
The discovery of graphene as the prototype of a new class of 

materials in 2004 has led to an enormous scientific interest in 

two-dimensional (2D) layered materials.1 Since then, a wide variety 

of 2D materials has been synthesized and explored.2-6Among them, 

the family of transition metal dichalcogenides (TMDs) has attracted 

specific interest from the semiconductor industry owing to an 

inherent band gap, a small dielectric constant, high mobilities, and 

ultra thin materials, which are heralded as promising candidates for 

scaling logic technology beyond the 5 nm node. However, the 

integration of such materials in a 300 mm compatible 

manufacturing environment still faces many challenges. As the 

praised properties have mostly been observed very locally, in flakes 

or single grains, the controlled growth, transfer and processing of 

high quality TMD layers remain a key hurdle. 

Scanning probe microscopy, as an inherent high resolution 2D 

technique, is a powerful method enabling investigation of the 

morphological and electrical properties of TMDs. In this technical 

note, we will illustrate the advantages of high vacuum for electrical 

measurements utilizing the capabilities of the Park NX-Hivac atomic 

force microscopy system (Park Systems) using MoS2 as an example 

material.

A series of MoS2 samples with varying layer thickness were grown 

by metal organic chemical vapor deposition (MO-CVD) on sapphire 

substrates. All measurements are performed on the as-grown, 

un-transferred MoS2/sapphire. The room temperature mobility for 

devices made from the same material are found to be up to μm ~ 30 

cm2/Vs, with higher average mobilities for thicker samples.12
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Introduction

Investigation:  Material and Methods

Atomic force microscopy (AFM) images of all the samples measured 

are shown in figure 1. In total, three samples were measured with 

layer thicknesses of 1-2 layers, 3-4 layers, and one with pyramid 

structures, referred to here as multi-layered MoS2. The 1-2 layer 

sample consists of a completely closed monolayer MoS2 film with 

additional monolayer islands forming on top. These monolayer 

islands constitute the beginning of the growth of the second layer 

and can be identified as the light-colored regions in the topography 

image. Similarly, the 3-4 layer sample consists of a completely 

closed tri-layer MoS2 film with additional monolayer islands. An 

example of the sample structure for the 3-4 layer sample is shown 

in figure 1(d). Here, each green layer represents one layer of MoS2. 

In addition to MoS2 islands, we also see diagonal lines running 

across each sample. These are terraces from the sapphire substrate, 

which can be seen through the 2D film. The sapphire terraces can 

be unambiguously distinguished from MoS2 layers by the step 

height, 0.2 nm for c-plane sapphires. 0.6 nm for a monolayer MoS2 

step, as can be seen from the cross section in figure 1(f).13,14  

 

Fig. 1. (a-c) AFM topography images of the samples studied. (d) 
Schematic of C-AFM setup used to measure multilayer MoS2 on a 
sapphire. (e) Cartoon showing how the cantilever twists as it scans over 
a high friction region. (f) Cross section of topography corresponding to 
black line in (b) showing 0.6 nm step at the MoS2 island edge and 
0.2nm step at the sapphire terrace. All images are plotted in Gwyddion. 
Scale bar is 500 nm.

MoS2



surface of the sample in air. This water layer is particularly 

problematic for MoS2 as it p-dopes the material, effectively turning 

it off electrically. From electrical transport of similar CVD grown 

MoS2 devices, the on state current is severely degraded and mobility 

decreases by 40% after exposure to DI water for two hours.15

In order to demonstrate the importance of the water layer on the 

surface on 2D materials, we performed C-AFM on the same MoS2 

sample in air and high vacuum (HV), figure 2 (a-b) and (c-d), 

respectively. While the topography images for the scan in air and 

HV are quite similar, the C-AFM images differ considerably. Most 

notably, the measured current increases by three orders of 

magnitude in HV. The average current level in air is 1.4 nA at 5 V 

bias, while in HV it is 1.1 μA. The increase in current level is due to 

the removal of the thin water layer that is always present on the 

C-AFM in Air vs High Vacuum

Besides just an increase in current, the C-AFM image in HV shows 

much more detail. From the image in air, it appears that current is 

relatively homogeneous. Other than the current level, not much 

information can be extracted for the C-AFM in air on this sample. 

From the current map taken in HV, in contrast, we can clearly see 

the grain boundaries in the MoS2  layers. 

Despite the fact that the C-AFM probe is in direct contact with the 

material, the low force applied results in no removal of MoS2 

material over the repeated scans. Figure 3 shows the topography 

image from the same sample after 5 scans in HV at ~30 nN force 

with a probe with nominal spring constant at ~7 N/m.

Conducting Scanning Probe Microscopy
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Fig. 2. C-AFM from the same 3-4 MoS2 sample showing the increased 
current level and sensitivity under high vacuum. (a) Topography and (b) 
current images in air at 5 V bias. (c) Topography and (d) current images 
taken immediately after pumping to high vacuum at 0.5 V bias. The 
data taken in air and high vacuum was acquired using identical 
parameters: same probe with spring constant k of 7 N/m, set point of 
10 nN, and 1 Hz scan rate. Scale bar is 500 nm.

