ െ ܴுாூ ௑ܰ଴ሻ߁஼்ሺ݀ሻ െ ߙ ௑ܰ଴ ൅ ௣ሺ݀ሻ൫߁ ௚ܰ െ ௑ܰ଴൯,    (1) ௗே೉ௗ௧ ൌ ߙ ௑ܰ଴ ൅ ௣ሺ݀ሻ߁ߛ ௒ܰ െ ே೉ఛ೉  ,         (2) ௗேೊబௗ௧ ൌ െߚ ௒ܰ଴ െ ܴ ௒ܰ଴߁஼்ሺ݀ሻ ൅ ௣ሺ݀ሻ൫߁ ௚ܰ െ ௒ܰ଴൯,    (3) ௗேೊௗ௧ ൌ ߚ ௒ܰ଴ െ ௣ሺ݀ሻ߁ߛ ௒ܰ െ ேೊఛೊ ,     (4) ௗே೒ௗ௧ ൌ െ߁௣ሺ݀ሻ൫ ௚ܰ െ ௑ܰ଴൯ െ ௣ሺ݀ሻ൫߁ ௚ܰ െ ௒ܰ଴൯ ൅ ே೉ఛ೉ ൅ ேೊఛೊ ,   (5) 

where ߁஼்ܩுாூ is the hot electron injection (HEI) rate, and  ߁஼்ܴுாூ is the hot electron decay rate from 

states |ܺ଴ۧ or |ܻ଴ۧ  [63]. We assume ܩுாூ ൌ ܴுாூ ൌ 1. The tunneling ߁஼்ሺ݀ሻ is given by: 

஼்ሺ݀ሻ߁ ൌ ൝ ,  ೏ష೎೏಴೅ି݁ܣ for ݀ ൏  0.36 ݊݉,0               ,  for ݀ ൐  0.36 ݊݉,         (6) 

where ݀஼் is the average tunneling distance in the quantum regime. For simplicity, we neglected the 
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tunneling for the tip-sample distance larger than the vdW contact distance of 0.36 nm. ܣ  is the 

normalization parameter. The near-field pumping rate ߁௣ሺ݀ሻ describes the local optical excitation by 

the near field of the tip as  [18] 

௣ሺ݀ሻ߁  ൌ ൝ 1 െ ݁ି೏ష೎೏೛  , for ܿ ൏  ݀ ൏ ሺܴܤ,݉݊ 0.36  ൅ ݀ െ ܿሻିସ,  for ݀ ൐  0.36 ݊݉,                        (7) 

 
where ݀௣  is the average quantum coupling distance, which leads to the quenching of the optical 

excitation by the tunneling in the quantum regime. R = 25 nm is the tip radius, B is a fitting parameter 

to smoothen the piecewise function, and c is the conductive contact distance which corresponds to the 

Ohmic tip-sample contact. When the tip-sample distance d < c, the near field of the tip is completely 

quenched and the pumping rate ߁௣ሺ݀ሻ ൌ 0. Since TEPL depends on ߁௣ሺ݀ሻ, we only consider the region 

of d > c. The exciton generation rates of MoSe2 and WSe2 are given by ߙ ൌ ߚ ൌ ଵିݏ݌ 1 , 

respectively  [64]. ߛΓ୮ሺ݀ሻ is the photo-induced charge transfer rate across the junction which was 

assumed to be proportional to the near-field pumping rate, where we assume ߛ ൌ 1. The near-field 

excitation may facilitate the charge transfer within heterostructures  [65]. The exciton relaxation times 

of MoSe2 and WSe2 were taken as ߬௑ ൌ ߬௒ ൌ  .[66]  ݏ݌ 2

The model was used to fit the tip-sample distance dependence results shown in Fig. 4. The main 

fitting parameters were ݀஼் ൌ ݀௣ ൌ 0.02 ݊݉ , and c = 0.17 nm. The latter shows the measured 

conductive contact distance approximately equal to the half of the vdW contact distance (0.36 nm) 

between the Ag and S atoms. If the tip-sample distance d is decreased to ~ 0.17 nm, the near-field 

TEPL signal is expected to be completely quenched. In our experiments, the shortest tip-sample 

distance was ~ 0.20 nm and did not reach 0.17 nm due to the possible tip damage. The sub-nm values 

of the mean distance parameters ݀஼்  and ݀௣  reflect the tunneling nature of the quantum plasmonic 

effects. Our model fits the experimental results well in both the classical (d > 0.36 nm) and quantum 

regimes (d < 0.36 nm) as shown in Figs. 4c and 4d. In the classical regime, since the near-field 

pumping rate Γ୮ሺ݀ሻ  is larger when the distance d approaches 0.36 nm, the photo-induced charge 

transfer ߛΓ୮ሺ݀ሻ leads to the decrease of the WSe2 PL signal and the increase of the MoSe2 PL signal. 

