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ABSTRACT 

 

Tip-enhanced Raman scattering (TERS) and tip-enhanced photoluminescence (TEPL) can 

be widely applied to multi-disciplinary studies involving near-field scanning technologies. 

Several types of TERS setups have been applied in fields including biosensing, high-

resolution imaging, and photocatalysis. After 20 years of development, TERS has been 

improved to resolve sub-nanometer structures with a high enhancement factor at 10!" 

over traditional Raman scattering. Furthermore, due to the quantum plasmonic effects, the 

tip-molecule interactions play a significant role during TERS measurements. In this 

dissertation, we will discuss the applications of TERS and TEPL in both the classical and 

quantum ways. In the classical regime, where the tip-molecule interactions are less 

important, we introduce our efforts to achieve bioimaging at sub-nanometer resolution. So 

as to understand the essential mechanisms, we introduce an innovative model of tip-

substrate cavities and discuss several distinct enhancement scenarios. On the other hand, 

in the quantum regime, where charge transfer effects are unavoidable, we work out a 

theoretical model involving the charge transfer and apply it to study and control 

photoelectrical properties of 2D semiconductors. Consequently, this dissertation 

summarizes the overall properties of TERS, for the purpose of classifying different 

regimes and extending the applications to multidisciplinary branches of biophysics and 

biochemistry. 
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1. INTRODUCTION 

In chemistry, biology and many other fields of science and engineering, 

spectroscopy is widely applied for studying components and structures of materials. 

Among multiple types of spectroscopic techniques, Raman spectroscopy stands out due to 

its inherit sensitivity to the details of molecular bonds that identify multicomponent 

features in a complex system. This Raman-spectroscopic information is extremely helpful 

in chemical and structural analysis. Nevertheless, two drawbacks are known to limit 

Raman spectroscopy. One is low sensitivity due to the small cross-section of Raman 

scattering. The cross section can be estimated as 𝜎)~
!
/(

 where 𝜆 is the wavelength of 

incident photons [1]. As a comparison, the cross-section corresponding to fluorescence 

can be as large as 10$!6	𝑐𝑚1 , while the Raman cross-section is typically 10$"7	𝑐𝑚1 . 

Though the exact value varies upon the frequency of the incident light, the Raman signals 

are usually assumed to be quite weak, especially when working with low-concentration 

biomolecules. The other restriction is the diffraction limit of optical imaging based on the 

Abbe theory [2]. According to the Abbe diffraction limit, the resolution of a microscope 

image is 𝑑 = /
1-,

. 𝜆 here is again the incident light wavelength, and 𝑁𝐴 = 𝑛𝑠𝑖𝑛(𝜃) is the 

numerical aperture, with refractive index n and half-angle 𝜃. When we use green incident 

light at 532 nm wavelength with an NA=0.9 objective, the smallest size we can resolve is 

296 nm. 

By introducing surface-enhanced Raman scattering (SERS), we aim for a simple solution 

allowing to increase signal-to-noise ratio of traditional Raman spectroscopy, while at the 

same time enhancing the spatial resolution. Back in 1973, the SERS effect was observed 



 

2 

 

as Raman scattering enhancement [3]. There are two main mechanisms to explain this 

effect, respectively, electromagnetic and chemical mechanisms [4]. The electromagnetic 

explanation focuses on the surface plasmon resonance (SPR) which provides the enhanced 

localized electric field. One of the means to realize SPR is to excite localized surface 

plasmon (LSP) with nanostructures. The LSP decays and causes light emission at the same 

frequency as the incident light. Consequently, due to these nano-scale emitters, the electric 

field nearby is dramatically stronger than the far field. The localized electric field 

enhancement is also known as the near-field effect. Granting that LSP can be generated 

with few restrictions and less expense, carrier structures such as Au nanoparticles and Au 

nanoplates are frequently adopted in SERS experiments. 

By way of contrast, instead of traditional SERS, we use tip-enhanced Raman 

spectroscopy (TERS) to overcome the diffraction limit. In TERS measurements, signal 

enhancement is provided by a cone antenna made of noble metals. The nanoscale antenna, 

known as the tip, is usually fabricated by silicon coated with gold or silver. In a similar 

way, it can provide electric field enhancement upon resonant excitations. Usually, the 

resonance condition of tips is not strict due to the wide-band surface plasmon energy. As 

a consequence, a tip can be used in many conditions to collect intrinsically weak signals. 

As discussed above, TERS can overcome the diffraction limit because the localized 

electric field is of a similar size to the nanostructure. A common technique to utilize this 

feature is working under with a scanning probe microscope. According to the purposes 

and sample materials, some options such as the atomic force microscope (AFM), scanning 
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tunneling microscope (STM) or aperture mode near-field scanning optial microscope 

(NSOM) could be used for TERS measurements. 

Provided that the actual enhancement factors are affected by shapes, materials, and 

sizes of tips, these are extra factors determining the resolving ability of TERS. The 

minimum spatial resolution of TERS is still under debate. In the traditional model, the 

electric field generated by a plasmonic tip is confined to an equally small area as the tip. 

Due to the technique limit of tip fabrication, the spatial resolution is assumed to be as 

small as 10 nm. Though 10 nm is already far below the diffraction limit, yet it cannot reach 

the single-molecule level. However, recently, many experiments have shown that TERS 

can realize single molecule sensing and even imaging [5], [6]. The best resolution reported 

was even less than 1	Å. One reasonable guess is that atomic structures on the tip guarantee 

the sub-nanometer resolution. These atomic structures might be formed during metal 

deposition and perform as mini-tips. During the measurement, certain mini-tips would 

contribute to single-molecule detections. 

While spatial resolutions of TERS are proved to be single-molecule level, more 

efficient setups are also developed through years. By forming a plasmonic cavity with two 

or more metallic structures, better enhancement is observed. Under those circumstances, 

the usage of plasmonic cavity formed by a tip and a metallic substrate is utilized, namely, 

gap-mode TERS [7]. Compared to traditional TERS with a mono tip, the gap-mode 

configuration shows furtherly confined electric field between the tip and the substrate. 

This setup can promote the enhancement factor of TERS from 100 to 10!". 
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Despite the gap-mode TERS is supposed to provide stronger enhancement effects, 

it has some huge drawbacks. In order to generate gap plasmon, the distance between a tip 

and substrates has to be optimized within 0.5 nm. Otherwise, larger distances can 

subsequently decrease enhancement factors. Therefore, the gap-mode configuration may 

not be applied for bulky samples including biological cells. Instead, it is suitable to single-

molecule sensing and low-dimensional materials. In the following chapters, I focused on 

studies of single-molecule imaging and 2D semiconductor by gap-mode TERS. 

Besides TERS, we also introduce a technique call tip-enhanced 

photoluminescence (TEPL) in order to study 2D semiconductors such as MoS2. Though 

photoluminescence is different from Raman scattering, the electromagnetic enhancement 

mechanisms of tips are similar. Therefore, TEPL is an alternative method of TERS to 

study materials of photoluminescence. 

This dissertation focuses on applications of tip-enhanced spectroscopies including 

both TERS and TEPL. Chapter 2 discusses two different mechanisms of TERS and shows 

their different effects. Chapter 3 shows sub-nanometer imaging of a DNA strand and 

performs the single-base sequencing. Chapter 4 and 5 demonstrate nanoscale 

photoresponse control of 2D semiconductor by tip-enhanced photoluminescence (TEPL) 

and tip-enhanced quantum plasmonics (TEQPL). The first two chapters are concentrated 

on molecule imaging while the next two chapters are focused on interactions of plasmon 

and materials upon quantum effects.  
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2. TIP-ENHANCED RAMAN SCATTERING ON BULK MOS2* 

Surface-enhanced Raman scattering (SERS) has many applications in 

nanotechnology, biophotonics and high-resolution single molecule detection. Typically, it 

is performed using surface plasmon resonances, by noble metal nanostructures such as 

gold nanoparticles, gold or silver film deposited with target molecules. Tip-enhanced 

Raman spectroscopy (TERS) makes use of a nano-sized tip apex that provides localized 

plasmonic enhancement of the electromagnetic near field, which can be used for high 

resolution imaging and detection. We investigate the response of MoS2 substrate to a gold 

tip and show the surface-enhanced and tip-enhanced Raman signals of copper 

phthalocyanine molecules (CuPc). The MoS2 substrate changes relative intensity of 

molecular vibrations around the CuPc/MoS2 interface, and especially effects the metal 

involved bonds of CuPc. It also reinforces tip enhanced Raman scattering (TERS) through 

an interaction with the gold tip. 

 

* Copyright © 2017 by IEEE. Reprinted, with permission from He, Z., Voronine, D. V., Sinyukov, A. M., 
Liege, Z. N., Birmingham, B., Sokolov, A. V., ... & Scully, M. O., “Tip-Enhanced Raman Scattering on 
Bulk MoS2 Substrate.” by IEEE Journal of Selected Topics in Quantum Electronics, 23(2), 113-118, 
March-April 2017 
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Figure 2.1 Scheme of the experimental setup. The gold nanosphere tip at the apex 
of the AFM cantilever has a diameter 200 nm. The 532 nm laser beam was focused 
on the tip in AFM tapping mode over the CuPc/Substrate sample. The Raman 
signal was collected using a spectrometer above the sample. The CuPc sample was 
prepared by chemical vapor deposition on a MoS2, gold and SiO2 substrates. 
 

 

2.1. Introduction 

2.1.1. Surface enhanced Raman scattering of CuPc 

Surface-enhanced Raman scattering (SERS) is a powerful technique to investigate 

the molecular vibrations with high sensitivity and resolution [1]. The energy transfer and 

charge transfer near the junction of two materials potentially change the intensity of 

Raman scattering. Here we investigated the enhancement of Raman signal of copper 

phthalocyanine (CuPc) molecules and compare the SERS and TERS contributions with a 

MoS2 substrate.  

 



 

8 

 

2.1.2. Molybdenum disulfide (MoS2) 

Molybdenum disulfide (MoS2) has been meticulously investigated using Raman 

scattering [1], [2], [3]. The surface enhancement of molecular substrate Raman signals on 

MoS2 substrates attracted attention due to the flat surface of 2D materials. Recent studies 

showed the potential of MoS2 to enhance Raman scattering via chemical mechanism 

known as charge transfer (CT) [1], [4], [5]. Previous work focused on the chemical 

mechanism of Raman enhancement of CuPc based on the monolayer MoS2 [1], [5]. In our 

experiment copper phtalocyanine (CuPc) deposited on a bulk MoS2 substrate worked as 

the probe molecule. Raman spectroscopy is well suited for chromophore molecules like 

CuPc, in which charge transfer (CT) of copper atoms within the phthalocyanine complex 

contributes to strengthening Raman signals of the Cu-N stretching bond. Besides, Local 

field enhancement via the electromagnetic mechanism provides a remarkable 

enhancement of Raman signals which are proportional to the fourth power of the field [7, 

19]. 
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Figure 2.2 Surface-enhanced Raman scattering (SERS) spectra of CuPc molecules 
on different substrates: MoS2 (blue), gold (green), and SiO2 (red). The spectra have 
been normalized and shifted for convenience. The peaks within the yellow part are 
not marked because of weak intensities. On the bottom, vector diagrams of three 
main molecular vibrations (1342 cm-1, 1452 cm-1, 1528 cm-1) are shown. 
 

 

2.1.3. Chemical mechanism 

  Chemical interaction like charge transfer between CuPc and MoS2 happens at the 

few layers around the junction. During this process intensity of bonds may change while 

new bonds may be generated. Thus, Raman signals corresponding to different molecular 

vibrations may vary. By comparing peak ratios in normalized spectra of CuPc on different 

substrates, we could see the surficial effects to different chemical bonds. A same method 
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was used to examine the TERS other than the measurement of enhancement factors to find 

the tip’s specific effects to molecular bonds of CuPc. 

2.2. Materials and Methods 

The experimental scheme is shown in Fig. 2.1 CuPc molecules were deposited on 

bulk MoS2, gold and SiO2 substrates under identical conditions. The sample is placed on 

a horizontal X-Y translation stage. A silicon AFM cantilever (Nanonics) with a gold 

nanosphere tip of 200 nm diameter was used for the TERS experiments. The tip worked 

in the AFM tapping mode and the gap distance between the tip apex and the sample was 

less than 10 nm. 

Previous work on resonance Raman spectroscopy of CuPc molecules was 

performed using the 632.8 nm Laser [1]. However, resonance Raman scattering was 

accompanied by strong fluorescence background which perturbed observation and 

analysis of Raman signals. We used a 532 nm laser for non-resonance Raman scattering 

to avoid the fluorescence background. The Laser beam was focused onto a sample through 

a 50 × objective. 

The gold nanosphere tip supplies an enhanced localized focal spot in the near-field 

area 𝐴-. ≈ 𝜋 02%&'
1
2
1
, which is equal to 0.031 µm1. Compared with the far-field, which is 

0.055 µm1, 𝐴(. ≈ 𝜋 0/
0
2
1
 [12] given by the Gaussian Laser beam, the near-field spatial 

resolution is approximately 1.33 times higher. Moreover, the effective TERS area is 

smaller than the enhanced field of which the approximate radius is half of the tip’s [13, 

14]. 
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Table 2.1 Peak assignment of Raman spectra. Peak assignment [6, 8] of Raman 
spectra in Fig. 2.2 The CuPc sample is deposited on three different substrates (a) 
MoS2, (b) Gold and (c) SiO2. 

