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Abstract 

 

Strained mono- and multilayer MoS₂ structures were synthesized via exfoliation onto 

thin gold films followed by annealing at 400 °C. Annealing transformed the gold film into 

nanoparticles, leading to suspended MoS₂ regions. Raman spectroscopy revealed enhanced 

local strain in suspended monolayer regions compared to those supported by the SiO₂ 

substrate. Tunneling atomic force microscopy (TUNA) measurements showed that the 

conductance in monolayers is modulated by both strain and charge transfer from gold 

nanoparticles. In contrast, the conductance of multilayer MoS₂ showed variations primarily 

reflecting the effects of strain, indicating local strain-induced narrowing of the bandgap. 
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1. Introduction 

 

The manipulation of electronic properties in two-dimensional (2D) materials through 

mechanical strain has emerged as a promising avenue for advancing nanoscale device 

technologies [1, 2, 3, 4, 5]. Among these materials, molybdenum disulfide (MoS2) has garnered 

significant attention due to its unique electronic and optical properties [6, 7, 8, 9]. Multilayer 
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(bulk) MoS2 has an indirect band gap of 1.2 – 1.3 eV [6, 10], while in monolayer form it has a 

direct band gap of 1.8 – 1.9 eV [6, 11]. Mechanical strain in monolayer or few-layer MoS2 can 

be induced through various methods, which – among others – include applying external stress 

with a four-point bending apparatus [12], depositing on pre-strained elastomeric substrate 

[13], spontaneous formation of sub-micrometer bubbles [14], deforming the structure into 

dome-like shape by applying gas pressure differences [15, 16], or generating periodic strain 

patterns using nanoimprint technique [17]. In addition to these methods, other innovative 

techniques have been explored for inducing strain in MoS2. For instance, the introduction of 

chemical dopants into the lattice has been shown to induce local strain fields [18]. Additionally, 

mechanical stress could be induced by the tip of an atomic force microscope (AFM) and applied 

to enhance the electrical transport characteristics of MoS2 vertical junctions [19]. It was shown 

that the optical band gap of MoS2 decreased approximately linearly with increasing uniaxial 

strain, at a rate of 45−48 meV/% strain for monolayer [12, 20], and ~120 meV/% strain for 

bilayer [12]. Also, biaxial strain applied to monolayer MoS2 modulated its optical band gap at 

a rate of ~99 meV/% strain [15]. Furthermore, it was found that the strain induced in few-layer 

MoS2 bubbles (2−5 layers) decreased the optical bandgap at a very similar rate, around 110 

meV/% [21]. Moreover, the nanoscale strain due to bending can reduce locally the electronic 

bandgap in monolayer MoS2 at a significant rate of 400 meV/% [22]. Beyond the linear 

decrease in the optical band gap mentioned above, several other strain-induced effects have 

been reported. For example, strain has been shown to influence the valley polarization in MoS2 

[23]. Experimental studies further demonstrate that strain can lead to a transition from direct 

to indirect band gap in monolayer MoS2 [24, 25]. Moreover, strain has been shown to induce 

enhanced photocurrent, higher carrier mobility, and improved on/off ratio of MoS2-based 

devices [26]. 

The use of nanostructured gold surfaces [27, 28, 29] or gold nanoparticles (Au NPs) [30, 

31, 32, 33] has emerged as an effective approach to induce nanoscale strain in MoS2 layers. 

The strong interaction with the gold substrate implies charge transfer [34] and can induce 

electronic structure renormalization upon light illumination [35]. Furthermore, the doping 

from surface plasmons [29, 36] can result the local distortion of the MoS2 lattice [36], and 

enhanced photocurrent in hybrid MoS2/Au NPs devices [37]. This study investigates the strain 

modulation of local conductance in MoS2 layers induced by underlying Au NPs. By exfoliating 

MoS2 onto thin gold films and subsequently annealing, we create strained mono- and 
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multilayer MoS2 structures. This process transforms the gold film into nanoparticles, leading 

to suspended MoS2 regions that exhibit enhanced local strain. Through a combination of 

Raman spectroscopy and tunneling atomic force microscopy (TUNA), we reveal insights into 

the local conductance behavior of MoS2, highlighting the potential of strain engineering in 

tailoring its electronic properties for future nanoscale applications. 

