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Few layers MoS2  patterining by AFM nanolithography  

 

G. Munkhsaikhan1*, l. Ottaviano2, m. Donarelli3, s. Palleschi2, f. Perozzi2  

 

*School of Applied Sciences, MUST, Bagatoiruu, Ulaanbaatar 14191, Ulaanbaatar, Mongolia  

2Department of Physical and Chemica

 

3CNR-INO Brescia and Sensor Lab., Department of Information Engineering, University of 

Brescia, Via Branze 38, 25123, Brescia, Italy. 

 

 

This article aims to provide description on the development of atom-

ic force microscopy (AFM) nanolithography for structuring and fabrica-

tion of few layers of MoS2 at the nanometer scale. The bias-assisted 

AFM nanolithographic technique on mechanical exfoliated MoS2 layers 

is reviewed. The reported AFM lithographic technique can be used to 

2 flakes and to exfoliate 

MoS2. 

 

I. INTRODUCTION 

The transition-metal dichalcogenides have received great attention because of its 

electronic, optical, and catalytic properties [1-3]. Among several TMDs, molybdenum 

disulfide has been investigated mostly because of its wide applications of thin-film 

transistors (TFTs), photodetectors, and energy storage. Thin film transistors based in 

single and few layers of MoS2 that obtains fascinating properties as high on/off current 

ratio, high mobility at room temperature [4, 5].  

The bulk MoS2 crystal obtains 1.2 eV indirect band gap bulk phase, where 1.8 eV 

direct band gap corresponds to its exfoliated monolayer. These characteristics well satis-

fy with the nanoelectronic industry demands for two dimensional semiconductive 

materials. Many authors have reported interesting conductance properties and metallic 

behavior of MoS2 edges and how they can be used as active sites for catalysis [6]. For 

s can be very useful for a new generation of 
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2D materials based nanodevices. However, this technique is realizable only in Ultra-

High Vacuum (UHV) conditions with use of Scanning Tunneling Microscope (STM).  

In this work, a new method to lithograph MoS2 exfoliated flakes surfaces is investi-

gated that performed in air, with a setup similar to the LAO one.  

 

II. METHODOLOGY AND EXPERIMENTAL DETAILS 

 

A. Mechanical Exfoliated single and few layers of MoS2 

At the first step, we start on mechanical exfoliation method to prepare samples. Me-

chanical exfoliation is the simple and best method known as "scotch-tape", based on the 

isolation of mono and many MoS2 layers from bulk ones [7]. MoS2 crystal (SPI sup-

plies, CAS 1317-33-5) has been exfoliated by micromechanical technique, with a scotch 

tape. The exfoliated MoS2 flakes have been deposited on heavily doped silicon sub-

strates (resistivity 0.01 Next step, our research is focused on identification of 

mechanically exfoliated few layer MoS2 via optical microscopy. It is known that clear 

optical contrast is obtained by selecting a proper substrate, silicon wafer covered with 

SiO2 layer on top of it. However, since we have used conductive Si substrate we have 

faced problem of obtaining suitable optical contrast. Only many layers of MoS2 were 

merely were appeared in the white contrast, where identification of mono- or few layers 

became almost imp

in this investigation. Here, for an identification of less contrast area (possibly few lay-

ers) we recommend to perform a simultaneous AFM investigation near this region. By 

obtaining few layers we mark position coordination of this area for future lithography 

process.  

 

B. AFM lithography of MoS2 

The size of the deposited MoS2 flakes have been analyzed by Atomic Force Micros-

copy (AFM Digital D5000, Veeco). The same Atomic Force Microscope has been used 

to lithograph the flakes. The lithography process is similar to the one adopted for LAO. 

A conductive AFM tip (cantilever resistivity 0.01-0.025 -doped sili-

con, tip radius about 10 nm) has been biased at negative voltages (ranging from -8 V to -

12 V), and kept at 10 nm from the surface. The silicon substrate has been grounded.   
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III. RESULTS 

A sketch of the lithography technique is reported in Figure 1, upper-right inset. The 

lithographic process is performed in air (relative humidity about 50%, temperature about 

20 °C), where a water meniscus is formed between tip and sample. The applied voltage 

caused the migration of water H+ ions to the conductive tip, while the OH- ions are 

pushed onto the MoS2 surface. The tip has scanned the region one wanted to lithograph, 

through an automated system. After that, the lithographed sample has been rinsed in a 

0.1 M HCl solution, in order to remove the lithographed regions of the MoS2 surface 

[8]. 