 

 
 

2.3. Substrate effects of MoS2, gold and SiO2 

We obtained Raman spectra of CuPc molecules in the condition of surface 

enhancement on three substrates. MoS2 provides near-field effects to Raman scattering 

through energy and charge transfer based on light induced electron-hole pairs [5]. New 

bonds generation may take place at the junction between the CuPc molecules and MoS2. 

Energy transfer also occurs due to recombination of electron-hole pairs. On the other hand, 

gold surface provides enhancement for Raman scattering mainly through the surface 

plasmon induced electromagnetic field [9]. Coupling of CuPc molecular vibration bonds 

and surface plasmons changes the density and energy of vibrations. We also investigated 

SiO2 substrate for comparison because of its negligible SERS effects. 

The non-resonant Raman spectrum excited by 532 nm laser is compared with a 

resonant Raman signal by 632 nm laser [1], which focused on a few-layer CuPc/MoS2 

sample. On the other hand, our work is based on about 5 to 10 layers CuPc film (30nm 

thick) [20] and bulk-size MoS2. Without baseline correction, non-resonant Raman (blue) 
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shows less fluorescence while the resonant Raman signals are nearly overwhelmed by an 

inevitable fluorescence background. 

Fig. 2.2 shows representative Raman spectra of three different samples with an 

incident laser power 0.05W and acquisition time of 60 s. The spectra were processed by 

normalization to the maximum intensity of the CuPc signal (1528 cm-1). Marked peaks in 

Fig. 2.2 represent CuPc molecular vibrations in the range from 675 cm-1 to 1530 cm-1, 

where according to Table 1, Raman signals around 675, 737, and 831 cm-1 (blue) 

correspond to Cu-N stretch bonds and 1139, 1343, 1448, 1528 cm-1 (green) stand for non-

metal phthalocyanine bonds. Though inapparent without tip enhancement, peaks at 948, 

1105 cm-1 (yellow) correspond to metal involved bending. Raman signals at 377 cm-1 and 

403 cm-1 (orange) are attributed to the bulk MoS2. 

Table 1 shows peak assignment and the normalized intensities (peak ratios) of the 

three SERS spectra in Fig. 2.2 The Raman spectrum of CuPc indicates that the bonds 

related to the vibrations involving central metal atoms are of lower frequency compared 

with the non-metal vibrations. The peak ratios in three non-TERS lists show that compared 

to SiO2 whose surface enhancement effects are ignorable, CuPc/MoS2 made differences 

to the in-plane ring/full symmetric N-Cu stretch (737 cm-1, 831 cm-1), while CuPc/Gold 

made differences to all the listed bonds except the in-plane full symmetric N-C stretch and 

ring C-C stretch (1340 cm-1). 

Table 1 also list the peak ratios of TERS with the three same samples, in which 

same peaks of three samples are of less difference compared to the non-tip case. In the 

presence of CuPc/MoS2, the exponentially decreasing electromagnetic field near the tip 
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results in more effects to CuPc and less to the substrate. The near-field volume is roughly 

estimated as 10	nm × 𝜋 02%&'
1
2
1
, where the 10 nm is found as the penetration depth of the 

local electric field [12]. The Raman signal of MoS2 is slightly reduced due to the 

shadowing effect of the tip. On another hand, the CuPc Raman signal is enhanced since it 

was covered by the TERS effective area. The same situation happened to the other two 

substrates, where SERS were shadowed and overwhelmed by relatively strong TERS 

signal. 

Fig. 2.3 shows SERS (blue) and TERS (red) spectra. CuPc/MoS2 TERS reveals 

apparent enhancement to CuPc signals but suppression to the signal of MoS2. These effects 

are due to the gap-mode TERS as discussed below. Table 2 lists enhancement factor (EF) 

[12], [15], [16]. Judging from enhancement factors in Table 2, TERS of CuPc/Gold shows 

averagely strongest enhancement among three samples, then CuPc/MoS2, and CuPc/SiO2 

displays weakest tip enhancement. 

Then by comparing the enhancement factors of different molecular vibrations, an 

interesting observation is that the tip enhancement is stronger for the full symmetric 

nonmetal bound N-Cu stretch and outer ring stretches (676 cm-1), non-metal C-C and N-

C bonds (1139 cm-1, 1340 cm-1, 1450 cm-1, 1527 cm-1) rather than in-plane ring/full 

symmetric N-Cu stretch (742 cm-1, 829 cm-1) and in-plane diag symmetric N-Cu-N bend 

bonds (948 cm-1, 1105 cm-1) of CuPc molecules. In all three cases, TERS effects to metal 

involved bending bonds are weak. As to the TERS of phthalocyanine bonds, only 

CuPc/MoS2 and CuPc/Gold demonstrated notable enhancement. 
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Generally speaking, as to the CuPc/MoS2 and CuPc/Gold samples, the 

enhancement effects for the three classified vibrations is non-metal bonds (green) > Cu-N 

stretch bonds (blue) > N-Cu-N bending bonds (yellow). For the CuPc/SiO2, vibrations 

related to non-metal bonds (green) are quite comparable to that of symmetric N-Cu stretch 

(blue).  

2.4. Enhancement mechanisms of MoS2 and gold substrates 

In our experiment the fluorescence background was absent due to non-resonant 

excitation. In the previous work, 632 nm laser was used for resonance Raman 

spectroscopy. [1] 

When the CuPc probe molecules are deposited on substrates, the coupling at the 

interface may contribute to changes of Raman signal. In the case of MoS2, the main 

mechanism to modify Raman signal intensity of CuPc is by charge transfer (CT) near the 

interface junction [1], [5]. Light induced charge carriers such as electron-hole pairs could 

be delocalized and transfer to adjacent materials, which potentially changes the intensity 

of certain bonds involved in redox reaction. In our case, metal involved bonds provide 

ions for redox reaction. [21] Therefore, according to the “CuPc/MoS2 non-tip” columns in 

Table 1, peak ratios of in-plane ring/full symmetric N-Cu stretch at 737 cm-1 and 831 cm-

1 is particularly changed compared to CuPc/SiO2. The changes depend on the density of 

charge carriers and probability of charge transfer between CuPc molecules and the MoS2 

surface.  
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Figure 2.3 Tip enhanced Raman scattering (TERS) spectra of CuPc molecules film 
on (a) MoS2 (b) gold, and (c) SiO2 substrates. All the spectra are normalized to the 
maximum intensity for convenience. Raman spectra without (blue) and with (red) 
tip correspond to normal Raman and TERS respectively. Enhancement factors 
analysis of these spectra is listed in Table 2.  

 

 

 On the other hand, the SERS effects of the gold substrate are mainly attributed to 

the local surface plasmonic field. The molecular vibrations of CuPc would be coupled to 

the light induced surface plasmon modes and get enhanced [18]. According to Table 1, 

gold surface changed the peak ratios of all the marked signals other than in-plane full 

symmetric N-C stretch and ring C-C stretch (1340 cm-1). Different from MoS2, gold 
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surface didn’t show particular enhancement to some certain vibration modes of CuPc 

molecules but impacted both metal and non-metal vibrations. 

 

Table 2.2 TERS enhancement factors (EFs). TERS EFs were estimated using the 
following procedure: 𝑬𝑭𝑻𝑬𝑹𝑺 = 0𝑰𝑵𝑭

𝑰𝑭𝑭
− 𝟏2 𝑨𝑭𝑭

𝑨𝑵𝑭
 [7] after removing background by 

polynomial baseline correction. 𝑰𝑵𝑭 and 𝑰𝑭𝑭 represent the spectral intensity with 
the tip in contact with CuPc (near field) and retracted from the sample surface (far 
field). 𝑨𝑭𝑭	and 𝑨𝑵𝑭 stand for the area sizes of laser confocal spot and the tip’s, 

whose value are approximately given by 𝝅0𝝀
𝟒
2
𝟐
	and 𝝅0𝒅𝒕𝒊𝒑

𝟐
2
𝟐
. 𝒅𝒕𝒊𝒑 = 𝟐𝟎𝟎	𝒏𝒎, 𝝀 =

𝟓𝟑𝟐	𝒏𝒎. 

 

 

 

TERS effects on peak ratios were also investigated which were almost same when 

the tip approached to the sample. Because the localized surface plasmon on the gold tip 

can be used to focus the incident light under identical conditions. Strong Raman signal 

enhancement occurs with close distance of the gold tip and CuPc film. Since the 

penetration depth of the effective field of the tip was about 10 nm that was less than the 

average thickness of CuPc film (30nm), the enhancement wouldn’t influence the substrate 

as much as the CuPc film. Thus, the scattered light didn’t contain so much substrate 

information as before. From peak ratios in the condition of TERS in Table 1, the 
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contribution of substrates we discussed above had been overwhelmed by the tip 

enhancement. The conventional SERS effects may be ignorable during the TERS 

experiment except for the case of tip-substrate interaction, which was investigated through 

enhancement factors. 

  The enhancement factor (EF) is a useful measure of the performance of enhanced 

Raman scattering [7], [12], [16]. As we discussed above, the SERS effects could be 

ignored during the TERS experiments. However, there is an exception for the gold 

substrate, which contains free electrons and leads to tip-substrate coupling and gap-mode 

TERS [10, 11]. 

2.5. Conclusion 

In conclusion, using non-resonant Raman scattering to study CuPc molecules on 

different substrate MoS2, gold and SiO2 could remove the disturbance of fluorescence. 

Investigation of peak ratios give us information that under the condition of the MoS2 

substrate in-plane symmetric Cu-N stretches of CuPc are mostly influenced and the gold 

substrate impacts most bonds. Moreover, tip enhanced Raman scattering overwhelms the 

effects of substrate in accordance with the similar peak ratios whatever substrate is used. 

However, by comparing the enhancement effects of TERS among the same three 

substrates, we found that the enhancement effects are ranked by Gold>MoS2>>SiO2, 

which implies that interaction between the gold tip and the substrate has to be considered 

in the case of gold and MoS2. Furthermore, results of TERS experiment shows that 

enhancement factors of non-metal bonds and symmetric Cu-N stretches are larger than N-
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Cu-N bends. With gold and MoS2 substrates, the enhancement effects of non-metal bonds 

are generally stronger than it of metal involved bonds. 
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3. TIP-ENHANCED RAMAN IMAGING OF SINGLE-STRANDED DNA WITH 

SINGLE BASE RESOLUTION* 

Tip-enhanced Raman scattering (TERS) is a promising optical and analytical 

technique for chemical imaging and sensing at single molecule resolution. [1] In 

particular, TERS signals generated by a gap-mode configuration where a silver tip is 

coupled with a gold substrate can resolve a single-stranded DNA (ssDNA) molecule with 

a spatial resolution below 1 nm. To demonstrate the proof of sub-nanometer resolution, 

we show direct nucleic acid sequencing using TERS of a phage ssDNA (M13mp18). 

M13mp18 provides a known sequence and, through our deposition strategy, can be 

stretched (uncoiled) and attached to the substrate by its phosphate groups, while exposing 

its nucleobases to the tip.  After deposition, we scan the silver tip along the ssDNA and 

collect TERS signals with a step of 0.5 nm, comparable to the bond length between two 

adjacent DNA bases. By demonstrating the real-time profiling of a ssDNA configuration 

and furthermore, with unique TERS signals of monomeric units of other biopolymers, we 

anticipate that this technique can be extended to the high-resolution imaging of various 

nanostructures as well as the direct sequencing of other important biopolymers including 

RNA, polysaccharides, and polypeptides. 

 

 

 

* Reprinted/adapted with permission from “Tip-enhanced raman imaging of single-stranded DNA with 
single base resolution” by He, Z., Han, Z., Kizer, M., Linhardt, R. J., Wang, X., Sinyukov, A. M., ... & 
Scully, M. O., 2018. Journal of the American Chemical Society, 141(2), 753-757, Copyright 2019 by 
American Chemical Society 
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3.1. Introduction 

3.1.1. Single molecule imaging by tip-enhanced Raman scattering (TERS) 

Tip-enhanced Raman scattering (TERS) provides an effective technique at the 

forefront of the chemical imaging. TERS can effectively enhance Raman signals by 

localized plasmon resonance on a nanoscale tip, increasing Raman signals by a factor of 

106. [2, 3] In addition, the near-field effects caused by nanoscale tips overcome the optical 

diffraction limit to allow high-resolution imaging of target molecules. Previous studies 

illustrated that TERS enables a resolution of near or less than 1 nm under ambient and 

cryogenic conditions for both STM and AFM based systems, [4–9] which may be due to 

the localization effects of atomic-scale structures on tips. [10,11] Furthermore, the gap-

mode configuration generated in the plasmonic cavity formed between the silver tip and 

the gold substrate can further boost the enhancement factor of TERS to 10!"-fold within 

the gap. [12] These advantages make TERS an ideal technique for chemical identifications 

of single molecules.  
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Figure 3.1 (a) The DNA deposition method. we used forced-air to align the ssDNA 
on the gold surface to stretch the DNA for evading/minimizing DNA coiling during 
the deposition. Furthermore, we added Mg2+ cations in the DNA buffer solution 
(pH 7.5) during the deposition to preferentially facilitate the adhesion of highly 
negatively-charged DNA phosphate backbone to negatively-charged gold surface. 
This will help to maximize the exposure of nucleobases to AFM tips for the 
downstream sensing and sequencing. Each ‘+’ sign indicates a Mg2+ ion, and ‘-’ 
sign indicates the negative charge carried by DNA phosphate backbone or the gold 
surface. (b) Schematic for tip-enhanced Raman scattering of ssDNA molecules. The 
diameter of the silver tip is 20 to 40 nm.  An objective (100X, NA 0.7) focuses the 
532 nm incidence light on the tip at 45°. TERS signals are collected by the same 
objective. Gap-mode TERS is formed by reducing tip-substrate distances to less 
than 1 nm. 
 