 

 

2. Experimental 

 

2.1. Materials and processes 

Thin gold films with nominal thicknesses of 8 nm and 15 nm were deposited onto 

SiO2/Si substrates at a background pressure of 5 × 10−7 mbar and an evaporation a rate of 0.1 

nm/s. The substrates were held at room temperature during deposition. MoS2 single- and few-

layers were prepared on top of the deposited gold films by mechanical exfoliation of high-

quality synthetic bulk MoS2 crystals (2D semiconductors). The samples were subsequently 

annealed in an electric furnace for 60 min at 400 °C under a flowing Ar atmosphere of 100 

mL/min. During the annealing process, the thin gold films were transformed into 

nanoparticles. 

 

2.2. Characterization 

The MoS2/Au NPs hybrids were characterized by confocal Raman spectroscopy (WITec 

alpha300) using a focused 488 nm laser beam (spot size of ~0.5 µm) at power of 0.5 mW. The 

measurements were performed under a 100x Zeiss EC Epiplan-Neofluar objective with 

numeric aperture NA=0.9 and working distance of 0.31 mm. The UHTS 300 spectrometer 

(WITec) was used with a grating of 600 lines/mm, featuring a spectral resolution up to 

0.03 𝑐𝑚−1. 

Tapping mode AFM measurements on the hybrid nanostructures were carried out 

using PointProbe® Plus cantilevers (PPP-NCHR, Nanosensors) with tip radius curvature less 

than 10 nm. Local conductance measurements were performed using tunneling atomic force 

microscopy (TUNA; MultiMode 8, Bruker) and SCM-PtSi cantilevers (Bruker) with nominal tip 

radius curvature of 15 nm. The TUNA measurements were executed in PeakForce tapping 

mode (Bruker). The topographic data were recorded at the peak force of ~1 nN set between 
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the sample and the cantilever, while tunneling conductance maps were recorded in parallel 

with the topographic data. The MoS2 flakes investigated using TUNA were first contacted with 

a Sn(48%)/In(52%) solder wire.  

 

 

3. Results and discussion 

  

A typical optical image measured after exfoliation onto a thin gold film (of nominal 

thickness 15 nm) is shown in Figure 1a, where MoS₂ layers of different thicknesses can be 

identified. An AFM topography image of two overlapping monolayers (marked with a black 

square in Fig. 1a) is presented in Figure 1b. The dark spots in the image correspond to gold 

nanovoids in the deposited film. Figures 1c-d show the AFM topography and phase images 

measured simultaneously in the same area as in Fig. 1b after annealing at 400 °C. One can 

observe that the thin gold film transformed into flat nanoparticles with lateral dimensions of 

the order of hundred nanometers and heights typically ranging between 50 and 100 nm (see 

also Fig. S1 of the Supplementary Information). Different regions were identified using the 

phase image (Fig. 1d). The light-toned regions with phase values greater than 15° correspond 

to bare Au NPs on the SiO2 substrate, while the dark-toned regions with phase values less than 

-10° correspond to the overlapped monolayers (double layer). As is evident from the 

topography (Fig. 1c), this double layer was suspended on the gold NPs. Note that the areas 

that are directly supported by gold NPs are also light-toned in the phase image (positive phase 

values). AFM measurements also revealed that the MoS2 monolayers did not perfectly cover 

the nanoparticle-decorated SiO2 substrate. There are regions where monolayers are 

suspended between the Au NPs, such as the region marked with ellipses in Figures 1c-d. 
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Figure 1. (a) Optical microscopy image of MoS2 layers exfoliated onto a thin gold film. (b) AFM 

topography measured in the area marked with a black square in (a) showing two overlapping 

MoS2 monolayers. (c)–(d) AFM topography and phase images measured simultaneously in the 

same area as in (b) after annealing at 400 °C, showing that the thin gold film transformed into 

nanoparticles. The region with phase values > 15° (light-toned) corresponds to bare Au NPs on 

the SiO2 substrate, whereas the region with values < -10°(dark-toned) corresponds to a double 

layer (overlapped monolayers) suspended on the gold NPs. Suspended monolayer parts are 

marked with ellipses in (c)–(d). 