 

 

FIG. 1: AFM image of a lithographed MoS2 flake, the white line represents the 

lithography path. Height and line profile of the lithographed region are reported in the 

bottom-right inset. Upper-right inset: sketch of the setup used for nanolithography [8].  

 

The lithographed and chemically etched flakes have been studied by Donarelli et all, 

where X-ray Photoelectron Emission Microscopy (XPEEM) using the end-station of the 

NanoESCA beamline of Elettra synchrotron radiation facility. The experimental set-up 

includes a non-magnetic, electrostatic PEEM and a double-pass hemispherical analyzer. 

To analyze the flakes, spatially resolved XPS is mandatory, being the lateral dimensions 

of the flakes of the order of 1 elated to the lithography process of 

the order of hundreds of nm. In the present experiment the NanoESCA microscope was 
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operated with a spatial resolution of ~100 nm calculated from the used contrast aperture 

size in the PEEM column. In addition to imaging spectroscopy the NanoESCA end-

station also provides an operational mode to obtain fast XPS spectra from a sample [8].  

An AFM image of a lithographed flake is reported in Figure 2. The brighter region 

of the image is the one affected by the lithography process. To lithograph the flake, the 

AFM tip has been biased at -8 V (the sample has been grounded) and it has scanned the 

flake along the white line (superimposed at the AFM image) at 0.1 

height of the lithographed region, taken along the white line, is reported in the middle of 

Figure 2. The height is quite uniform along the path, and it reaches the value of about 17 

nm. The height of the flake (recorded in the not-lithographed area) is 12.2 nm, i.e. 17 

MoS2 layers. After that, the lithographed sample has been rinsed in a 0.05 M HCl solu-

tion, in order to remove the lithographed regions of the MoS2 surface for 10 seconds. 

The chemical etching has removed the lithographed region, creating 6.8nm depth hole in 

the flake. Therefore, the AFM lithography is capable to fabricate artificial edges in 

MoS2 exfoliated flakes.  

 

FIG. 2: AFM image of a lithographed MoS2 flake, the white line represents the 

lithography path. Height and line profile of the lithographed region are reported.  

 

As can be seen in Figure 2, after AFM biased tip and chemical etching of MoS2, the 

upper region of the lithographed flake is not completely removed: just the uppermost 

layers have been etched (the lithographed area, recognizable in panel (b), does not cor-

respond to the hole).  So, the described nanolithography process can also be used to fur-

ther exfoliate the flakes.  

An AFM image of the thinnest lithographed flake with 9.8nm height is shown in 

Figure 3. The bright dashed line region of the image is the one affected by the lithogra-

phy process. To lithograph the flake, the AFM tip has been biased at -7 V and it has 

Here, a scratched hole along 
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the white line is occurred, in the middle of Figure 3. The lithographed sample has been 

rinsed in a 0.05 M HCl solution, where 2.5nm depth hole is created in the flake. The 

height of the flake after lithography has reduced to 8.5 nm, which likely shows that 

MoS2 layers can be exfoliated by the lithography technique. 

 

 

FIG.3: Panel (a): AFM image of the thinnest MoS2 flake before nanolithography. Panel 

(b): AFM image of the MoS2 flake after nanolithography process (Vtip= -7 V, vtip= 0.1 

2 flake after selective chemical etching (HCl 

solution, 0.05 M).   

 

IV. SUMMARY 

 

In this work, a new technique to lithograph the MoS2 flakes at the nanometer scale is 

reported. The importance of this technique is demonstrated by AFM measurements. The 

experimental setup is similar to the well-established LAO. However the lithography 

technique is not based on the oxidation of the surface. On the other hand, the same 

measurements indicate a sulfur desorption likely induced by an OH- ions 

hographic technique 

can be used 2 flakes. Furthermore, AFM 

lithographic technique can be used also to exfoliate MoS2. 
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The substitutional effect of rare earth element neodymium (Nd) on 

the crystal structure microstructure and phase transformation behavior of 

Ni50Ti50-xNdx (x= 0, 0.1, 0.3, 0.5, 0.7 at.%) shape memory alloy was 

investigated by scanning electronic microscope, X-ray diffraction and 

differential scanning calorimetry. The microstructure analyses reveal that 

Ni-Ti-Nd ternary alloy contains three phases:  NiNd, NiTi2 and NiTi 

matrix. A one-step martensitic transformation is observed in the alloys. 