 

3.1.2. Deoxyribonucleic acid (DNA) sequencing 

Deoxyribonucleic acid (DNA) is an essential and information-rich biological 

molecule carrying the genetic information of all living organisms. The DNA molecule 

contains a linear sequence encoded by four nucleobases with prominently different Raman 

signals which provide a powerful tool for the determination of DNA nucleobase sequences. 

[13,14] To date, heroic progress has been made in single molecule sequencing (SMS). 
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Among this progress, a nanopore-based sequencing method, a representative of the third-

generation sequencing methods that focus on single molecule sequencing (SMS), is 

limited by the incredibly short dwell times of DNA in the nanopore and the poor resolution 

of the individual nucleobase signals, [15,16] resulting in sequencing errors. As a 

technology of high-resolution imaging, TERS provides an alternative application to 

analyze nucleobases without requiring the amplification of nucleic acids or labeled 

reagents and is not limited by the same factors that limit nanopore technology. So far, 

TERS has been demonstrated capable of distinguishing nucleobases [13,17] as well as 

enabling the exploration of DNA sensing, [18,19] hydrogen bonds [20] and aggregation 

effects [21]. For pure nucleic acids, a spatial resolution of 0.9 nm was obtained by using 

TERS to scan across the boundary of pure nucleobase networks. [17] A practical solution 

for reading nucleotides sequences along DNA bundles requires DNA with very simple 

sequences and careful scans along a DNA strand. [1]  

3.1.3. DNA imaging and sequencing by TERS 

Although TERS can distinguish individual nucleobases, imaging the single ssDNA 

molecule remains very challenging since stable alignment of the single DNA molecule is 

difficult and required to read non-overlapping nucleotides. As further elaborated below, 

in this report for the first time we have demonstrated the success of single ssDNA imaging 

and using TERS to directly sequence multiple segments of the known M13mp18 bacteria 

phage ssDNA with at least 90% accuracy. Our success relies on (1) TERS imaging that 

leads to mapping DNA molecules and identifying sequences with a single-base resolution 
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and (2) a unique DNA deposition method we have developed for effectively minimizing 

DNA coiling as well as maximizing the exposure of nucleobases to the AFM tips.  

 

 

Figure 3.2 DNA sensing by AFM. (a) AFM image of DNA clusters and (b) a zoom-
in image of the red dash-line squared region in (a). 
 

 

3.2. Method 

We show a tapping-mode AFM image in Fig. 3.2 and estimate the thickness of a 

ssDNA strand at approximately 0.6 nm. Since the thickness of the M13mp18 ssDNA was 

reported to be 0.3 ± 0.1 nm, [22] it is reasonable to assume that this represents a planar 

bundle of one to two nucleobase height. However, it is noted that AFM cannot precisely 

measure the width of a ssDNA molecule because its lateral resolution is limited by the tip 

broadening effects. 

3.2.1. Spatial resolution of TERS and AFM 

Compared to AFM, TERS provides a superior, sub-nanometer resolution of the 

bundle edges. We performed a TERS scan along the blue arrow as indicated in Fig. 3.2b 
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with a step size of 0.5 nm. We set the acquisition time as 4 s to attenuate the effects of 

spectral fluctuations for achieving stable measurements. Shown by the red curve in Fig. 

3.3a, the integrated intensities of the Raman signal peaks from 1630 cm-1 to 1650 cm-1 

can refer to DNA nucleobases cytosine (C), guanine (G) and thymine (T). The width of 

the DNA bundle is estimated to be 2.5 nm. Similarly, in Fig. 3.4a, we imaged the sample 

based on the same peaks. The high contrast map highlights a single DNA strand (spot 1 to 

24). Moreover, the one-step spectral changes from the red to blue parts in Fig. 3.3b and 

the distinguishable on-strand and off-strand signals in Fig. 3.4b prove that TERS was able 

to reach a spatial resolution of 0.5 nm. 
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Figure 3.3 (a) AFM (yellow) and TERS (red) signals collected along the blue arrow 
in Fig. 3.2b. We use AFM and TERS to estimate the width of a DNA bundle. The 
AFM curve exhibits a full-width at half-maximum (FWHM) of 10 nm based on a 
Gaussian fitting. The TERS curve, which is the integrated intensity of the Raman 
signal from 1630 cm-1 to 1650 cm-1, exhibits a FWHM of 2.5 nm, far narrower than 
AFM. (b) TERS spectra taken along the blue arrow in Fig. 3.2b. The scanning step 
is 0.5 nm. The red curves represent the spectra on the DNA bundle.  

 

 

3.2.2. Scanning step of TERS 

In this study, we chose the scanning step of 0.5 nm to be comparable to the base-

to-base distance, which was reported as 0.4 nm to 0.6 nm. [23–25] A choice of step size 
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larger than 0.6 nm would be inadequate for sequence mapping.  In contrast, a step size 

smaller than 0.4 nm can lead to difficulties in distinguishing homogeneous sequences such 

as ‘AAAAA’ from ‘AAAA’. Moreover, when the step size is comparable to the base 

interval, the tip apex could possibly “push” nucleobases and rearrange these at each step. 

Although the distances between bases are initially varied due to the random rotation of 

nucleotides, the tip may shift them to a certain degree, so that these distances become 

approximately equal to the step size of TERS scanning, which may lead to the capability 

of detecting one base in one step. Moreover, DNA strands were possibly pushed by the tip 

apex and showed themselves as a line along the horizontal direction. It has been reported 

that the AFM tip, operating in the contact mode, can move carbon nanotubes. [26] In our 

case, although the AFM was operated in the tapping mode, the TERS scanning could 

resemble a contact procedure and realign the strands. Meanwhile, since the vibration 

frequency of the cantilever is close to the oscillation resonance, the tip will still perform 

strong tapping force towards the ssDNA molecules. [27] The lateral pressure may also 

cause the ssDNA realignment. 

3.2.3. TERS peak assignment of DNA nucleobases 

We then identify the characteristic peaks of each nucleobase used to identify the 

nucleobases sequences. Summarized in Appendix Table A1, Raman peaks at 

735	to	737	𝑐𝑚$!  (A1),  1467	to	1492	𝑐𝑚$!  (A2), 799	to	801	𝑐𝑚$!  (C1), 

1235	to	1270	𝑐𝑚$!  (C2), 954	to	958 𝑐𝑚$!  (G1), 1545	to	1554 𝑐𝑚$!  (G2), and 

778	to	782	𝑐𝑚$! (T1), 1366	to	1373	𝑐𝑚$! (T2) are utilized to distinguish adenine (A), 

cytosine (C), guanine (G) and thymine (T). [1,13,28–31] Four spectral references were 
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then built according to the modes A1, A2, C1, C2, G1, G2, T1 and T2 (Fig. A3). Moreover, 

Fig. A4 and Fig. A5 display these identifiable modes in our measurement. Baseline 

correction by a third order polynomial fitting was applied to TERS spectra. The linear 

correlation between the scanning spectra and the templates was based on the discrete 

Pearson correlation function. [32] The normalized correlation coefficient can be found to 

evaluate probabilities 𝑃4  of four nucleobases. As described below, repeating the 

calculations (see Supporting information) for all spots, we determined the sequences of 

each scanned DNA segment. Then, by comparing these data with the actual sequence of 

M13mp18 DNA through approximate string matching, [33] we proved the credibility of 

our TERS sequencing results. 

3.3. DNA sequencing 

Identified DNA sequences are shown in Fig. 3.4c and Fig. 3.4d. We used the same 

tip as in Fig. 3.3. Since interferences of adjacent bases result in multi-component signals, 

we label the most possible bases below the bar charts. The multi-component spectrum 

occurs due to the interference of adjacent bases. Mistakes may happen when the 

surrounding signals overwhelm the target base. Therefore, in Fig. 3.4c, spot 7 and spot 11 

were misread due to the strong signals of guanine and thymine.  The accuracy shown in 

Fig. 3.4c is 91.7% (22/24). Six repeated measurements in Fig. A1 and Table A2 show the 

sequencing accuracy, using different tips and different deposited samples, is better than 

90.9%. 
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Figure 3.4 DNA sequencing of sample 1 containing 1.0 pmol of M13mp18 DNA.  (a) 
TERS image of a single ssDNA segment with a step size of 0.5 nm. The acquisition 
time for each step is 4 s. The plots show the integral intensities of the spectrum 
from 1630 cm-1 to 1650 cm-1. The numbers marking the map indicate the order of 
the sequences.  (b) The “on strand” TERS spectrum of the pixel 7 and the “off 
strand” spectrum one step above the pixel 7 in (a).  The substantial difference 
proves the 0.5 nm resolving capacity along the cross section.  (c) A bar chart shows 
the probabilities 𝑷𝒊 from the spot 1 to 24 labeled in (a).  The most probable bases 
are labeled at the bottom. Compared to the real DNA sequence 
GTGGTTCGTTCGGTATTTTTAATG, two errors are found at the spot 7 (G→ C) 
and spot 11 (T → C).  (d) The probabilities 𝑷𝒊 from the spot 25 to 31.  Two strands 
in (a) are 1 nm separated.  The different sequences of spots 13 to 19 and spots 25 to 
31 provides an evidence that TERS imaging can distinguish two parallel DNA 
molecules only separated by 1 nm. 
 
 

To prove that the measured sequences of each segment truly matched the actual 

M13mp18 sequence, we constructed a random 24-base trial sequence as a comparison and 

applied approximate string-matching algorithm for 10 million times. Under the best 

matching conditions between a 24-base random sequence and any 24-base long segment 
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of M13mp18, the average number of mismatching errors was 9.4. The probability of 2 

errors for a random trial is less than 1/10,000,000. The distribution of mismatching errors 

for trials using random sequences are shown in Fig. A2. This negligible probability proves 

that our sequencing result is authentic, and the sequence from spot 1 to spot 24 belongs to 

a specific fragment of the M13mp18 DNA. The similar comparison was repeated for each 

repeating result in Table A2. 

3.4. Conclusion 

In conclusion, by displaying ssDNA imaging and sequencing at room temperature, 

we have demonstrated the sub-nanometer resolving ability of TERS and have shown the 

repeatability of using different tips and ssDNA molecules. As a straightforward optical 

sensing technique, TERS has the potential of becoming a next generation sequencing 

method for DNA/RNA as well as other important biological polymers such as 

polysaccharides, polypeptides, and even glyco-peptide conjugates. 
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4. QUANTUM PLASMONIC HOT ELECTRON INJECTION IN THE LATERAL 

WSE2-MOSE2 HETEROSTRUCTURE* 

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 and report the first 

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

the quantum plasmonic tunneling distance of ~ 20 pm. The controllable plasmonic tip 

allows for both nano-optical imaging and plasmon-induced hot electron injection into the 

heterostructure, mediated by the depletion region. 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 in the MoSe2 

side of the junction, enhancing the MoSe2 PL signal. The properties of the directional hot 

 

* Reprinted/adapted with permission from Tang, C., He, Z., Chen, W., Jia, S., Lou, J., & Voronine, D. V., 
“Quantum plasmonic hot-electron injection in lateral WSe2/MoSe2 heterostructures.” by Physical Review 
B, 98(4), 041402, 2018, Copyright 2018 by American Physical Society 
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electron injection in the quantum plasmonic regime make the lateral 2D MoSe2-WSe2 

heterostructures promising for quantum nano-devices with tunable photoresponse.   

4.1. Introduction 

4.1.1. Two-dimensional transition metal dichalcogenides (TMDs) 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are promising 

candidates for optoelectronic devices [1]–[3], sensors [4]–[6], and photo-catalysts [7], [8]. 

Assembling two TMD materials vertically or laterally introduced new possibilities [9]–

[12]. Optoelectronic properties of lateral heterostructures are determined by the band 

structure, doping, and defects of both materials near the boundary [13], [14]. 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 [15], 

[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. 

4.1.2. Tip-enhanced photoluminescence (TEPL) 

Tip-enhanced photoluminescence (TEPL) can be used to investigate the 

photoresponse of the subwavelength sharp boundary of TMD heterostructures. Resonant 

excitation of surface plasmons by the metallic tip generates large electric field 

enhancement [17], and therefore provides emission enhancement and the increase in 

spatial resolution [18]–[21]. However, when the distance between the tip and the substrate 

decreases to the sub-nanometer range, quantum tunneling effects become significant, 

leading to the saturation and quenching behavior of the near-field enhancement [22]–[28].  
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In addition to the enhanced electric field [29]–[31], the charge transfer  mechanisms 

[32],[33] may also contribute to the improved sensitivity and spatial resolution. High 

spatial resolution of tip-enhanced imaging down to the sub-nm scale has recently been 

demonstrated [34]–[39]. Therefore, TEPL is well suited for studying the subwavelength 

heterostructures. 

4.1.3. Tunneling hot electrons in 2D heterostructures 

Tunneling hot electrons in 2D materials can be generated using a bias voltage [40], 

[41], photocurrent [42], and plasmonic nanostructures including plasmonic tips [43], [44]. 

Previous work showed that hot electron injection into the TMDs may facilitate  

photocatalytic reactions [7], [45] and photoelectron emission [46]. In addition to the 

electric field enhancement, the plasmon-induced hot electron injection may also contribute 

to the TMD photoluminescence enhancement via the carrier recombination mechanism. 

In this work, we show how these two mechanisms affect the photoresponse of pure TMDs 

and MoSe2-WSe2 heterostructure. Quantum plasmonic hot electron injection in the tip-

TMD system may be described using the metal-semiconductor coupling model [47]–[50]. 