 

This is further illustrated in Figure 2, which presents the AFM topographic (Fig. 2a) and phase 

(Fig. 2b) images of a suspended monolayer measuring approximately 3 µm2. 
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Figure 2. AFM topography (a) and phase (b) images of monolayer MoS2 suspended on Au NPs. 

Trenches and ridges formed in the MoS2 connect neighboring Au NPs. 

  

One peculiar feature of the suspended monolayer is that it becomes rippled, forming trenches 

and ridges between the gold nanoparticles, which are more distinctly visible in the phase 

image. This behavior results from the stretching dynamics experienced by the MoS₂ during 

annealing. As portions of the monolayer conform to the evolving morphology of the gold 

nanoparticles, they induce tensile stress in adjacent regions. This mechanical coupling inhibits 

neighboring areas from fully adapting to the nanoparticle curvature, thereby promoting the 

formation of suspended regions. The observed trenches and ridges indicate the development 

of significant mechanical strain in the suspended monolayer. 

To investigate this further, we performed confocal Raman spectroscopy on the area 

shown in Figure 1. Raman maps of 10 × 10 µm2 were measured by scanning the sample below 

the focused laser beam in steps of 250 nm. In each step, the Raman spectrum was collected 

for 3 s. Comparing these Raman maps to the AFM images we could identify the Raman spectra 

corresponding to the suspended MoS2 monolayer regions, as they result in lower E2g
1  peak 

values, see Figure 3. 
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Figure 3. (a) Raman map of 10 × 10 µm2 measured in the area marked with black square in Fig. 

1a) (rotated 90°clockwise), showing the distribution of the 𝐸2𝑔
1  peak position. (b) AFM image 

performed on the MoS2 monolayer (its edge is marked with green line). Comparing the AFM 

image to the Raman map in a), the suspended MoS2 regions are well identified in the Raman 

map as well (blue arrows), as they result in lower 𝐸2𝑔
1  peak values. 

 

The correlative plot in Figure 4 shows a relatively narrow distribution of A1g and E2g
1  peak 

positions (green symbols) measured on the MoS2 monolayer parts that cover almost 

conformally the nanoparticle-decorated SiO2 substrate. In contrast, in the case of MoS2 

suspended on Au NPs, the figure reveals a significantly broader distribution of the same peak 

positions (blue symbols), especially for the E2g
1  peak, which varies from 378.2 cm-1 to 382.8 

cm-1. The averages of the two data groups are (𝜔𝐴1𝑔

𝑠𝑢𝑏𝑠𝑡𝑟., 𝜔𝐸2𝑔
1

𝑠𝑢𝑏𝑠𝑡𝑟.)=(402.8 cm-1, 383.8 cm-1) and 

(𝜔𝐴1𝑔

𝑠𝑢𝑠𝑝., 𝜔
𝐸2𝑔

1
𝑠𝑢𝑠𝑝.