The martensitic transformation temperature Ms increases sharply with 

increasing content of Nd. 

 

I. INTRODUCTION 

Nearly equiatomic Ni-Ti shape memory alloys (SMAs) have remarkable shape 

memory effects and excellent mechanical properties and have been used in various 

fields, particularly in engineering and medical application in aerospace, electron 

actuators, smart material, coupling and including pipeline joints[1]. Current research 

interest on SMAs mainly lies in controlling the martensitic transformation temperature 

and improving the shape memory effect for their applications. The effects of martensitic 

transformation, super-elasticity, and shape memory effect have been widely studied by 

adding transitional elements to Ni-Ti binary alloys as  elements like  Fe [2], Hf [3], Pd 

[4] and  etc. It is found that most alloying elements for example Fe lower martensitic 

transformation temperature; and only a few elements, such as Hf, Pd increase 

martensitic transformation temperature [5].  



 

 

Moreover, the microstructure and martensitic transformation temperature of the 

rare earths RE=  Ce [6], Gd [7], Dy [8], La [9] addition to Ni-Ti binary alloys have 

also been studied using scanning electron microscopy (SEM), energy dispersive 

spectrometry (EDS), X-ray diffraction (XRD), and differential scanning calorimetry 

(DSC). It was found, that the addition of these REs to Ni-Ti binary alloys  increases 

the martensitic transformation temperature and changes the phase transformation 

sequence.  

Rare earth element Nd is also a widely used element, particularly in magnetic 

materials. However, only few studies have been conducted on Nd substituition to shape 

memory alloy. So far in the literature is known which reports  Nd substitution range 

between 1 at.% to 20 at.% to Ni-Ti alloy[10]. However the effect of Nd addition to Ni-

Ti binary alloy on microstructure and martensite transformation temperature remained 

unclear.  

Here, in this paper, Nd content was varied; 0.1%, 0.3%, 0.5%, 0.7% atomic 

fraction of Nd was added to Ni-Ti binary alloys, and the microstructure and martensitic 

transformation were studied experimentally. 

II. EXPERIMENTS 

The Ni50Ti50-xNdx alloys were prepared by melting each 10 g of mixture of starting 

materials with different nominal compositions (99.9 mass % sponge Ti, 99.7 mass % 

electrolytic Ni and 99.95 mass % Nd) in a non-consumable arc-melting furnace using a 

water-cooled copper crucible. The alloys are denoted by Nd0, Nd0.1, Nd0.3 Nd0.5 and 

Nd0.7 to refer to Ni50Ti50, Ni50Ti49.9Nd0.1, Ni50Ti49.7Nd0.3, Ni50Ti49.5Nd0.5  and 

Ni50Ti49.3Nd0.7 alloys, respectively. Arc-melting was repeated four times to ensure the 

uniformity of composition. The specimens are spark-cut from the ingots and heat treated 

at 850 °C for an hour in a quartz tube furnace. Subsequently the specimens were 

quenched using water. Thereafter, the specimens are mechanically and lightly polished 

to obtain a plain surface.  

The phase transformation temperatures of Ni50Ti50-xNdx alloys were determined by 

DSC using a TA Q2000 calorimeter. The temperature range of heating and cooling was 

from -30 °C to 150 °C, and the scanning rate of heating and cooling was 10 °C/min. 

SEM observations were conducted using a FEI Quanta 650 FEG equipped with EDS 

analysis system by Oxford Instruments. An XRD experiment was conducted using a 

D/MAX-2500PC X-ray diffractometer.  