Plasmon-induced hot electrons can be transferred from the tip to the 2D semiconductor 

[51]. Plasmonic tips are especially suitable for hot electron transfer into semiconductors 

due to the high efficiency of hot carrier generation [52]. Moreover, directional hot electron 

transfer in TMD heterostructures may take place in the depletion region [47]–[49] and 

may be enhanced using quantum plasmonics. Quantum plasmonic effects were previously 

observed in plasmonic metallic nanostructures with sub-nanometer gaps, due to the 

quantum tunneling leading to the quenching of the local electric fields [26], [53], [54]. 
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Since the quantum plasmonic effects are sensitive to the sub-nm gap size, it is possible to 

manipulate them by varying the gap size at the picometer scale in the quantum coupling 

limit. Recently, we developed a picometer-scale tip-sample distance dependence approach 

which is able to perform such precise measurements [28]. This approach is well suited for 

studying quantum plasmonic effects in 2D TMD heterostructures.  

In this work, we observed the quantum plasmonic effects in the system of the 

coupled Au-coated plasmonic Ag tip and the MoSe2-WSe2 heterostructure on the Si/SiO2 

substrate leading to the picoscale distance-dependent electric field quenching and charge 

transfer enhancement of the PL from the 2D heterojunction. Using the near-field TEPL 

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

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

picoscale tip-sample distance. For the tip-sample distance of d > 0.36 nm, the classical 

plasmon-induced hot electron injection is limited by the air gap barrier. For the gap size 

comparable to or smaller than the van der Waals contact distance, the electron tunneling 

facilitates thermionic injection in the quantum plasmonic regime [50]. 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.  

4.2. Materials and methods 

4.2.1. lateral type II MoSe2-WSe2 heterostructure 

The monolayer lateral type II MoSe2-WSe2 heterostructure was grown on the 

Si/SiO2 substrate via chemical vapor deposition [55], [56]. MoO3 and WO3 acting as 

precursors were put into the center of the furnace. Se powder at upstream was introduced 
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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 to be < 2 nm (Fig. 4.1b). 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.4.1c 

and 4.1d, respectively. 
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Figure 4.1 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 Raman spectra show the 
peaks of  WSe2 at 250 cm-1 [57], MoSe2 at  242 cm-1 [58] and both peaks at the 
heterojunction. 
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4.2.2. Experimental setup 

TEPL was carried out using the state-of-the-art commercial system (OmegaScope-

R, formerly AIST-NT, now Horiba Scientific, coupled with LabRAM Evolution 

microscope, Horiba Scientific). Silicon tips with apex radius ~ 10 nm were used for AFM 

and Au-coated Ag tips with apex radius ~ 10 - 25 nm were used for TEPL measurements. 

The 532 nm linearly polarized laser radiation was focused onto the tip apex at an incident 

angle of 53 degrees (Fig. 4.1a) 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 PL in the contact mode with the controllable tip-

sample distance d ~ 0.36 nm and ~ 20 nm, respectively. For the results shown in Figs. 4.2a 

and 4.2b, 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. 4.2d and 4.2e were obtained with the 

same laser power and acquisition time while the scanning step size was 1 nm. 

4.3. Results 

4.3.1. TEPL imaging of MoSe2-WSe2 heterostructures 

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

marked by the dashed rectangular area in Fig. 4.1b. The double Gaussian fitting of the 

heterojunction PL is shown in Fig. 4.2c, 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. 4.2a and 4.2b show the integrated PL 

intensity distributions of the WSe2 and MoSe2 for the near-field TEPL and far-field PL, 
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respectively. The near-field image in Fig. 4.2a shows a sharper heterojunction boundary 

than the far-field image in Fig. 4.2b. To estimate the junction width, we scanned the tip 

along the white dashed line across the junction with 1 nm step size (Figs. 4.2d and 4.2e), 

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 4.2 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. 
 

 

4.3.2. Directional hot electron injection 

To understand the effects of the tip-sample interaction on the PL of the 

heterostructure, we varied the tip-sample distance from ~ 40 nm to the Au-S van der Waals 

(vdW) contact of ~ 0.36 nm and further down to ~ 0.2 nm which was estimated according 

to the contact force via the Lenard-Jones potential [18], [28], [32], [34], [59]. The 
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picometer-scale tip-sample distance dependence calibration procedure was used as 

previously described [28]. Two main factors, namely, the local electric field enhancement 

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 near-field effects 

gradually emerge while the hot electron injection can be neglected (Fig. 4.3 and SI Fig. 

4.1). For the pure WSe2, the near-field enhancement saturates at d	≈ 20 nm, at 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 [60]. 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 (Fig. B1a & B1c). Once the tip and WSe2 are 

within the van der Waals contact separation (d = 0.36 nm), thermionic injection may occur 

with the increasing electron density in WSe2 [50]. Consequently, an abrupt increase of the 

PL intensity in pure WSe2 can be seen in Fig. B1a & B1c.  On the other hand, for the 

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

intrinsic holes, the PL of pure MoSe2 shows no significant enhancement (Fig. B1b & B1c).  

Directional hot electron injection may take place at the heterojunction of MoSe2 

and WSe2 due to the carrier-deficient depletion region formed at the junction [47]–[49]. 

Fig. 4.3b shows a schematic energy diagram of the hot electrons transferred to MoSe2 due 

to the chemical potential gradient at the heterojunction [9], [10]. 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 
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tip is higher because of the air barrier. The Au-semiconductor depletion region [47] 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 (Fig. 4.2c and 4.2d) [46], [61]. 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

47 

 

Figure 4.3 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. Two 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 heterojunction. The dashed line at d = 
0.36 nm corresponds to the van der Waals (vdW) contact distance between the tip 
and the sample and the transition from the classical to the quantum plasmonic 
regime. (e, f) Zoomed-in plots of the heterojunction PL tip-sample distance 
dependence in the quantum regime. Solid black lines in (c) – (f) are the fittings 
obtained using the theoretical model described below. 
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4.4. Theoretical model of the hot electron injection 

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

competition between the two quantum plasmonic effects, explaining the quantum 

plasmonic hot electron injection and near field PL quenching mechanisms. Fig. 4.3b 

shows the simplified diagram of the energy states and transitions at the WSe2-MoSe2 

heterojunction, including the effects of the hot electron injection, photo-induced charge 

transfer, and tip-enhanced photoluminescence due to the tip-sample interaction. The 

simulation results are shown in Figs. 4c-4f (black curves). The initial state populations 

𝑁F7, 𝑁G7, and 𝑁H of the excited states |𝑋7⟩, |𝑌7⟩, and the ground state |𝑔⟩, respectively, 

and the exciton populations 𝑁F, and 𝑁G of the MoSe2 state |𝑋⟩ and the WSe2 state |𝑌⟩, 

respectively, can be described by the rate equations [62]: 

2-./
23

= (𝐺I(+ − 𝑅I(+𝑁F7)𝛤J'(𝑑) − 𝛼𝑁F7 + 𝛤5(𝑑)*𝑁H − 𝑁F7,,   (4.1) 

2-.
23

= 𝛼𝑁F7 + 𝛾𝛤5(𝑑)𝑁G −
-.
K.

 ,      (4.2) 

2-0/
23

= −𝛽𝑁G7 − 𝑅𝑁G7𝛤J'(𝑑) + 𝛤5(𝑑)*𝑁H − 𝑁G7,,    (4.3) 

2-0
23

= 𝛽𝑁G7 − 𝛾𝛤5(𝑑)𝑁G −
-0
K0

,      (4.4) 

2-1
23

= −𝛤5(𝑑)*𝑁H − 𝑁F7, − 𝛤5(𝑑)*𝑁H − 𝑁G7, +
-.
K.
+ -0

K0
,   (4.5) 

where 𝛤J'𝐺I(+  is the hot electron injection (HEI) rate, and  𝛤J'𝑅I(+  is the hot 

electron decay rate from states |𝑋7⟩  or |𝑌7⟩  [62]. We assume 𝐺I(+ = 𝑅I(+ = 1 . The 

quantum plasmonic tunneling 𝛤J'(𝑑) is given by: 

𝛤J'(𝑑) = p𝐴𝑒
$2!3245

		𝑝𝑠$!, for	𝑑	 < 	0.36	𝑛𝑚,
0															, 	for	𝑑	 > 	0.36	𝑛𝑚.

         (4.6) 
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𝛤J'(𝑑) describes the efficiency of the hot electron tunneling between the tip and 

the sample, 𝑑J' is the average tunneling distance in the quantum plasmonic regime of 

𝑑	 < 	0.36	𝑛𝑚. For simplicity, we neglected the tunneling for the tip-sample distance 

larger than the vdW contact distance of 0.36 nm. 𝐴 is the normalization parameter. The 

near-field pumping rate 𝛤5(𝑑) describes the local optical excitation by the near field of the 

tip as [18] 

𝛤5(𝑑) = w 1 − 𝑒
$2!32'

	
, for	𝑐 < 	𝑑	 < 	0.36	𝑛𝑚,

𝐵(𝑅 + 𝑑 − 𝑐)$0, 	for	𝑑	 > 	0.36	𝑛𝑚,
    (4.7) 

where 𝑑5 is the average quantum coupling distance which leads to the quenching 

of the optical excitation by the charge tunneling from the tip in the quantum plasmonic 

regime when 𝑑	 < 	0.36	𝑛𝑚. 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 𝛤5(𝑑) = 0. Since the TEPL 

depends on 𝛤5(𝑑), we only consider in the region of d > c. The exciton generation rates of 

MoSe2 and WSe2 are given by 𝛼 = 1	𝑝𝑠$! and 𝛽 = 1	𝑝𝑠$!, respectively [63]. 𝛾ΓM(𝑑) is 

the photo-induced charge transfer rate across the junction [64], where we assume the 

constant 𝛾 = 1 . The near-field excitation may facilitate the charge transfer within 

heterostructures [64]. The exciton relaxation times of MoSe2 and WSe2 were taken as 𝜏F =

𝜏G = 2	𝑝𝑠 [65]. 

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

4.3. The main fitting parameters were 𝑑J' = 𝑑5 = 0.02	𝑛𝑚, and c = 0.17 nm. The latter 
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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 we decrease the tip-

sample distance d to ~ 0.17 nm, the near-field TEPL signal is expected to be completely 

quenched. The sun-nm values of the mean distance parameters 𝑑J'  and 𝑑5  reflect the 

tunneling nature of the quantum plasmonic effects. Our model fits the experimental results 

well in both the classical and quantum regimes as shown in Figs. 4.3c and 4.3d. In the 

classical regime (d > 0.36 nm), since the near-field pumping rate ΓM(𝑑) is larger when the 

distance d approaches 0.36 nm, the photo-induced charge transfer 𝛾ΓM(𝑑) leads to the 

decrease of the WSe2 PL signal and the increase of the MoSe2 PL signal which corresponds 

to the decrease of the tip-sample distance d in the classical regime. On the other hand, in 

the quantum regime (d < 0.36 nm), the quantum plasmonic hot electron injection and PL 

quenching effects are dominant.  

 

4.5. Conclusion 

Once the tip-sample distance reaches the van der Waals contact (d = 0.36 nm), the 

sub-nanometer gap between the tip and the sample leads to the quantum plasmonic hot 

electron injection and quantum tip-sample coupling. Previous TEPL measurements in sub-

nanometer gap metal-metal contacts showed that the PL is quenched due to the quantum 

tunneling [59]. Despite the absence of the metal-metal contacts here, the PL of pure MoSe2 

shows quenching when d < 0.36 nm (Fig. B1b). At the heterojunction, the PL intensity of 

the WSe2 component also shows quenching (Figs. 4.3a, 4.3c, 4.3e and Fig. B2c). The 

repeated TEPL measurements on the heterostructure confirm the observed effects (Fig. 
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B2). On the other hand, the MoSe2 component shows abrupt enhancement when d < 0.36 

nm (Figs. 4.3a, 4.3d, 4.3f and Fig. B2d). These phenomena could be explained by the 

decrease of the air barrier between the tip and the sample, leading to the increased number 

of the quantum plasmonic hot electrons injected into MoSe2 due to the quantum tunneling 

and the corresponding decrease of the number of surface charges and near-field intensity 

of the tip [53],[59]. The quantum plasmonic hot electron injection 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. 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 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.  
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5. QUANTUM PLASMONIC CONTROL OF TRIONS IN A PICOCAVITY WITH 

MONOLAYER WS2* 

Monitoring and controlling the neutral and charged excitons (trions) in 2D 

materials are essential for the development of high-performance devices. However, 

nanoscale control is challenging due to diffraction-limited spatial resolution of 

conventional far-field techniques. Here, we extend the classical tip-enhanced 

photoluminescence (TEPL) based on tip-substrate nanocavity to quantum regime, and 

demonstrate controlled nano-optical imaging, namely, tip-enhanced quantum plasmonics 

(TEQPL). 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 

exciton ratio via charge tunneling in Au-Ag picocavity. We observe trion “hot spots” 

generated by varying the picometer-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 

quantum plasmonics phenomena with 2D materials that will help designing new quantum 

optoelectronic devices. 

 

 

 

 

* Reprinted/adapted with permission from “Quantum plasmonic control of trions in a picocavity with 
monolayer WS2.” by He, Z., Han, Z., Yuan, J., Sinyukov, A. M., Eleuch, H., Niu, C., ... & Scully, M. O., 
2019. Science advances, 5(10), eaau8763. © The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. Distributed under a Creative Commons Attribution 
NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/ 
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5.1. Introduction 

5.1.1. Quasiparticles in TMDs 

Two-dimensional 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 tungsten 

disulfide (WS2) [4]. Many-body states such as neutral excitons, trions, and biexcitons 

govern the photo-response in TMDs [5, 6]. Their interconversion may be controlled by 

using photoexcitation or bias, which strongly depends on the local inhomogeneities such 

as impurities, defects, or external dopants. As a result, unlike the bulk materials, the  

optoelectronic properties of monolayer WS2 are dominated by excitons and trions [4]. 