On the other hand, in the quantum regime, the hot electron injection and PL quenching effects are 

dominant. The main goal of our work was to investigate the effects of HEI on TEPL in a TMD 

heterostructure. Our simplified model is sufficient to describe the two main tunneling-induced effects, 

namely, HEI PL enhancement and TEPL quenching. The model could be further improved by 

including the electron and hole densities, atomic orbital contributions of the electron and hole states, 
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and band offsets, which is, however, beyond the scope of the current paper. 

 

Acknowledgments 

C.T. acknowledges the support from the Education Program for Talented Students of Xi’an Jiaotong 

University. Z.H is supported by the Herman F. Heep and Minnie Belle Heep Texas A&M University 

Endowed Fund held/administered by the Texas A&M Foundation. We thank Prof. Marlan Scully for 

the use of laser facilities. D.V.V. acknowledges the support of the National Science Foundation under 

Grant CHE-1609608. W.C., S.J, and J.L. acknowledge the support of the Welch Foundation (Grant C-

1716). 

 

References 

[1] K. F. Mak and J. Shan, Nat. Photonics 10, 216 (2016). 
[2] H. Tian, M. L. Chin, S. Najmaei, Q. Guo, F. Xia, H. Wang, and M. Dubey, Nano Res. 9, 1543 

(2016). 
[3] J. Ross, P. Klement, A. Jones, N. Ghimire, J. Yan, D. Mandrus, T. Taniguchi, K. Watanabe, K. 

Kitamura, W. Yao, D. Cobden, and X. Xu, Nat. Nanotechnol. 9, 268 (2014). 
[4] M. Pumera and A. H. Loo, TrAC Trends Anal. Chem. 61, 49 (2014). 
[5] D. Sarkar, X. Xie, J. Kang, H. Zhang, W. Liu, J. Navarrete, M. Moskovits, and K. Banerjee, Nano 

Lett. 15, 2852 (2015). 
[6] Y. Shi, J. Wang, C. Wang, T.-T. Zhai, W.-J. Bao, J.-J. Xu, X.-H. Xia, and H.-Y. Chen, J. Am. 

Chem. Soc. 137, 7365 (2015). 
[7] Q. Lu, Y. Yu, Q. Ma, B. Chen, and H. Zhang, Adv. Mater. 28, 1917 (2016). 
[8] J. Kang, S. Tongay, J. Zhou, J. Li, and J. Wu, Appl. Phys. Lett. 102, 012111 (2013). 
[9] C. Gong, H. Zhang, W. Wang, L. Colombo, R. M. Wallace, and K. Cho, Appl. Phys. Lett. 103, 

053513 (2013). 
[10] A. K. Geim and I. V. Grigorieva, Nature 499, 419 (2013). 
[11] H. Lim, S. I. Yoon, G. Kim, A.-R. Jang, and H. S. Shin, Chem. Mater. 26, 4891 (2014). 
[12] C. Huang, S. Wu, A. M. Sanchez, J. J. P. Peters, R. Beanland, J. S. Ross, P. Rivera, W. Yao, D. H. 

Cobden, and X. Xu, Nat. Mater. 13, 1096 (2014). 
[13] Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, R. Vajtai, B. I. Yakobson, H. 

Terrones, M. Terrones, B. K. Tay, J. Lou, S. T. Pantelides, Z. Liu, W. Zhou, and P. M. Ajayan, 
Nat. Mater. 13, 1135 (2014). 

[14] M.-Y. Li, C.-H. Chen, Y. Shi, and L.-J. Li, Mater. Today 19, 322 (2016). 
[15] M.-Y. Li, Y. Shi, C.-C. Cheng, L.-S. Lu, Y.-C. Lin, H.-L. Tang, M.-L. Tsai, C.-W. Chu, K.-H. 