Fig. 3. Topography image of a 3-4 layer MoS2 (a) initially and (b) after 
5 successive scans at 0.1 V set point using a PPP-NCSTPt probe with 
spring constant of ~7 N/m. Scale bar is 50 nm. 

The multi-layer sample differs from the other two in that the MoS2 

surface is characterized by 3D pyramid-like structures. These 

pyramids sit on a completely closed tri-layer, and their formation is 

due to a change in the growth mechanism from layer-by-layer to 3D 

with increasing layer thickness. Details of the growth can be found 

in ref.12.

Here we employ two conducting scanning probe microscopy (SPM) 

techniques to characterize the electronic properties of MoS2: 

Conductive Atomic Force Microscopy (C-AFM) and Scanning 

Tunneling Microscopy (STM). In C-AFM, the cantilever is in contact 

with the surface of the material and we simultaneously record 

topography and current. To measure the electrical current, a bias is 

applied to the sample chuck and current is measured by an external 

current amplifier connected to a conducting AFM probe. Electrical 

contact to the material is made by applying silver paint to the top 

and sides of the material. We use commercially available Pt-Ir 

coated probes, such as PPP-CONTSCPt or PPP-NCSTPt, with nominal 

spring constants in the range of 0.2 to 7 N/m. Since C-AFM is a 

contact-based AFM technique, it also allows the lateral force to be 

recorded along with the other C-AFM channels. Lateral force 

microscopy (LFM) measures the lateral deflection of the laser on the 

PSD due to torsion, or twisting, of the cantilever as it scans across 

the surface, as depicted in figure 1(e). The difference between the 

forward and reverse LFM images is proportional to the friction of the 

materials. STM differs from C-AFM in that a conductive wire, cut 

Pt-Ir in our case, is used to measure the tunneling current between 

the probe and the sample when the probe is a few angstroms above 

the surface. STM can be performed by either keeping the height 

constant and recording the current (referred to as constant height 

mode) or using the feedback to keep the current level constant and 

recording the height (constant current mode). In constant current 

mode, the height image contains both topographic and electronic 

information.



Conclusion

C-AFM + LFM for Grain Boundary Analysis

Fig. 4. (a) Topography, (b) Friction, and (c) current acquired 
simultaneously on an 1-2 layer as-grown MoS2 / sapphire sample. The 
layer thickness of each region is indicated in (a). Scale bar is 200 nm.

using Park NX-Hivac AFM (Park Systems). The differences between 

single and multi-layer was observed on AFM topography images.  

Furthermore, the details of 3D pyramid-like, due to layer-by-layer 

growth mechanism, were determined at multi-layer image. 

Using conducting SPM (C-AFM and STM), electrical properties of 

MoS2 were studied both in ambient and high vacuum (HV) 

condition. Despite the presence of oxide layer, clear, homogeneous 

and higher current signal was measured while in HV condition. 

Lastly, topographical, electrical, and mechanical information were 

obtained for grain boundary analysis using combination of C-AFM 

and LFM. This approach allowed the finding of more specific and 

detailed structures on grain boundary.

2D layered material is widely used for various research fields in both 

industry and academia. The characterization and exploration of 

electrical and mechanical properties of 2D material are one of the 

most critical points in materials research field. The atomic force 

microscope, a versatile imaging and measurement tool, allows us to 

evaluate 2D materials in multidirectional viewpoints using various 

imaging modes. This study underlines the improving strategy of 

material analysis. Moreover, the obtained results emphasize the 

importance of multidirectional and multichannel analysis on 2D 

materials, including the transition metal dichalcogenides that are of 

high interest for the semiconductor industry.

In this study, molybdenum disulfide (MoS2), one of the highly 

interesting 2D materials of transition metal dichalcogenides (TMDs) 

family, was investigated on morphological and electrical aspects 

With the Park NX-Hivac, we were also able to acquire high quality 

STM images without the need for complicated UHV systems and 

special sample prep/handling. Figure 4 shows a 500 nm scan of the 

multi-layer MoS2  sample imaged in constant current mode, with 

Iset=0.5 nA and Vbias = 1 V. Since STM gives a convolution of 

topography with electronic structure, we see both islands and 

grain boundaries in the height image.

Scanning Tunneling Microscopy on MoS2
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When imaging with a low spring constant probe, such as 

PPP-CONTSCPt with nominal spring constant of 0.2 N/m, we can 

acquire frictional data simultaneously with C-AFM, allowing for 

correlation between topographic, electrical, and material properties. 

Figure 3 shows the height, friction, and current images from a 1-2 

layer MoS2 sample. The 1st layer and 2nd layer regions are labeled 

as 1Ly and 2Ly, respectively, in figure 3(a). The friction at grain 

boundaries is higher than the pristine regions, so that they show up 

as dark lines in the friction. By comparing the current and friction, 

we can see that the dark lines in the friction image match the dark 

lines in the current. However, the current image shows additional 

features due to the influence of the substrate on the local 

conductivity of the 2D film. 

Fig. 5. STM image of multilayer MoS2 / sapphire.Cut Pt-Ir wire in 
constant current mode. Iset = 0.5 nA, Vbias = 1 V. Scale bar is 200 nm.
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