Therefore, controlling the excitons in 2D TMDs allows manipulating the device 

performance. 

Previous work on the control of neutral excitons (𝑋0) and negatively charged trions 

(𝑋$ ) was based on the exciton interconversion 𝑋 0+𝑒$ → 𝑋$  via gating [7], photo-

excitation [8], plasmonic hot carriers [9], and chemical doping [14] . However, the 

nanoscale optical control of the 2D materials has not yet been realized. Nanoscale control 

of trions is of great importance in optoelectronic nano-devices, for example, CNT film-

based electroluminescence devices [11] and MoS2-based field-effect transistors [12]. Here 

we show that quantum plasmonics provides a convenient and effective tool for generation, 

nano-imaging, and control of trions in 2D materials. 
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5.1.2. Tip-enhanced Quantum plasmonics (TEQPL) 

Quantum plasmonics plays an important role when the dimensions of plasmonic 

nanostructures reach a critical sub-nanometer size [13], as, for example, in the picoscale 

cavity formed by the plasmonic scanning probe and metal substrate [14]. Few-layer MoS2 

in the picocavity showed interesting  tunneling-induced photoluminescence (PL) and 

Raman quenching effects [14]. However, although the classical plasmonic modulation of 

excitons in MoS2 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 monolayer TMDs was not yet explored. Using tip-enhanced quantum 

plasmonic (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 and monitor the exciton interconversion by varying the size 

of the picocavity. 

5.1.3. Quantum plasmonics for TEPL 

The classical tip-enhanced photoluminescence (TEPL) technique provides a high 

spatial resolution beyond the optical diffraction limit due to the near-field enhancement of 

the PL signals by localized surface plasmon resonances (LSPR) of a plasmonic scanning 

probe such as a silver or gold coated nano tip [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 metallic substrate via gap-mode 

plasmons. However, for very small sub-nanometer gaps, the near-field enhancement may 

be reduced due to the quantum plasmonic effects such as tunneling of surface charges in 
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the gap plasmon TMD system [14]. As a result, the tunneling electrons reduce the overall 

surface charges and the corresponding local electromagnetic fields at the probe [18, 19]. 

Previously we reported similar control experiments in a plasmonic picocavity made of a 

pure gold substrate and gold tip (without WS2) and observed quantum plasmonic 

quenching due to electron tunneling [14]. Here, we use quantum plasmonic effects in a 

Au-Ag substrate-tip picocavity to control trions in monolayer WS2 by the tunneling 

charges. In addition, due to the picometer-scale control of the tip-sample distance, we 

obtained picoscale control of the photo-response in the vertical tip-sample coupling 

direction. Using TEQPL, we achieved both imaging and control of neutral 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 applications of novel nanoscale light-matter interaction schemes in 

atomically thin semiconductors. 

5.2. Methods 

The schematic representation of the experimental setup is shown in Fig. 5.1a. We 

used the state-of-the-art commercial scanning probe 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 in the Methods section). Au-coated Ag 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 constructed a picometer-gap cavity between the Au substrate and 
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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. C1. Briefly, we used 

the short-distance approximation of the Lennard-Jones potential to estimate the tip-sample 

distance within the van der Waals (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. 

Figs. 5.1c and 5.1e show the PL spectra of monolayer WS2 in the Au-Ag cavity 

fitted by two Gaussian functions [19] centered at the PL signals of 𝑋7 (614 nm) and 𝑋$ 

(625 nm). Similar observations of trionic emission on both nonmetallic [4, 10, 21, 22] and 

metallic [23–26]  substrates reported red-shifted negative trion peaks at room temperature. 

Fig. C10 shows the corresponding PL signals of WS2 on Si/SiO2 substrate for comparison 

with the PL on 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 compared 

to Si/SiO2 substrate may be due to the combination of surface plasmonic effects [10, 21, 

28] , and the release of strain in CVD-grown WS2 due to the transfer on Au [25, 26].  
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Figure 5.1 Quantum plasmonic generation of trions in a Au-Ag picocavity with 
monolayer WS2. (a) Schematic of tip-enhanced quantum plasmonic (TEQPL) 
imaging with monolayer WS2 in a picocavity formed by the Ag tip and the Au 
substrate. The 532 nm laser beam was focused on the tip apex and the sample was 
scanned to obtain the photoluminescence (PL) spatial maps 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 which corresponds to the classical coupling (CC) regime. (c) PL spectra of 
𝐗𝟎 and 𝐗$ in monolayer WS2 in the CC regime. Blue and red solid lines are 
Gaussian fitting functions centered at 614 nm and 625 nm, respectively. (d) and (e) 
are the corresponding sketch and PL spectra of monolayer WS2 in the Au-Ag 
picocavity in the quantum coupling (QC) regime with the 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 it is of 𝐗𝟎 in the 
QC (e) compared to the CC (c) regime. 

 

 

5.2.1. Binding energies of excitons and trions 

Several previous theoretical studies predicted a strong dependence of the binding 

energy of both neutral excitons and trions on the dielectric properties of the substrate [29–

31], that was confirmed experimentally for neutral excitons, however, contrary to the 
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predictions, only a weak dependence of binding energy on the substrate was shown 

experimentally 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 wavefunctions, confined to the middle layer transition-metal 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 for 

the observation and control of trions on metallic substrates at room temperature. 

5.3. Results 

5.3.1. Classical and quantum regime of TEPL 

Figs. 5.1c and 5.1e correspond to the two representative tip-sample distances d for 

the classical coupling (CC) and quantum coupling (QC) regimes with d > d0 and d < d0, 

shown in Figs. 5.1b and 5.1d, respectively, where d0 = 0.35 nm is the vdW contact 

distance. When d = 0.31 nm (QC, Fig. 5.1e), the peak ratio of the 𝑋$ and 𝑋0 signals is 

larger than that of d = 1.03 nm (CC, Fig. 5.1c), which indicates that the relative ratio of 

trions to neutral excitons increased due to the tunneling. 
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Figure 5.2 Picoscale quantum plasmonic control of neutral excitons (𝐗𝟎) and trions 
(𝐗$) in monolayer WS2 in a Au-Ag cavity. (a) AFM image of the triangular 
monolayer WS2 nanoflake. Photoluminescence (PL) intensity of neutral excitons 
(𝐗𝟎, blue) and trions (𝐗$, red) measured in a spatial location marked 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. 
However, the ratio 𝐈𝐗!/*𝐈𝐗𝟎 + 𝐈𝐗!, shows an increase of the trion relative to the 
neutral exciton signal at distances shorter than 300 pm. 

 

 

Quantum plasmonic control of trions in monolayer WS2 in the Au-Ag cavity was 

further investigated as a function of the tip-sample distance as shown in Fig. 5.2. AFM 

imaging confirmed the monolayer uniform thickness and a high quality of the triangular 

shaped WS2 nanoflake (Fig. 5.2a).  The PL intensity measured in the spatial location 
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marked by a circle in Fig. 5.2a was investigated as a function of the tip-sample distance in 

the range from 10 nm down to a few hundred pm which correspond to the CC and QC 

regimes, respectively (Fig. 5.2c). Fig. 5.2b shows the PL quenching of both neutral 

excitons (X7, blue) and trions (X$, red) at the picoscale distances. The rates of the X7 and 

X$ quenching are different due to the different mechanisms such as the tunneling-induced 

decrease of the local electric field at the tip apex [14, 35, 36] and the tunneling-assisted 

exciton-trion interconversion [12, 35]. The PL ratio IN!/(IN/ + IN!) shows an increase of 

the trion signal at distances shorter than ~ 300 pm (Fig. 5.2d). More examples are shown 

in Fig. C2.  

5.3.2. TEPL/TEQPL imaging 

We then performed similar measurements on a complex WS2 nanoflake which 

consists of several areas of interest including a monolayer periphery and a few-layer center 

as well as a multi-layer structural defect at the right corner shown by the AFM height 

variations in Fig. 5.3a.  TEQPL imaging provides a sensitive method for probing the 

heterogeneity 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 (Figs. 5.3c-5.3f). We observed significant differences between the near-field 

(Figs. 5.3c and 5.3e) and far-field (Figs. 5.3d and 5.3f) PL images of the complex WS2 

nanoflake in a Au-Ag cavity with the tip-sample distance of 0.31 nm and 10 nm, 

respectively. Compared with the far-field images, the near-field 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 nm and 881 nm using 
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the near-field (NF) and far-field (FF) 𝑋$ PL signals, respectively (Fig. 5.3g). The AFM 

profile in Fig. 5.3g indicates the position of the WS2-Au substrate boundary, 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. 5.3g is the use of the same Au-

coated Ag tip for the AFM measurements and the simultaneous TEPL. The metal coating 

of the tip leads to the enhanced tip-sample interaction, which is responsible for the 

increased noise level with the estimated standard deviation of the height profile to be less 

than 1 nm. 

Since 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 compared to the conventional FF PL. For example, the few-

layer central triangle part of the WS2 nanoflake is better resolved in the NF TEQPL images 

(Figs. 5.3c and 5.3e) than in the FF PL images (Figs. 5.3d and 5.3f). Also, the top (G) and 

right (I) corners of the WS2 nanoflake have low intensities in both the FF and NF signals 

due to the presence of the charge doping effects in G and multi-layer structural defects in 

I. The increase in the height in I is supported by the correlated AFM data in Fig. 5.3a. The 

charge doping is supported by the correlated Kelvin probe force microscopy (KPFM) 

image which shows the surface contact potential difference (CPD) signal in Fig. 5.3b. 

KPFM shows larger signals in the G and I corners compared to H, which anti-correlate 

with the PL signal intensities. It has been previously shown that charge doping reduces 

the PL signals in 2D materials, which is in agreement with our results.  
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5.3.3. Kelvin probe force microscopy 

The apparent lack of the clear triangular shapes in the FF and NF images is a result 

of the limited spatial resolution of ~ 880 nm and 80 nm for the FF and NF respectively, 

which limits the ability to resolve small triangular features (especially for the FF) in the 

chosen relatively small (~ 4 μm size nanoflake). The flake outlines in the NF images in 

Figs. 5.3c and 5.3e exhibit the triangular shape more clearly than the corresponding FF 

images in Figs. 5.3d and 5.3f. Still, the absence of the full triangular outline is due to two 

effects, namely, charge doping and multi-layer 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. Therefore, we performed 

KPFM measurement both without and with the simultaneous laser excitation (Fig. C4a 

and C4b, respectively). Now it is more clearly seen that quantum plasmonic charge doping 

leads to the significant variation of the contact potential difference across the G-H line of 

the KPFM image in the Fig. C4b. 

5.3.4. TEPL near-field and far-field mapping of 𝐗0 and 𝐗$ 

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 Figs. 5.3g and 5.3h obtained from the spatial maps as indicated by the white dashed 

lines (i) and (ii), respectively. The weaker PL signal from the central area is due to the 

indirect band gap nature of multilayer WS2. Both FF PL and NF TEQPL signals are strong 

when the sample thickness is small as shown in the line profiles in Fig. 5.3h. The NF 

TEQPL signals show a significantly higher spatial resolution and qualitatively new spatial 
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features compared to the FF PL signals. Different areas of strong PL signals (“hot spots”) 

exist at different locations in the NF images. For example, the left corner (H) shows strong 

FF PL hot spots of both neutral excitons (Fig. 5.3d) and trions (Fig. 5.3f). However, these 

hot spots are suppressed in the corresponding NF images (Figs. 5.3c and 5.3e). Also, the 

FF profiles of neutral excitons and trions are similar (Fig. 5.3h, green and orange lines), 

but the corresponding NF profiles show maximum intensity peak shifts of X7 and X$ (blue 

and red lines with shifted maxima highlighted by the vertical dashed lines), which 

indicates a possible quantum plasmonic tip-induced conversion X0→ 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 IN!/(IN/ + IN!) ratios for different spots labeled A – E in 

Figs. 5.3a and 5.3b are shown in Fig. C2. These selected spots provide a rich picture of 

various heterogeneous photo-responses. The results were reproducible as shown by the 

two consecutive distance dependence measurements at spot B in Fig. C6. Further insight 

about the sample heterogeneity may be obtained by a more detailed analysis of the NF 

TEQPL maps. For example, Fig. C7 and C8 show zoomed-in X7 and X$ maps with anti-

correlated subwavelength features. The regions of large intensity in the X$ map in Fig. 

C7b reveal trion “hot spots” (dashed circles). Similar regions in the X7 map show the 

suppression of the PL signal in Fig. C7a. This provides evidence for the X 0 →

X$conversion due to the tunneling-induced tip-sample interaction. While FF PL maps 
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show microscale variation of contrast, they do not show any localized anti-correlations. 