Wei, J.-H. He, W.-H. Chang, K. Suenaga, and L.-J. Li, Science 349, 524 (2015). 
[16] P. K. Sahoo, S. Memaran, Y. Xin, L. Balicas, and H. R. Gutiérrez, Nature 553, 63 (2018). 
[17] P. Nordlander and E. Prodan, Nano Lett. 4, 2209 (2004). 
[18] K.-D. Park, O. Khatib, V. Kravtsov, G. Clark, X. Xu, and M. B. Raschke, Nano Lett. 16, 2621 

(2016). 
[19] W. Su, N. Kumar, S. Mignuzzi, J. Crain, and D. Roy, Nanoscale 8, 10564 (2016). 
[20] Z. He, D. V. Voronine, A. M. Sinyukov, Z. N. Liege, B. Birmingham, A. V. Sokolov, Z. Zhang, 

and M. O. Scully, IEEE J. Sel. Top. Quantum Electron. 23, 113 (2017). 



13 
 

[21] A. M. Alajlan, D. V. Voronine, A. M. Sinyukov, Z. Zhang, A. V. Sokolov, and M. O. Scully, 
Appl. Phys. Lett. 109, 133106 (2016). 

[22] Z. Zhang, S. Sheng, R. Wang, and M. Sun, Anal. Chem. 88, 9328 (2016). 
[23] N. Hayazawa, H. Watanabe, Y. Saito, and S. Kawata, J. Chem. Phys. 125, 244706 (2006). 
[24] A. G. Borisov, J. Aizpurua, P. Nordlander, and R. Esteban, Nat. Commun. 3, 825 (2012). 
[25] J. Zuloaga, E. Prodan, and P. Nordlander, Nano Lett. 9, 887 (2009). 
[26] K. B. Crozier and W. Zhu, Nat. Commun. 5, 5228 (2014). 
[27] N. J. Halas, S. Lal, W.-S. Chang, S. Link, and P. Nordlander, Chem. Rev. 111, 3913 (2011). 
[28] M. S. Tame, K. R. McEnery, Ş. K. Özdemir, J. Lee, S. A. Maier, and M. S. Kim, Nat. Phys. 9, 

nphys2615 (2013). 
[29] J. A. Scholl, A. García-Etxarri, A. L. Koh, and J. A. Dionne, Nano Lett. 13, 564 (2013). 
[30] Y. Zhang, D. V. Voronine, S. Qiu, A. M. Sinyukov, M. Hamilton, Z. Liege, A. V. Sokolov, Z. 

Zhang, and M. O. Scully, Sci. Rep. 6, srep25788 (2016). 
[31] V. Kravtsov, S. Berweger, J. M. Atkin, and M. B. Raschke, Nano Lett. 14, 5270 (2014). 
[32] K. J. Savage, M. M. Hawkeye, R. Esteban, A. G. Borisov, J. Aizpurua, and J. J. Baumberg, 

Nature 491, 574 (2012). 
[33] W. Zhu, R. Esteban, A. G. Borisov, J. J. Baumberg, P. Nordlander, H. J. Lezec, J. Aizpurua, and 

K. B. Crozier, Nat. Commun. 7, ncomms11495 (2016). 
[34] M. Barbry, P. Koval, F. Marchesin, R. Esteban, A. G. Borisov, J. Aizpurua, and D. Sánchez-

Portal, Nano Lett. 15, 3410 (2015). 
[35] J. Steidtner and B. Pettinger, Phys. Rev. Lett. 100, 236101 (2008). 
[36] R. Zhang, Y. Zhang, Z. C. Dong, S. Jiang, C. Zhang, L. G. Chen, L. Zhang, Y. Liao, J. Aizpurua, 

Y. Luo, J. L. Yang, and J. G. Hou, Nature 498, 82 (2013). 
[37] C. Chen, N. Hayazawa, and S. Kawata, Nat. Commun. 5, ncomms4312 (2014). 
[38] F. Latorre, S. Kupfer, T. Bocklitz, D. Kinzel, S. Trautmann, S. Gräfe, and V. Deckert, Nanoscale 

8, 10229 (2016). 
[39] S. Trautmann, J. Aizpurua, I. Götz, A. Undisz, J. Dellith, H. Schneidewind, M. Rettenmayr, and 

V. Deckert, Nanoscale 9, 391 (2016). 
[40] C. Zhang, B.-Q. Chen, and Z.-Y. Li, J. Phys. Chem. C 119, 11858 (2015). 
[41] E. J. Ayars, H. D. Hallen, and C. L. Jahncke, Phys. Rev. Lett. 85, 4180 (2000). 
[42] D. Lock, K. R. Rusimova, T. L. Pan, R. E. Palmer, and P. A. Sloan, Nat. Commun. 6, 

ncomms9365 (2015). 
[43] W. Wang, A. Klots, D. Prasai, Y. Yang, K. I. Bolotin, and J. Valentine, Nano Lett. 15, 7440 

(2015). 
[44] M. L. Brongersma, N. J. Halas, and P. Nordlander, Nat. Nanotechnol. 10, 25 (2015). 
[45] C. Clavero, Nat. Photonics 8, 95 (2014). 
[46] J. S. DuChene, B. C. Sweeny, A. C. Johnston-Peck, D. Su, E. A. Stach, and W. D. Wei, Angew. 