)=(401.1 cm-1, 380.8 cm-1), respectively. The corresponding average Raman 

spectra are shown in the inset of Figure 4. Here, we note that the A1g peak intensities are 2.1 

times, while the E2g
1  peak intensities are 3.2 times larger for the MoS2 conformed to the 

substrate topography. This significant difference is attributed to the surface-enhanced Raman 

effect, where the MoS2 parts that are closer to the substrate interact more strongly with the 

locally enhanced near-fields, resulting in more intense peaks. In contrast, the suspended MoS2 

regions are stretched above these interparticle spaces and are positioned farther from the 

“hot spots”. 
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Figure 4. Correlation plot of Raman 𝐴1𝑔 and 𝐸2𝑔
1  peak positions of monolayer MoS2 suspended 

on Au NPs (blue symbols) compared with monolayer MoS2 regions that conformally covered 

the nanoparticle-decorated SiO2 substrate (green symbols). The black lines represent the strain 

lines for ideally undoped monolayer MoS2, while the red lines represent the doping lines for 

ideally unstrained monolayer MoS2. The average peak positions calculated from 90 

measurements are shown with red and black symbols, respectively. The corresponding average 

spectra are shown in the inset (after background removal). 

 

In Figure 4 we also plotted the lines describing pure biaxial strain (black line) and pure charge 

doping (red line). The strain (𝜀) and doping (𝑛) corresponding to each experimental 

(𝜔𝐴1𝑔
, 𝜔𝐸2𝑔

1 ) point can be evaluated using the relations: 

𝜔𝐸2𝑔
1 = 𝜔𝐸2𝑔

1
0 − 2𝛾𝐸2𝑔

1 𝜔𝐸2𝑔
1

0 𝜀 + 𝑘𝐸2𝑔
1 𝑛,     (1) 

𝜔𝐴1𝑔
= 𝜔𝐴1𝑔

0 − 2𝛾𝐴1𝑔
𝜔𝐴1𝑔

0 𝜀 + 𝑘𝐴1𝑔
𝑛,    (2) 

where 𝛾𝐸2𝑔
1 =  0.68 and 𝛾𝐴1𝑔

=  0.21 are the Grüneisen parameters of monolayer MoS2 [15], 

while 𝑘𝐸2𝑔
1 = −0.33 × 10−13 𝑐𝑚 and 𝑘𝐴1𝑔

= −2.2 × 10−13 𝑐𝑚 are the peak shift rates due to 

electron concentration 𝑛 [38]. We used 𝜔𝐸2𝑔
1

0 = 385 𝑐𝑚−1 and 𝜔𝐴1𝑔

0 = 405 𝑐𝑚−1 for an 

ideally unstrained and undoped MoS2 monolayer [15]. The line for pure strain is derived by 

solving the system of equations (1) and (2) for 𝑛 = 0: 
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𝜔𝐴1𝑔
= 𝜔𝐴1𝑔

0 +
𝛾𝐴1𝑔𝜔𝐴1𝑔

0

𝛾
𝐸2𝑔

1 𝜔
𝐸2𝑔

1
0 (𝜔𝐸2𝑔

1 − 𝜔𝐸2𝑔
1

0 ).    (3) 

Similarly, the relation for the doping line can be obtained by considering 𝜀 = 0: 

𝜔𝐴1𝑔
= 𝜔𝐴1𝑔

0 +
𝑘𝐴1𝑔

𝑘
𝐸2𝑔

1
(𝜔𝐸2𝑔

1 − 𝜔𝐸2𝑔
1

0 ).      (4) 

By projecting the averages of the experimental data along the doping line (red dashed lines in 

Fig. 4), we calculated the average strain corresponding to the two data groups using 𝜀 =

(𝜔𝐸2𝑔
1

0 − 𝜔𝐸2𝑔
1 ) 2𝛾𝐸2𝑔

1 𝜔𝐸2𝑔
1

0⁄ . We found an average tensile strain of 0.73% for the MoS2 

monolayer suspended on Au NPs and 0.18% for the regions conformally coating the 

nanoparticle-decorated SiO2 substrate. Additionally, the strain distribution in the suspended 

monolayer showed substantial variability, with the calculated values ranging from 0.38% to 

1.26%. Equivalently, we calculated the average doping values by projecting along the strain 

line (black dashed lines) and using 𝑛 = −(𝜔𝐴1𝑔

0 − 𝜔𝐴1𝑔
) 𝑘𝐴1𝑔
⁄ . We obtained an average n-type 

doping of 1.24 × 1013 𝑐𝑚−2 and 0.86 × 1013 𝑐𝑚−2 for suspended and substrate-supported 

MoS2 monolayer regions, respectively. This shows a slightly larger doping when the flakes are 

suspended on the Au NPs. This minor variation may originate from carbonaceous impurities 

trapped beneath the suspended monolayers [39].  