(Fig. C7c and C7d). 
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Figure 5.3 Tip-enhanced quantum plasmonic (TEQPL) imaging of a complex WS2 
nanoflake.  (a) Atomic force microscopy (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) – (F) in different parts of the flake. 
(b) Kelvin probe force microscopy (KPFM) image under 532 nm laser illumination 
shows inhomogeneous contact potential difference (CPD) signal at the surface of 
the sample. (G), (H) and (I) mark the top, left and right corners, respectively. Near-
field neutral exciton, 𝐗𝟎, (c) and trion, 𝐗$, (e) TEQPL, and far-field 𝐗𝟎 (d) and 𝐗$ 
(f) photoluminescence (PL) images of the complex WS2 nanoflake in a Au-Ag cavity 
with the tip-sample distance of 0.31 nm 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 far-field (FF) and near-field (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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5.3.5. Tip-sample distance dependence 

The tip-sample distance used for the TEQPL images in Figs. 5.3c and 5.3e 

corresponds to the QC regime, where the local electric field was partially quenched by the 

tunneling leading to a significant contribution of the X7 → X$  transition. The TEQPL 

images revealed a highly inhomogeneous pattern with localized regions of strong PL 

signals (hot spots) in accordance with previous reports of nano-optical imaging of 2D 

materials [17, 37] Here, we further investigated the tip-sample distance dependence from 

different spatial locations within the complex WS2 nanoflake. Fig. 5.4 shows the tip-

sample distance dependence of the X0 and X$  PL signal intensities from two spatial 

locations marked in Fig. 5.3a as spots A (Figs. 5.4b and 5.4c) and C (Figs. 5.4d and 5.4e). 

These two locations represent the typical examples of strong and weak quantum tip-

sample coupling which correspond to the complete and incomplete quenching of the PL 

signals in the QC regime. Due to the small size of the tip apex, its influence on the FF PL 

signals within 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. 5.4. 
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Figure 5.4 Tip-sample distance dependence of photoluminescence (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 
locations marked A (b, c) and C (d, e) in Fig. 5.3a. Three regimes of tip-sample 
coupling are identified in (b): (i) far-field (FF) with no tip-sample coupling (d > 10 
nm), (ii) near-field with classical tip-sample coupling (NF CC) with 0.35 nm < d < 
10 nm, and (iii) near-field 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 van der Waals 
tip-sample contact distance (0.35 nm).  
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5.3.6. Three regimes of TEPL 

We consider three different regimes of tip-sample coupling which are indicated by 

arrows and corresponding schematic diagrams in Fig. 5.4b: (i) far-field (FF) with no tip-

sample coupling (with tip-sample distance d > 10 nm and pure far-field excitation), (ii) 

near-field with classical tip-sample coupling (NF CC) with tip-sample distance 0.35 nm < 

d < 10 nm, and (iii) near-field with quantum tip-sample coupling (NF QC) with d < 0.35 

nm. The case (ii) corresponds to the classical NF coupling while the case (iii) corresponds 

to the NF coupling with strong quantum plasmonics effects due to field quenching via 

tunneling and X7 → X$transition. Fig. 5.4b shows the enhancement and quenching of the 

X7 and X$ PL signals in the NF CC and QC regimes, respectively. Interestingly, the X7	PL 

intensity at the short tip-sample distances of < 250 pm is smaller than the X7  FF PL 

intensity at the long distance of 10 nm, as indicated by the horizontal blue and green 

dashed lines in Fig. 5.4b, respectively. In the absence of the X7 → 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 the 

tunneling completely suppresses the NF enhancement in the QC regime [14]. In the case 

of the incomplete PL quenching, the PL intensities at the short tip-sample distances are 

larger than at the long distances. This is indeed observed in the incomplete quenching case 

where the NF QC PL (blue dashed line) is larger than the FF PL (green dashed line) in 

Fig. 5.4d. However, this is not the case in the complete quenching case where the opposite 

behavior is observed (Fig. 5.4b). This may be attributed to the X7 → X$  contribution 

which reduced the number of X0 below the FF limit. This shows the main difference 
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between the classical TEPL imaging technique where the tip-sample interaction only leads 

to the confinement of the enhanced electric field. Due to the inhomogeneity of the WS2 

nanoflake under the ambient conditions in air, the Schottky barrier (SB) depends 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, revealed by 

the inhomogeneous CPD images in KPFM (Figs. 5.3b and Fig. C4) result in different tip-

WS2 tunneling efficiencies, which together with SB, determine the PL quenching. The 

spatial locations in Figs. 5.2 and 5.4b showed complete PL quenching, while the spatial 

locations in Figs. 5.4d and Fig. C3 showed incomplete PL quenching. Only the spots with 

complete PL quenching showed significant decrease of the X$ signals in the QC range 

from 360 pm to 260 pm because of the strong contributions of the quantum plasmonic 

quenching effects needed to support the X7 → X$ conversion. 

5.3.7. Controlling the 𝐗𝟎 → 𝐗$transition 

Here we show that the tip-sample distance is a convenient control parameter. For 

example, Figs. 5.4c and 5.4d show zoomed-in picoscale tip-sample distance dependence 

of TEQPL signals from spatial locations A and C in Fig. 5.3a. Fig. 5.4c shows a decrease 

of the X$ PL signal with the decrease of the tip-sample distance until it reaches ~ 250 pm. 

Classically, the opposite trend is expected in which the PL signal increases with the 

decrease of 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. 
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Similar effects were previously predicted and observed in metallic plasmonic systems [13, 

14, 39]. However, after the further decrease of the tip-sample distance below 250 pm the 

X$ PL signal increases again with the simultaneous decrease of the X7 PL signal. This 

gives a strong evidence for the tunneling-induced contribution of the X7 → X$transition. 

Then, subsequently, the X$ PL signal decreases again with the further decrease of the tip-

sample distance below 240 pm which is attributed to the formation of the conductive 

channel in the reduced tip-substrate cavity gap. As a result, all the optical NF signals are 

suppressed. 

The tip-sample distance dependence plots in Fig. 5.4 show the overall quenching 

of the PL signals of neutral excitons in both CC and QC regimes. However, the signals of 

trions show less changes in the QC regime for the selected spatial locations. The quenching 

rates for the neutral excitons and trions are different due to the contribution of the X7 →

X$transition. To show more clearly the competition of these two mechanisms we use the 

peak ratio IN!/(IN/ + IN!) from the two adjacent spots E and D separated by 60 nm (Figs. 

5.5b and 5.5d). In the CC regime, these peak ratios are constant and do not depend on the 

tip-sample distance (see Fig. C2). However, in the QC regime, spot E shows a decreasing 

ratio at d < 260 pm (Fig. 5.5b) and spot D shows the opposite behavior with an increasing 

ratio (Fig. 5.5d). This can be understood by analyzing the behavior of the X7and X$ PL 

signals separately for these two spots. Fig. 5.5c shows that the X$ PL intensity in spot D 

did not significantly change, but the X7  PL intensity decreased due to the X7 →

X$transition and tunneling, respectively. This indicates a significant contribution of the 

X7 → X$ transition in spot D but also a reversal of the peak ratio and a significant 
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contribution of the opposite reaction in spot E leading to the inverse  X$ → X7 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 photo-response of excitons in 2D materials.  

 

 

Figure 5.5 Subwavelength control of trions in a 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. 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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5.4. Discussion 

The TEQPL images revealed detailed inhomogeneous properties of the samples 

that correlated with the topography and CPD measurements. TEQPL also revealed specific 

locations with different quenching behavior 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 based on the results 

shown in Fig. 5.4 into 4 cases. First, the classical PL enhancement increases with the 

decrease of the tip-sample distance. Second, the saturation of the enhancement takes place 

due to the energy transfer between the tip and the sample and the competing PL 

suppression., Third, PL control in the QC regime is achieved below the vdW distance due 

to the X7 → X$ transition. Forth, the complete suppression of the TEQPL is due to the 

broken tip-substrate cavity and the formation of the classical conductive channels shown 

in Fig. 5.4c when d < 240 pm. Though the transition to quantum plasmonic trion 

generation increases the trion density in WS2, the strong near-field quenching mechanism 

suppresses the overall near-field effects. Therefore, the tip-sample distance should be 

optimized based on 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 classical TEPL and quantum TEQPL imaging 

techniques. However, in reality, both TEPL and TEQPL contribute in the quantum 

plasmonic regime of small tip-sample distance, where the classical near-field effects of 

TEPL are still present and, in addition, the quantum plasmonic effects make a significant 
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contribution. The contribution of the TEQPL can be controlled by varying the tip-sample 

distance. Optical NF and FF images in Fig. C3 show a small contribution of TEQPL and 

a significant contribution of TEPL, that was achieved by varying the setpoint of the AFM 

measurement. The NF maps of neutral excitons and trions in Fig. C3a and C3b, 

respectively, show correlated intensity distributions of the TEPL signals (the TEQPL 

signals show anti-correlated intensity distributions but contribute less in this measurement 

due to a different AFM setpoint). The comparison between the mostly TEQPL and mostly 

TEPL signals in Figs. 5.3 and Fig. C3, respectively, shows the key differences between 

the classical and quantum plasmonic techniques. The classical TEPL technique provides 

nanoscale imaging by the plasmonic near field enhancement but does not allow for 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 

of simultaneous imaging and control in the quantum regime. 

5.5. Materials and methods 

5.5.1. Atomic force microscopy (AFM) 

We performed atomic force microscopy (AFM), Kelvin probe force microscopy 

(KPFM) and tip-enhanced quantum plasmonic (TEQPL) imaging of monolayer WS2 in a 

Au-Ag tip-substrate cavity using the state-of-the-art commercial instrument 

(OmegaScope-R coupled to LabRAM, Horiba Scientific). Plasmonic Ag tips have larger 

near field enhancement compared to the Au tips. However, Ag rapidly oxidizes in air 

reducing the tip lifetime. Therefore, the Ag tips were coated with 3 – 4 nm of Au to protect 
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from oxidation. The WS2 samples were grown on Si/SiO2 substrates via chemical vapor 

deposition (CVD) and were transferred to the atomically flat Au substrates (Platypus).  

5.5.2. AFM and TEPL scanning 

AFM measurements were performed using a silicon tip with ~ 20 nm diameter. 

The scanning step size was 25 nm. Each scan took 3 mins with a scanning rate of 1.0 Hz. 

TEPL imaging was based on the contact mode AFM. 532 nm laser (400 μW power with 

the equivalent power density of 4×105 W/cm2) was used for excitation and was 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 pixel was 0.5 s. The NF signals were 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 PL maps in Fig. 5.3, shows the absence of any 

significant thermal drift (Fig. C5). 

5.5.3. Tip-sample distance controlling 

The PL distance dependence was performed by keeping the tip stationary within 

the laser focus lifting the sample up towards 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 it was previously described [14] and is shown in Fig. C1. The 

distance-dependence data was collected using 200 steps and the 0.5 s acquisition time per 

step.  
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5.5.4. Kelvin probe force microscopy 

KPFM was performed using the same Au-coated Ag tip as was used in TEQPL for 

measuring the relative surface contact potential difference (CPD) between the sample and 

the tip. KPFM scans were performed with 25 nm step size under the 532 nm laser 

illumination.  

All experiments were performed under the ambient conditions at room 

temperature.  

5.5.5. Theoretical model 

To understand the mechanisms of the two quantum plasmonic effects, that is the 

tunneling-induced X7 → X$ transition and PL quenching, we developed a rate equation 

model describing the distance dependence of the PL of neutral excitons X7 and trions X$ 

by considering the ground |𝑔⟩, neutral exciton |X7⟩, and trion |X$⟩ states (Fig. C5a) with 

𝑁H, 𝑁F/, and 𝑁F! populations, respectively:  

2-1
23

= −𝑠Γ5(𝑑)*𝑁H − 𝑁F!, − 𝛤5(𝑑)*𝑁H − 𝑁F/, + 𝛤F/𝑁F/ + 𝛤F!𝑁F!  (5.1) 

2-./
23

= Γ5(𝑑)*𝑁H − 𝑁F/, − 𝛤J'(𝑑)(𝑁F/) + 𝛽	𝛤J'(𝑑)(𝑁F!) − 𝛤F/𝑁F/ 	 (5.2)	

2-.!
23

= 𝑠Γ5(𝑑)*𝑁H − 𝑁F!, + 𝛤J'(𝑑)(𝑁F/) − 𝛽	𝛤J'(𝑑)(𝑁F!) − 𝛤F!𝑁F!  (5.3) 

where 𝜏F7 = 1/ΓN/  and 𝜏F! = 1/𝛤N!  are the neutral exciton and trion relaxation times, 

respectively. The relaxation times of the neutral excitons and trions in WS2 at room 

temperature were approximately set to 𝜏F7 = 𝜏F! = 1	𝑝𝑠 [40]. We only consider the near-

field excitation in describing the distance dependence because the far-field excitation does 

not depend on the tip-sample distance that was kept below 10 nm. The near-field neutral 



 

86 

 

exciton pumping rate 𝛤5(𝑑) depends on the tip-sample distance due to the tunneling-

induced plasmonic field quenching. The corresponding near-field trion pumping rate 

𝑠𝛤5(𝑑)  includes the parameter s to describe the ratio of the neutral exciton to trion 

excitation rate that was set to 𝑠 = 	0.15. Since we assume that the quantum quenching 

effects contribute at d < 0.35 nm, 𝛤5(𝑑)  is described by a piecewise function 

corresponding to the classical (CC) and quantum (QC) coupling regimes, [12] 

𝛤5(𝑑) = w1 − 𝑒
$2!32'

	
, 																for			𝑑	 < 	0.35;

𝐵(𝑅 + 𝑑 − 𝑐)$0	, 			for			𝑑	 > 	0.35.
    (5.4) 

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 the 

near field. The value 1/𝑑5 = 0.02	𝑛𝑚$! describes the inverse mean tunneling distance. 