68 

 

III. RESULTS AND DISCUSSION 

-  

Fig. 1a depicts the XRD curves of Ni50Ti50-xNdx (x=0, 0.1, 0.3, 0.5, 0.7) alloys at 

room temperature. The diffraction peaks are identified to be from NiTi B19' martensite 

phase, NiTi B2 austenite phase, NiTi2 phase and NiNd alloy after comparing with 

JCPDF cards (. 65-0145, 65-4572, 72-0442, and 19-0818). The detailed crystal plane 

indices are marked in Fig.1c for Nd0.1 and Fig.1d for Nd0.7, but the relative intensities 

of each XRD pattern are quite different because of the differences in martensite phase 

fraction and austenite phase fraction. In this paper, the letter M denotes the NiTi B19' 

martensite phase and the letter A denotes the NiTi B2 austenite phase. This result is 

confirmed in the following DSC analysis. Fig. 1b depicts a comparison of martensitic 

diffraction peaks of Ni50Ti50-xNdx (x=0, 0.1, 0.3, 0.5, 0.7) alloys. It is seen that the 

martensitic peak the diffraction angle decreases with increasing Nd fraction. It indicates 

that the lattice of the martensite expands with Nd addition.  

 

FIG. 1:  XRD curves of Ni50Ti50-xNdx alloys: 

(a) XRD curves of Ni50Ti50-xNdx alloys; (b) comparison of martensitic diffraction peaks 

of Ni50Ti50-xNdx alloys; (c) Indexed diffraction peaks in Nd0.1; (d) Indexed diffraction 

peaks in Nd0.7; 



 

 

The lattice parameters of alloys can be also calculated by peak position in XRD 

patterns and shown in Table 1. It is shown clearly that the cell volume V expand for 

either martensite or austenite with Nd addition to Ni-Ti binary alloy from 0 at. % to 0.7 

at. %. The observation can also be confirmed in the following composition analysis. 

Table 1 Lattice parameters of Ni-Ti-Nd alloys 

Alloy Phase a(nm) b(nm) c(nm) (°) V(nm3) Source 

Nd0 M 0.2898 0.4121 0.4619 97.86 0.05464 

 

 

 

 

 

 

 

Nd0.1 

M 0.28824 0.41324 0.46307 97.36 0.05470 

A 0.30148     

Nd0.3 M 0.28925 0.41211 0.46425 97.62 0.05484 

Nd0.5 M 0.28933 0.41350 0.46472 97.67 0.05510 

Nd0.7 M 0.28999 0.41418 0.46635 97.85 0.05548 

NiTi 

M 0.2898 0.4108 0.4646 97.78 0.05480 
JCPDF card  

No.65-0145 

A 0.3007    0.02719 
JCPDF card 

No.65-4572 

NiTi2  1.131    1.4503 
JCPDF card 

No.72-0442 

NiNd  0.3803 1.046 0.4339  0.17262 
JCPDF card  

No.19-0818 

 

-  

Fig. 2 depicts the back-scattering SEM images of Ni50Ti50-xNdx (x=0, 0.1, 0.3, 0.5, 

0.7) alloys. For Nd0 alloy, there is only one phase that can be identified in the SEM 

image (Fig.2a). For Nd0.1 and Nd0.3, two different phases, namely,  matrix and a bright 

phase, can be identified in the SEM images (Fig.2b-c). Some bright particles that are 

nearly round-

randomly in the matrix. In addition, the bright phase is found on grain boundaries of the 

matrix. For Nd0.5 and Nd0.7, three different phases, namely, a bright phase, a dark 

phase and the matrix, can be identified in the SEM images (Fig.2d-e). Bright particles 



70 

 

that are nearly round-

distributed randomly in the matrix, together with some larger, curved particles . The 

dark phase is in irregular shape and distributed randomly in the matrix. The size of the 

bright particles and the volume fraction of the bright phase increases with increasing Nd 

fraction.  

 

FIG. 2: Back-scattering SEM images of Ni50Ti50-xNdx alloys: 

(a) Ni50Ti50; (b) Ni50Ti49.9Nd0.1; (c) Ni50Ti49.7Nd0.3; (d) Ni50Ti49.5Nd0.5; (e) Ni50Ti49.3Nd0.7 

 

To identify the phases, EDS analysis was conducted in SEM. The compositions of Ni-

Ti-Nd alloys are shown in Table 2. The Ti:Ni ratio in the matrix of all Ni-Ti-Nd alloys 

is measured to be close to 1. The Ti:Ni ratio in the dark phase of Nd0.5 and Nd0.7 alloy 

is measured to be nearly 2:1. By XRD analysis, there is a NiTi2 phase in Nd0.5 and 

Nd0.7. Thus, the dark phase can be concluded to be NiTi2 phase. According to the 773 

K isothermal section of the ternary alloy phase diagram of the Ni-Ti-Nd, no 

intermetallic compounds can be found in the Ti-Nd binary system. However, the Ni-Nd 

binary alloy phase diagram shows seven intermetallic compounds defined as NdNi5, 

Nd2Ni7, NdNi3, NdNi2, NdNi, Nd7Ni13, and Nd3Ni [12]. The EDS results show that the 

Ni:Nd ratio in the bright phase is nearly 1 and can be regarded as the NiNd intermetallic 

compound with a small amount of Ti solute. 