 To investigate the effect of strain on the local conductance of the MoS2 monolayers, we 

performed tunneling measurements using TUNA AFM close to the area marked with the black 

square in Fig. 1a. The topography of the study area is shown in Figure 5a. Here, the larger part 

of the image shows gold nanostructures covered with monolayer MoS2, except for the left 

edge of the image, which shows a few-layer MoS2. The few-layer/monolayer MoS2 boundary 

is indicated by the dashed white line. Figures 5b–d show composite images of the tunneling 

current maps measured at different bias voltages (𝑈), superimposed on the topographic image 

in Fig. 5a. Note that at 𝑈 = 2 𝑉 (Fig. 5b), only some of the bent MoS2 monolayer parts display 

nonzero conductance. Increasing the bias voltage to 4 𝑉 (Fig. 5c) a larger region becomes 

conductive, and this tunneling conductance is further enhanced at 𝑈 = 6 𝑉 (Fig. 5d). It is 

important to note that at these higher voltages, finite conductance is measured not only on 

the bent parts, but also on the MoS2 parts which are directly supported by gold 

nanostructures. Furthermore, it is striking that even in the case of the few-layer MoS2, the 

conductance increases in areas that are in contact with the underlying Au NPs (light-blue 

patches in Fig. 5d). This indicates significant charge transfer from the Au NPs and that 
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electronic interaction with the gold [28, 30] results in a significant contribution to the 

measured conductance. It should also be noted that the MoS2 slopes at the nanoparticle edges 

(Fig. 5a) are relatively steep (see Figure S2 of the Supplementary Information). Besides 

inducing high strain, such sharp edges can enhance local currents by increasing the effective 

tunneling area between the side of the tip and the slope. To minimize this potential 

contribution, smaller nanoparticles were employed, as discussed in the following paragraph. 

 

 

Figure 5. (a) TUNA AFM topography and (b)–(d) tunneling current images of monolayer MoS2 

covering Au NPs. The current maps overlap with the topographic images. The dashed white 

line marks the few-layer/monolayer MoS2 boundary. The tunneling current maps were 

measured at bias voltages (U) of 2 V (b), 4 V (c) and 6 V (d).  

 

It is worth noting that in Figures 5b–d, several regions of the monolayer MoS₂ covering the Au 

NPs exhibit no detectable conductance. This lack of conductance is attributed to a structural 

discontinuity (fracture) within the monolayer in these regions (see Figure S3), most probably 

resulting from extreme local mechanical stretching induced during the annealing process. . 
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 To exclude the electronic interaction with the gold, multilayer MoS2 flakes were 

prepared on top of Au NPs. In this case the TUNA measurements probe only the conductance 

of the topmost layer(s), which are not sensitive to the doping from the underlying Au NPs [34]. 

Figure 6 shows a multilayer MoS2 flake on top of Au NPs. Here, the Au NPs were prepared by 

annealing a gold film with a nominal thickness of 8 nm, as described in the Experimental 

section. 

 

 

Figure 6. (a) AFM topography image of a multilayer MoS2 covering a gold-nanoparticle-

decorated SiO2 substrate. The inset (500×500 nm2) shows bare Au NPs on the SiO2 substrate. 

The height profiles corresponding to Lines 1 and 2 are shown in (b). 