When 𝑑	 > 	0.35 nm, the pumping rate is described by the near-field tip-sample energy 

transfer function (𝑅 + 𝑑 − 𝑐)$0, where R = 25 nm is the tip apex radius and B is the 

smoothing parameter (29). The distance dependence of the tunneling-induced X7 → 𝑋$ 

transition rate is given by 𝛤J'(𝑑),  

𝛤J'(𝑑) = p𝐴𝑒
$2!3245

	,												for						𝑑	 < 	0.35;
0		, 																				for					𝑑	 > 	0.35,

     (5.5) 

where we assume 𝛤J'(𝑑) = 0  in the CC regime for 𝑑	 > 	0.35  nm due to the low 

tunneling probability for large tip-sample distance. The value 1/𝑑J' describes the inverse 

mean distance dependence of the X7 → 𝑋$ transition rate. The ratio of 𝑑J' and  𝑑5 shows 

the competition of the increase in trion PL due to the X7 → 𝑋$ transition and the decrease 

in trion PL due to plasmonic quenching. A is a normalization parameter. The inverse X$ →
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𝑋7	 transition probability was set to 𝛽 = 0.001. This model was used to fit the results 

shown in Fig. 5.4. For the complete quenching case, 𝑑J' = 0.1𝑑5, and 𝑐 = 0.234	𝑛𝑚. 

For the incomplete quenching case, 𝑑J' = 0.3𝑑5, and 𝑐 = 0.220	𝑛𝑚. Our results show 

that the main differences between the complete and incomplete quenching are the larger 

parameters 1/𝑑J'  and c in the case of the complete quenching which shows the rapid 

increase of the X7 → X$	 transition rate with the decrease of the tip-sample distance d. 

Incomplete quenching shows the slow increase of the X7 → X$	 transition rate with d that 

cannot reach a significant value before the quantum quenching suppresses the near-field 

PL. 

5.6. References 

1.  K. Mak and J. Shan, "Photonics and optoelectronics of 2D semiconductor 

transition metal dichalcogenides", Nature Photonics, vol. 10, no. 4, pp. 216-226, 2016.  

2.  R. Lv et al., "Transition Metal Dichalcogenides and Beyond: Synthesis, Properties, 

and Applications of Single- and Few-Layer Nanosheets", Accounts of Chemical Research, 

vol. 48, no. 1, pp. 56-64, 2014.  

3.  S. Butler et al., "Progress, Challenges, and Opportunities in Two-Dimensional 

Materials Beyond Graphene", ACS Nano, vol. 7, no. 4, pp. 2898-2926, 2013. 

4.  A. Boulesbaa et al., "Observation of two distinct negative trions in tungsten 

disulfide monolayers", Physical Review B, vol. 92, no. 11, 2015.  

5.  Y. You, X. Zhang, T. Berkelbach, M. Hybertsen, D. Reichman and T. Heinz, 

"Observation of biexcitons in monolayer WSe2", Nature Physics, vol. 11, no. 6, pp. 477-

481, 2015.  



 

88 

 

6.  A. Singh et al., "Trion formation dynamics in monolayer transition metal 

dichalcogenides", Physical Review B, vol. 93, no. 4, 2016.  

7.  M. Yoshida, A. Popert and Y. Kato, "Gate-voltage induced trions in suspended 

carbon nanotubes", Physical Review B, vol. 93, no. 4, 2016.  

8.  A. Mitioglu et al., "Optical manipulation of the exciton charge state in single-layer 

tungsten disulfide", Physical Review B, vol. 88, no. 24, 2013.  

9.  J. Li et al., "Tuning the photo-response in monolayer MoS2 by plasmonic nano-

antenna", Scientific Reports, vol. 6, no. 1, 2016.  

10.  N. Peimyoo, W. Yang, J. Shang, X. Shen, Y. Wang and T. Yu, "Chemically Driven 

Tunable Light Emission of Charged and Neutral Excitons in Monolayer WS2", ACS Nano, 

vol. 8, no. 11, pp. 11320-11329, 2014.  

11.  S. Liang, Z. Ma, N. Wei, H. Liu, S. Wang and L. Peng, "Solid state carbon 

nanotube device for controllable trion electroluminescence emission", Nanoscale, vol. 8, 

no. 12, pp. 6761-6769, 2016.  

12.  K. Mak et al., "Tightly bound trions in monolayer MoS2", Nature Materials, vol. 

12, no. 3, pp. 207-211, 2012. 

13.  M. Tame, K. McEnery, Ş. Özdemir, J. Lee, S. Maier and M. Kim, "Quantum 

plasmonics", Nature Physics, vol. 9, no. 6, pp. 329-340, 2013.  

14.  Y. Zhang et al., "Improving resolution in quantum subnanometre-gap tip-enhanced 

Raman nanoimaging", Scientific Reports, vol. 6, no. 1, 2016.  

15.  X. Yang et al., "Plasmon-exciton coupling of monolayer MoS 2 -Ag nanoparticles 

hybrids for surface catalytic reaction", Materials Today Energy, vol. 5, pp. 72-78, 2017.  



 

89 

 

16.  S. Najmaei, A. Mlayah, A. Arbouet, C. Girard, J. Léotin and J. Lou, "Plasmonic 

Pumping of Excitonic Photoluminescence in Hybrid MoS2–Au Nanostructures", ACS 

Nano, vol. 8, no. 12, pp. 12682-12689, 2014.  

17.  W. Su, N. Kumar, S. Mignuzzi, J. Crain and D. Roy, "Nanoscale mapping of 

excitonic processes in single-layer MoS2 using tip-enhanced photoluminescence 

microscopy", Nanoscale, vol. 8, no. 20, pp. 10564-10569, 2016.  

18.  W. Zhu et al., "Quantum mechanical effects in plasmonic structures with 

subnanometre gaps", Nature Communications, vol. 7, no. 1, 2016.  

19.  Y. Wang et al., "Strain-induced direct–indirect bandgap transition and phonon 

modulation in monolayer WS2", Nano Research, vol. 8, no. 8, pp. 2562-2572, 2015.  

20.  A. Bondi, "van der Waals Volumes and Radii", The Journal of Physical Chemistry, 

vol. 68, no. 3, pp. 441-451, 1964.  

21.  S. Yun et al., "Synthesis of Centimeter-Scale Monolayer Tungsten Disulfide Film 

on Gold Foils", ACS Nano, vol. 9, no. 5, pp. 5510-5519, 2015.  

22.  K. Wei, Y. Liu, H. Yang, X. Cheng and T. Jiang, "Large range modification of 

exciton species in monolayer WS_2", Applied Optics, vol. 55, no. 23, p. 6251, 2016.  

23.  T. Kato and T. Kaneko, "Transport Dynamics of Neutral Excitons and Trions in 

Monolayer WS2", ACS Nano, vol. 10, no. 10, pp. 9687-9694, 2016. 

24.  S. Matthews, C. Zhao, H. Zeng and F. Bright, "Effects of Acetone Vapor on the 

Exciton Band Photoluminescence Emission from Single- and Few-Layer WS2 on 

Template-Stripped Gold", Sensors, vol. 19, no. 8, p. 1913, 2019. 



 

90 

 

25.  Y. Zeng, W. Chen, B. Tang, J. Liao, J. Lou and Q. Chen, "Synergetic 

photoluminescence enhancement of monolayer MoS2via surface plasmon resonance and 

defect repair", RSC Advances, vol. 8, no. 42, pp. 23591-23598, 2018. 

26.  Y. Zeng, X. Li, W. Chen, J. Liao, J. Lou and Q. Chen, "Highly Enhanced 

Photoluminescence of Monolayer MoS2 with Self-Assembled Au Nanoparticle 

Arrays", Advanced Materials Interfaces, vol. 4, no. 21, p. 1700739, 2017.  

27.  Z. Wu, N. Zhu, J. Jiang, A. Zafar, J. Hong and Y. Zhang, "Tuning interlayer 

coupling by laser irradiation and broadband photodetection in vertical MoTe2/WS2 vdW 

heterostructure", APL Materials, vol. 7, no. 4, p. 041108, 2019. 

28.  Y. Kwon, K. Kim, W. Kim, S. Ryu and H. Cheong, "Variation of 

photoluminescence spectral line shape of monolayer WS 2", Current Applied Physics, vol. 

18, no. 8, pp. 941-945, 2018.  

29.  M. Drüppel, T. Deilmann, P. Krüger and M. Rohlfing, "Diversity of trion states 

and substrate effects in the optical properties of an MoS2 monolayer", Nature 

Communications, vol. 8, no. 1, 2017. 

30.  T. Berkelbach, M. Hybertsen and D. Reichman, "Theory of neutral and charged 

excitons in monolayer transition metal dichalcogenides", Physical Review B, vol. 88, no. 

4, 2013. 

31.  A. Chernikov et al., "Exciton Binding Energy and Nonhydrogenic Rydberg Series 

in MonolayerWS2", Physical Review Letters, vol. 113, no. 7, 2014. 

32.  E. Courtade et al., "Charged excitons in monolayer WSe2: Experiment and 

theory", Physical Review B, vol. 96, no. 8, 2017. 



 

91 

 

33.  S. Borghardt et al., "Engineering of optical and electronic band gaps in transition 

metal dichalcogenide monolayers through external dielectric screening", Physical Review 

Materials, vol. 1, no. 5, 2017. 

34.  D. Van Tuan, M. Yang and H. Dery, "Coulomb interaction in monolayer 

transition-metal dichalcogenides", Physical Review B, vol. 98, no. 12, 2018. 

35.  K. Park, O. Khatib, V. Kravtsov, G. Clark, X. Xu and M. Raschke, "Hybrid Tip-

Enhanced Nanospectroscopy and Nanoimaging of Monolayer WSe2 with Local Strain 

Control", Nano Letters, vol. 16, no. 4, pp. 2621-2627, 2016. 

36.  X. Wang, D. Zhang, K. Braun, H. Egelhaaf, C. Brabec and A. Meixner, "High-

Resolution Spectroscopic Mapping of the Chemical Contrast from Nanometer Domains 

in P3HT:PCBM Organic Blend Films for Solar-Cell Applications", Advanced Functional 

Materials, vol. 20, no. 3, pp. 492-499, 2010. 

37.  D. Voronine, G. Lu, D. Zhu and A. Krayev, "Tip-Enhanced Raman Scattering of 

MoS2", IEEE Journal of Selected Topics in Quantum Electronics, vol. 23, no. 1, pp. 138-

143, 2017. 

38.  "The physics and chemistry of the Schottky barrier height", Applied Physics 

Reviews, vol. 1, no. 1, p. 011304, 2014. 

39.  J. Zuloaga, E. Prodan and P. Nordlander, "Quantum Description of the Plasmon 

Resonances of a Nanoparticle Dimer", Nano Letters, vol. 9, no. 2, pp. 887-891, 2009. 

40.  Y. Yu et al., "Equally Efficient Interlayer Exciton Relaxation and Improved 

Absorption in Epitaxial and Nonepitaxial MoS2/WS2 Heterostructures", Nano Letters, 

vol. 15, no. 1, pp. 486-491, 2014. 



 

92 

 

6. CONCLUSIONS 

In this paper, I demonstrate four works corresponding to different applications of 

tip-enhanced spectroscopy including Raman scattering and photoluminescence. To study 

molecular modes in the chapter 2 and chapter 3, Raman spectroscopy is of more value. 

The performance of vibrational modes helps to understand the enhancement mechanisms 

of the tip enhancement technique. In the chapter 3 and 4, for 2D semiconductors, we refer 

to photoluminescence emissions because they are corresponding to the inter-band 

transitions. 

Chapter 2 shows the different effects of electromagnetic and chemical mechanisms 

of TERS. The chemical mechanism allows new bonds to form while tip contacts 

molecules. This can result in peak shifts involving the changes of peak ratios. In this 

chapter we also explain the possibility to have new peaks due to metal-molecule bonds 

formation. 

Chapter 3 demonstrate a proof of principle experiment of single-molecule imaging. 

We designed a careful TERS scanning at 0.5 nm spatial resolution. Moreover, through the 

data analysis based on the correlation coefficients, we achieve quick DNA sequencing 

with a reasonable correction rate at 92%. 

Chapter 4 and chapter 5 shows how we apply TEPL to photoelectron transitions 

within 2D semiconductors. The chapter 4 mainly focuses on the hot electron injection 

effects caused by TEPL. The chapter 5 then discusses the tip-enhanced quantum 

plasmonic effect and how it impacts the quasiparticle reactions. We prove that metallic 
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nano-tips can be a good candidate for manipulating electronic properties in a nanoscale 

regime. 

Displaying TERS and TEPL in both classical and quantum conditions, we show 

how to conduct single-molecule level mapping of chemical components and active sites 

of nano-reactors. 
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APPENDIX A 

SUPPLEMENTARY MATERIALS OF CHAPTER 3* 

Sample preparation 

M13mp18 single stranded bacteriophage DNA was produced in-house following 

a previously established protocol. [1] Gold substrates (Ted Pella) were cleaned with 

compressed air immediately before sample deposition. M13mp18 ssDNA in 50 µL of 1X 

TAE-Mg buffer (40 mM Tris-HCl pH 7.5, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM 

magnesium acetate) was deposited on the gold surface and equilibrated at room 

temperature for 30 s. DNA concentrations from 0.4 nM to 40 pM were tested. A gentle 

stream of nitrogen was blown over the sample in an attempt to reduce the aggregation and 

coiling of the circular ssDNA along the gold surface. Excess liquid was then wicked away 

with a KIMWIPE and each sample was washed once with 50 µL of UltraPure H2O before 

being fully dried at room temperature. 