                                      

 



 

 

Tabel 2 Compositions of Ni-Ti-Nd alloys 

Alloy Phase Ti (at. %) Ni (at. %) Nd (at. %) 

Nd0 matrix 49.1 50.9 0 

Nd0.1 
matrix 50.5 49.5 0 

bright phase 3.6 49.2 47.2 

Nd0.3 
matrix 50.7 49.3 0 

bright phase 3.7 48.9 47.4 

Nd0.5 
matrix 50.7 49.3 0 

bright phase 3.2 49.0 47.8 

dark phase 66.7 33.3 0 

Nd0.7 
matrix 51.0 49.0 0 

bright phase 4.0 49.0 47.0 

dark phase 66.4 32.9 0.7 

 

Furthermore, Nd has also been found in the dark phase of Nd0.7. The Nd atomic 

radius (0.206nm) is larger than Ti atomic radius (0.176nm) by 17% and Ni atomic 

radius (0.149nm) by 38% [13]. The Nd atom occupies the position of Ni or Ti, 

consequentially resulting in an expansion of the Ni-Ti-based matrix lattice [7], which is 

consistent with the  XRD analysis. 

-  

Fig. 3a depicts the DSC curves of the Ni50Ti50-xNdx (x=0, 0.1, 0.3, 0.5, 0.7) alloys. 

Each DSC curve of Nd0, Nd0.1, Nd0.3, Nd0.5, and Nd0.7 shows only one peak during 

the heating and cooling process, which indicates a one-

transformation. Fig. 3b shows the effect of Nd concentration on martensitic 

transformation start temperature Ms. For Nd0 alloy, the Ms is measured to be 77.44 °C. 

It is well known that quenched Ti-Ni alloys show one-

and the transformation temperatures are strongly dependent on Ni concentration [5, 7]. 

0.1 at. % increase in Ni concentration can lower the Ms of Ti Ni alloy by more than10 

°C. For example, Liu et al measured the Ms to be about -50 °C for Ni50.7Ti49.3 alloy after 

annealing at 900 °C for 60min [7]. Tabish et al measured the Ms to be -22.12 °C for 

Ni50Ti50 alloy after annealing at 1000 °C for 120min [14]. Wasilewski et al measured 
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the Ms to be 65 °C for Ni49.8Ti50.2 alloy [15]. In this work, the composition of the matrix 

in Nd0 is Ni49.36Ti50.64, which is Ti-rich. So, the Ms of Ti Ni binary alloy Nd0 is 

reasonable. Meanwhile, the martensite transformations finish temperature Mf in Nd0 

alloy is higher than room temperature of 20 °C. Thus, the martensite transformations 

have finished at room temperature and the Nd0 alloy should be composed of pure 

martensite phase, which is in agreement with the XRD results. 

 Fig. 3 showns the Ms increases with increasing Nd fraction from 0.1 at. % to 0.7 

at. %.  And, all Mf in four DSC curves of Nd addition alloys, are lower than room 

temperature. Thus, martensite transformation cannot finish fully at room temperature, 

which indicates that both the austenite phase and the martensite phase exist in the Ni-Ti-

Nd alloy.  

 

FIG. 3: DSC curve and martensite transformation temperature of Ni50Ti50-xNdx alloys: 

(a) DSC curves; (b) Ms curve 

IV. CONCLUSION 

In summary, the effect of rare earth element Nd addition on the microstructure and 

martensitic transformation behavior was investigated by XRD, SEM and DSC. The 

microstructure of the Ni50Ti50-xNdx alloys consists of Ni-Nd alloy with a small amount 



 

 

of Ti solute and Ni-Ti matrix. The lattice of Ni-Ti-based matrix is expanded by Nd 

addition. The Ni-Ti-Nd alloy shows a one-step martensitic transformation. Increasing 

the Nd fraction, the martensitic transformation start temperature Ms increases. 
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