 

The AFM topography in Figure 6a reveals the MoS2 flake covering large groups of closely 

spaced Au NPs (extended light-colored areas) as well as small groups of only a few NPs. Line 

section 1 (Fig. 6b) is taken on the MoS2 part which covers only one large nanoparticle. Here, 

the flake is bent in a dome-like shape, characterized by ℎ/𝑅 ≈  0.15, with ℎ, 𝑅 the height and 

radius of the dome. Such a bending corresponds to a biaxial strain of order (ℎ/𝑅)2  ≈  2.2 % 

[40]. In addition, extended flat MoS2 regions are directly supported by the SiO2 substrate. Line 

section 2 (Fig. 6b), taken at the edge of the flake, shows a step height of 4.9 nm measured from 

the SiO2 substrate, which corresponds to seven MoS2 layers. The TUNA AFM measurements 

performed on the area displayed in Figure 6a are shown in Figure 7. The tunneling current 

maps are superimposed on the topography, similarly to those in Figures 5b–d. Using a bias 

voltage of 𝑈 = 1 𝑉, nonzero conductance is detected only in a few specific points (Fig. 7a). 

Larger conducting regions are measured at 𝑈 = 1.5 𝑉 (Fig. 7b). These conducting domains 

further expand as the bias is increased to 𝑈 = 3 𝑉 (Fig. 7c), and at 𝑈 = 4 𝑉 the entire MoS2 
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flake is conducting (Fig. 7d). The purple stripes observed in Figure 7d are attributed to non-

conducting hydrocarbon contamination trapped from air [41]. Similarly, the conductive spots 

observed on flat MoS₂ regions at lower bias (Fig. 7b) likely arise from defect-related in-gap 

states [42] or from adsorbate-induced localized states [43].  

 

 

Figure 7. TUNA AFM tunneling current maps (overlapped with the topography from Fig. 6a) 

measured on the multilayer MoS2 shown in Fig. 6, using bias voltages (U) of 1 V (a), 1.5 V (b), 

3 V (c), and 4 V (d). 

 

It is essential to note that in both TUNA investigations (Figure 5 and Figure 7), the analyzed 

flakes are part of larger and thicker MoS₂ crystals. The metallic contacts were applied to these 

thicker regions, as illustrated in Figure S4 of the Supplementary Information. Consequently, a 

substantial portion of the applied bias voltage is distributed across the multilayer MoS₂ stack, 

resulting in the investigated flakes experiencing an effective bias lower than 𝑈. By correlating 

the observed conductance with the topography, we find that at lower biases (𝑈 < 3 𝑉), only 

the bent (strained) regions of the MoS₂ have nonzero conductance. As the bias increases, 

flatter regions also begin to conduct. Here we emphasize that the tip–sample interaction force 
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during all the TUNA investigations was maintained at a minimal value (~1 nN), as specified in 

the Experimental section. Consequently, any conductance enhancement arising from AFM tip-

induced mechanical stress can be excluded. Such effects have been reported only at tip–

sample forces that are approximately three orders of magnitude higher [19]. Raman 

spectroscopy measurements confirm the existence of local strain in this multilayer MoS₂, as 

the 𝜔𝐸2𝑔
1  and 𝜔𝐴1𝑔

 frequencies vary along the strain gradient (see Figure S5). These findings 

show that the local strain induced by the underlying gold nanoparticles effectively reduces the 

MoS₂ band gap, leading to a significant effect in the tunneling current maps. 

 

 

4. Conclusions 

 

In summary, by annealing thin gold films covered with monolayer MoS2, we constructed 

suspended MoS2 regions with enhanced local strain. Raman spectroscopy confirmed the 

presence of an average tensile strain of 0.73% in these suspended monolayer regions. TUNA 

measurements revealed that the conductance in monolayers is influenced by both strain and 

charge transfer from Au NPs, while multilayer MoS2 conductance is primarily affected by strain, 

indicating a local strain-induced narrowing of the bandgap. These findings underscore the 

potential of strain engineering in MoS2 for developing advanced nanoscale devices with 

tunable electronic properties. Future work could explore the optimization of strain levels and 

the integration of such strained structures into functional devices. 
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