AFM and TERS measurement 

A HORIBA-AIST-NT AFM system was used for the AFM-TERS setup.  The tip 

was a silicon corn (d = 20 to 40 nm) covered with a silver layer.  The excitation light at 

532 nm was focused on the tip through an objective (100X, NA 0.7) mounted at 45 

degrees.  The substrate was a glass coverslip coated with a thin layer of gold (50 nm thick) 

and mounted on a motorized stage allowing the stage to shift during TERS scanning. The 

 

* Reprinted/adapted with permission from “Tip-enhanced raman imaging of single-stranded DNA with 
single base resolution” by He, Z., Han, Z., Kizer, M., Linhardt, R. J., Wang, X., Sinyukov, A. M., ... & 
Scully, M. O., 2018. Journal of the American Chemical Society, 141(2), 753-757, Copyright 2019 by 
American Chemical Society 
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tip, controlled by the AFM cantilever, was operated in tapping mode to avoid damaging 

the sample. The tapping amplitude was set at 10 nm. Meanwhile, the scanning rate was 

set to 0.5 Hz to attenuate the shear force on the sample during scanning. The tip contacts 

samples for TERS measurements. The original setpoint of AFM scanning is around 19000 

a.u. For TERS measurements, two spectra were collected at each spot using a tip-sample 

distance 𝑑HO5 < 1	𝑛𝑚 (tip in contact) and 𝑑HO5~20	𝑛𝑚 (tip retracted). When the tip is in 

contact, the shift of normal force is 50 nN from the setpoint. The contact gain is 500. The 

acquisition time for each spectrum was 4 s. The laser power at the focal volume is 1 mW 

since higher laser power can easily damage DNA. All measurements are performed under 

the ambient condition. 

Data analysis 

The correlations between the measure spectra and a template is: 

𝐶𝑜𝑟𝑟(𝑎, 𝑏) = ∑ (O&$OR)(T&$TR)&

U∑ VO6$ORW
7

6 ∑ (T8$TR)78

      (A.1) 

where 𝑎  and 𝑏  represent the intensities of measurements and templates 

respectively. The values 𝑎� and 𝑏� are the average values of the intensity arrays of 𝑎 and 𝑏. 

By scanning the center of reference Gaussian peaks in these ranges, the normalized 

correlation coefficient can be found to evaluate probabilities of four nucleobases.  

𝑃4 =
JXYY&

∑ JXYY66
         (A.2) 

where 𝑖 or 	𝑗 represents bases A, G, C, or T, and Pi represents the probability of 

the nucleobase type 	𝑖. 
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Table A1. The peak assignment table of DNA nucleobases. [2,3,4,5,6] Only 
separated peaks of A, C, G, T bases are shown.  Labels A1, A2, C1, C2, G1, G2, T1, 
T2 are used for the following discussion. 
 

Base Label Raman Shift (cm-1) Vibration mode 

A A1 735~737 1  Ring breathing 

A2 1467~1492	 1, 2, 3, 4 C=N stretch, CH bend, CN 

C C1 799~801 1, 2 Ring breathing 

C2 1235~1270 1, 2, 3, 4 C-N ring stretch 

G G1 954~958 1 5-ring deformation 

G2 1545~1554 1, 2, 4 Ring stretch CN 

T T1 778~782 1 Ring breathing 

T2 1366~1373 2, 3, 4 CN, CH3 stretch 
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Table A2. Six repeating results from 3 different samples.  Sample 1 and the DNA in 
Fig. 3.4 are on the same substrate.  Samples 2 and 3 are on a different substrate.  
Three different tips are used for sample1, 2 and 3. Samples 2 and 3 both contain 10 
fmol of M13mp18 DNA.  The error of TERS sequencing and the average error for 
a random sequence are shown. The random trials were repeated 100,000 times for 
each case.  
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Figure A1. A sample bar chart from the sample 1 row 55 in Table A2.  (a) The 
TERS image shows a DNA strand width of 0.5 nm.  (b) DNA sequence is retrieved 
from TERS signals and labeled at the bottom.  The bar length shows the 
probability of each nucleobase type. 
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Figure A2. The test of the best sequence matching with 24-base random strings and 
any 24-base string of	the 7249-base M13mp18 DNA. It was repeated for 10 million 
times.  The average number of mismatching errors is 9.4. The probability of our 
results (2 errors in 24 bases) is less than 1/10,000,000.  
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Figure A3. The spectral templates for A, C, G, T.  We assume a Gaussian function 
for the spectral templates: 

𝒈 = 𝑨𝒆
$(𝒙$𝒙𝟎)𝟐

𝟐𝝈𝟐  
(a) Because the TERS peaks may shift due to the impact of the plasmonic tip, we 
need to consider spectral templates with ranges of peak values.  The centers of the 
template peaks are located in the range showed by the width of the corresponding 
bars in (a).  We vary the peak centers using the parameter x0 to achieve the 
maximum correlation coefficients in Eq. 1.  The normalized amplitudes and 
FWHMs used in our calculation are listed in (b) according to the previous 
publications. [2, 4] 
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Figure A4. The spectra of 4 nucleobases. The third-order polynomial baseline 
correction was applied in order to identify peaks. The corresponding bases are 
labelled on the right side. The spectra (a, b, d-h) are related to spots 15(A), 21(A), 
26(GC), 7(G), 8(G), 13(T), 19(T) shown in Fig. 3.4 (c) is at the spot 2 of 
“sample2_row49” displayed in Table A2. 
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Figure A5. The row data of “sample2_row66” in Table A2. The measured bases are 
label on the right side of each spectrum.  
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Figure A6. Enhancement of TERS (red) compared to the standard Raman (blue) 
signal at the sample spot with an acquisition time of 4 s. The peak at 1602 cm-1 
corresponds to the vibration modes of nucleobases. 
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 APPENDIX B 

SUPPLEMENTARY MATERIALS OF CHAPTER 4* 

 

Figure B1. 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 0.36 nm due to the classical 
plasmonic enhancement. When the distance is smaller than 0.36 nm, the PL 
intensity increases within the distance of 0.1 nm due to the classical plasmonic near 
field 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 WSe2 due to the difference in the PL and 
tunneling efficiencies of the two materials. (c) Distance-dependence of the PL 
spectra of the pure monolayer WSe2 and MoSe2. Compared with the results from 
the heterostructure shown in Fig. 4.3a, no significant quenching of WSe2 PL and no 
enhancement of MoSe2 PL was observed. 

 

* Reprinted/adapted with permission from Tang, C., He, Z., Chen, W., Jia, S., Lou, J., & Voronine, D. V., 
“Quantum plasmonic hot-electron injection in lateral WSe2/MoSe2 heterostructures.” by Physical Review 
B, 98(4), 041402, 2018, Copyright 2018 by American Physical Society 
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Figure B2. Repeated experiments using a different WSe2-MoSe2 heterostructure 
and comparison with the pure 2D materials: PL intensity dependence on the tip-
sample distance d. (a) PL of pure WSe2 increases when d > 0.36 nm. (b) PL of pure 
MoSe2 slightly increases when d > 0.36 nm and slightly decreases when d < 0.36 nm. 
At the junction of the heterostructure (HS), PL of the WSe2 component shows 
quenching (c) while the MoSe2 component shows enhancement (d) in the quantum 
plasmonic regime when d < 0.36 nm. 
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APPENDIX C 

SUPPLEMENTARY MATERIALS OF CHAPTER 5* 

 

Figure C1. AFM force-distance diagram. The diagram shows four stages during the 
tip-sample approach. (I) When the tip is far from the sample (d > 10 nm), the 
interaction force between the tip and the sample is weak. (II) When the tip is close 
to the sample surface (0.35 nm < d < 10 nm), the tip interacts with the sample and 
“jumps to contact” due to the attractive van der Waals (vdW) forces. (III) Further 
approach beyond the vdW contact distance (d < 0.35 nm) leads to a further 
decrease of the tip-sample distance. (IV) The vdW repulsive force surpasses the 
attractive force in the linear force-distance regime where the actual normal force is 
∆𝑵 = 𝑵𝒗𝒅𝑾 −𝑵𝒕𝒆𝒏𝒔𝒊𝒐𝒏 (18). The vdW repulsive force is estimated by 𝑵𝒗𝒅𝑾 =
𝜶𝒙$𝟏𝟑, where 𝜶~𝟏𝟎$𝟕	𝒏𝑵 ∙ 𝒏𝒎𝟏𝟑 is determined at the balance point (𝐱 = 𝒓𝑨𝒖 + 𝒓𝑺, 
𝑵𝒗𝒅𝑾 = 𝑵𝒕𝒆𝒏𝒔𝒊𝒐𝒏). The resulting actual force-distance relation for x < 0.35 nm is 
shown in the inset below (blue dots). 

 

* Reprinted/adapted with permission from “Quantum plasmonic control of trions in a picocavity with 
monolayer WS2.” by He, Z., Han, Z., Yuan, J., Sinyukov, A. M., Eleuch, H., Niu, C., ... & Scully, M. O., 
2019. Science advances, 5(10), eaau8763. © The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. Distributed under a Creative Commons Attribution 
NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/ 
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Figure C2. Tip-sample distance dependence of the neutral exciton/trion 
photoluminescence. (a) – (e) Tip-sample distance dependence of the 
photoluminescence (PL) peak ratio 𝐈𝐗!/*𝐈𝐗𝟎 + 𝐈𝐗!, and (f) – (j) PL spectra at 
different tip-sample distances (highlighted in the decreasing order by the approach 
arrows) corresponding to the spatial locations marked A–E, respectively, in the 
WS2 nanoflake shown in Figs. 5.3a and 5.3b.  



 

109 

 

 
Figure C3. Classical TEPL imaging. Spatial maps of the near-field (a, b) and far-
field (c, d) PL intensities of neutral excitons 𝐗𝟎 (a, c) and trions 𝐗$ (b, d) in the 
complex WS2 nanoflake in a Au-Ag cavity obtained with similar experimental 
parameters as shown in Fig. 5.3 except for a different AFM setpoint value, which 
reduces the normal force of the tip on the sample and increases the tip-sample 
distance. This NF images in (a) and (b) have a larger contribution of the classical 
TEPL signal. The red dashed line highlights the selected area with a zoomed-in 
image shown in Figure C8. 
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Figure C4. Kelvin probe force microscopy. The KPFM results under different 
conditions: (a) without laser; (b) with a 532 nm laser. Laser power was 400 𝝁𝑾, 
which is same as for the TEQPL measurement. The CPD values of the corner 
regions G and I are substantially enhanced due to the charge doping effect.  
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Figure C5. AFM obtained during TEQPL imaging. AFM height profiles of the 
complex WS2 nanoflake obtained during the TEQPL imaging simultaneously with 
the optical FF and NF maps shown in Fig. 5.3. No significant thermal drift is 
observed. 
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Figure C6. Repeated distance dependence measurements of spot B. 
Reproducibility: repeated experiments on spot B marked on a complex WS2 
nanoflake in Fig. 5.3a for two consecutive measurements (i) and (ii). Distance-
dependent PL intensity of neutral excitons 𝐗𝟎 (blue) and trions 𝐗$ (red) in the 
whole range (left) including the classical coupling (CC) and quantum coupling (QC) 
regimes, and the zoomed-in distance dependence in the QC regime (right).  
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Figure C7. Anti-correlated distributions of neutral excitons and trions under 
TEQPL. Spatial maps of the near-field (a, b) and far-field (c, d) PL intensities of 
neutral excitons 𝐗𝟎 (a, c) and trions 𝐗$ (b, d) from a zoomed-in area in complex 
WS2 nanoflake in a Au-Ag cavity marked by a yellow dashed rectangle in Fig. 5.3e. 
Near-field PL signals (a) and (b) show anti-correlated spatial distributions of 
neutral excitons and trions, revealing trion “hot spots” highlighted by dashed 
circles in (b). The corresponding far-field PL images (c) and (d) show poor spatial 
resolution and lack of any anti-correlated features due to the 𝐗𝟎 → 𝐗$ transition.  
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Figure C8. Mixed distributions of neutral excitons and trions. Spatial maps of the 
near-field (a, b) and far-field (c, d) PL intensities of neutral excitons 𝐗𝟎 (a, c) and 
trions 𝐗$ (b, d) from a zoomed-in area highlighted by the red dashed rectangle in 
complex WS2 nanoflake in a Au-Ag cavity shown in Figure C3. Near-field PL 
signals (a) and (b) show anti-correlated spatial distributions of neutral excitons and 
trions, revealing trion “hot spots” highlighted by dashed circles. The corresponding 
far-field PL images (c) and (d) show poor spatial resolution and lack of any anti-
correlated features due to the 𝐗𝟎 → 𝐗$ transition.  
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Figure C9. The model and simulation of TEQPL. Theoretical model (a) and 
simulated distance dependence (b) of the PL of neutral excitons 𝐗𝟎 (blue) and 
trions 𝐗$ (red) in monolayer WS2 in a Au-Ag cavity. The main kinetic parameters 
are the neutral exciton pumping rate 𝜞𝐩, charge transfer 𝐗𝟎 → 𝑿$ transition rate 
𝜞𝑪𝑻, and the trion pumping rate 𝐬𝚪𝐩, where s is the relative neutral exciton-trion 
pumping ratio. 𝚪𝐗𝟎 and 𝚪𝐗$ are the neutral exciton and trion decay rates, 
respectively.  
 

 

 
Figure C10. Photoluminescence (PL) and peak assignment of WS2 on Si/SiO2.  (a) 
Integrated PL image of monolayer WS2 (outer area) with the bilayer WS2 in the 
center. (b) Experimental PL spectrum (dotted) and Gaussian fittings of 𝐗𝟎 (blue 
line) and 𝐗$ (red line) in monolayer WS2 in the CC regime, centered at 623 nm and 
633 nm, respectively. 