Chem. Int. Ed. 53, 7887 (2014). 
[47] T. Hartman, C. S. Wondergem, N. Kumar, A. van den Berg, and B. M. Weckhuysen, J. Phys. 

Chem. Lett. 7, 1570 (2016). 
[48] T. P. White and K. R. Catchpole, Appl. Phys. Lett. 101, 073905 (2012). 
[49] P. J. Schuck, Nat. Nanotechnol. 8, 799 (2013). 
[50] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices (John Wiley & Sons, 2006). 
[51] K. Chen, X. Wan, J. Wen, W. Xie, Z. Kang, X. Zeng, H. Chen, and J.-B. Xu, ACS Nano 9, 9868 

(2015). 
[52] D. Cahen and A. Kahn, Adv. Mater. 15, 271 (2003). 
[53] A. Allain, J. Kang, K. Banerjee, and A. Kis, Nat. Mater. 14, 1195 (2015). 
[54] A. Ramasubramaniam, D. Naveh, and E. Towe, Phys. Rev. B 84, 205325 (2011). 
[55] H. Sahin, S. Tongay, S. Horzum, W. Fan, J. Zhou, J. Li, J. Wu, and F. M. Peeters, Phys. Rev. B 



14 
 

87, 165409 (2013). 
[56] X. Wang, Y. Gong, G. Shi, W. L. Chow, K. Keyshar, G. Ye, R. Vajtai, J. Lou, Z. Liu, E. Ringe, 

B. K. Tay, and P. M. Ajayan, ACS Nano 8, 5125 (2014). 
[57] Y. Gong, S. Lei, G. Ye, B. Li, Y. He, K. Keyshar, X. Zhang, Q. Wang, J. Lou, Z. Liu, R. Vajtai, 

W. Zhou, and P. M. Ajayan, Nano Lett. 15, 6135 (2015). 
[58] P. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börner, A. Liebig, M. Albrecht, C. Kloc, O. 

Gordan, D. R. T. Zahn, S. M. de Vasconcellos, and R. Bratschitsch, Opt. Express 21, 4908 (2013). 
[59] W.-T. Hsu, L.-S. Lu, D. Wang, J.-K. Huang, M.-Y. Li, T.-R. Chang, Y.-C. Chou, Z.-Y. Juang, H.-

T. Jeng, L.-J. Li, and W.-H. Chang, Nat. Commun. 8, 929 (2017). 
[60] W. Zhao, Z. Ghorannevis, A. K. Kumar, J. R. Pang, M. Toh, X. Zhang, C. Kloc, P. H. Tan, and G. 

Eda, Nanoscale 5, 9677 (2013). 
[61] G. W. Shim, K. Yoo, S.-B. Seo, J. Shin, D. Y. Jung, I.-S. Kang, C. W. Ahn, B. J. Cho, and S.-Y. 

Choi, ACS Nano 8, 6655 (2014). 
[62] T. Dixit, I. A. Palani, and V. Singh, J. Phys. Chem. C 121, 3540 (2017). 
[63] A. Vercik, Y. G. Gobato, I. Camps, G. E. Marques, M. J. S. P. Brasil, and S. S. Makler, Phys. 

Rev. B 71, 075310 (2005). 
[64] H. Chen, X. Wen, J. Zhang, T. Wu, Y. Gong, X. Zhang, J. Yuan, C. Yi, J. Lou, P. M. Ajayan, W. 

Zhuang, G. Zhang, and J. Zheng, Nat. Commun. 7, 12512 (2016). 
[65] F. Ceballos, M. Z. Bellus, H.-Y. Chiu, and H. Zhao, ACS Nano 8, 12717 (2014). 
[66] C. Robert, D. Lagarde, F. Cadiz, G. Wang, B. Lassagne, T. Amand, A. Balocchi, P. Renucci, S. 

Tongay, B. Urbaszek, and X. Marie, Phys. Rev. B 93, 205423 (2016). 
 

 

 

 
 
 
 
 
 


