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1. Thickness and surface roughness characterization of atomically-thin specimens 

Thicknesses of single- and multi-layer h-BN, MoS2, and graphene specimens with respect to number of 

layers as shown in Figure S1(a) clearly demonstrate the linear dependence between thickness and number 

of layers. The interlayer spacing values of h-BN, MoS2, and graphene were estimated to be about 0.35 nm, 

0.64 nm, and 0.37 nm, respectively, which are consistent with their respective theoretical values. 

Moreover, Figure S1(b) shows the variation of average surface roughness values of h-BN, MoS2 and 

graphene specimens with respect to the number of layers. Surface roughness values were determined from 

AFM topographic images obtained at five different locations with a 1 µm × 1 µm scanning area. Surface 

roughness values for single-layer h-BN, MoS2, and graphene were determined to be about 0.16 nm, 0.14 

nm, and 0.15 nm, which clearly shows the atomically-flat surfaces of the single-layer specimens used in 

this work. In addition, the surface roughness of these single-layer specimens were found to be close to 

that of the SiO2 substrate (≈ 0.17 nm), suggesting good flexibility and conformity to the underlying 

substrate. As the number of layers increased, the surface roughness decreased. This behavior is likely due 

to an increase in bending rigidity as the number of layers increase, which leads to a less dominant effect 

of the substrate roughness on the morphology of the atomically-thin specimens. 

 

 

Figure S1. (a) Thickness and (b) surface roughness of atomically-thin h-BN, MoS2 and graphene 

specimens with respect to the number of layers. The error bars represent one standard deviation of the 

mean. 
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2. Photoluminescence (PL) measurements of single-layer MoS2  

In the recent study, Nan et al.
1
 observed a strong PL enhancement in single-layer MoS2 at defects formed 

during thermal annealing at high temperature. In that study, the authors demonstrated that oxygen 

chemical adsorption at defect sites, which resulted in the formation of Mo-O bonding, was the main 

reason for the significant enhancement of both the PL A- and B-excitons at defect sites of single-layer 

MoS2. The strong A exciton (≈ 1.84 eV) and the weaker B exciton (≈ 1.98 eV) arise from the direct 

transition at the K and K’ point in the Brillouin zone, respectively.
2
 

Figure S2 (a) shows a PL A-exciton intensity map for single-layer MoS2 specimens after scratch tests 

at 2000 nN normal force. An intensity decrease is clearly observed in the scratched area. PL spectra 

obtained at scratched areas under various normal forces as shown in Figure S2(b) demonstrate the gradual 

intensity decrease of A- and B-excitons with increasing normal force. The results suggest a lack of Mo-O 

bonding induced by chemically-adsorbed oxygen at the scratched areas. 

 

  

Figure S2. (a) PL intensity image of single-layer MoS2 after constant-force scratch tests at 2000 nN 

normal force. (b) PL spectra as a function of normal force. The energy of the A exciton for as-exfoliated 

single-layer MoS2 is denoted by a dashed line for comparison. In (a), the scale bar is 1 µm. 
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3. Raman spectroscopy measurements of scratch tested single-layer graphene 

 

   

Figure S3. (a) Topographic image, (b) FFM image (forward scan), and Raman images for the (c) D and (d) 

2D peak intensities of single-layer graphene after constant force scratch test at normal forces ranging 

from 800 nN to 2400 nN. The specimens were scratched at a constant normal force in the scratch area of 

1 µm × 1 µm, as indicated by the white dashed squares in (a). The scale bars are 1 µm.  
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4. Compressive strain-induced buckling of atomically-thin specimens 

 

 

Figure S4. Schematic illustrating the buckling region in front of the sliding AFM tip from (a) side view 

and (b) plane view during scratch testing. 

 

5. Effect of number of layers on progressive-force scratch tests 

To further examine the effect of the number of layers on film-to-substrate interfacial strength, 

progressive-force scratch tests were performed on multi-layer h-BN, MoS2 and graphene. The variation in 

friction force with normal force during the progressive-force scratch tests, and the topographic and FFM 

images of scratches for multi-layer h-BN, MoS2 and graphene are shown in Figures S5, S6, and S7, 

respectively. From this data, the critical forces were determined. 
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Figure S5. Progressive-force scratch test results for multi-layer h-BN specimens. (a) Friction force 

variation with respect to normal force, (b) topographic images, and (c) FFM images (forward scans) of 

scratch tracks after progressive-force scratch tests. In (b), the scratch distance of about 2 µm is noted. In 

(b) and (c), the scale bars are 500 nm. High-resolution (d) topographic images and (e) FFM images 

(forward scans) of scratch tracks formed at single- and multi-layer h-BN specimens after progressive-

force scratch tests. The cross-sectional profiles and friction loops are included in (d) and (e). The red 

dashed lines indicate the location and the corresponding normal force during the scratch test, where the 

cross-sectional profiles and friction loops are taken. 
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Figure S6. Progressive-force scratch test results for multi-layer MoS2 specimens. (a) Friction force 

variation with respect to normal force, (b) topographic images, and (c) FFM images (forward scans) of 

scratch tracks after progressive-force scratch tests. In (b), the scratch distance of about 2 µm is noted. In 

(b) and (c), the scale bars are 500 nm. High-resolution (d) topographic images and (e) FFM images 

(forward scans) of scratch tracks formed at single- and multi-layer MoS2 specimens after progressive-

force scratch tests. The cross-sectional profiles and friction loops are included in (d) and (e). The red 

dashed lines indicate the location and the corresponding normal force during the scratch test, where the 

cross-sectional profiles and friction loops are taken.  
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Figure S7. Progressive-force scratch test results for multi-layer graphene specimens. (a) Friction force 

variation with respect to normal force, (b) topographic images, and (c) FFM images (forward scans) of 

scratch tracks after progressive-force scratch tests. In (b), the scratch distance of about 2 µm is noted. In 

(b) and (c), the scale bars are 500 nm. High-resolution (d) topographic images and (e) FFM images 

(forward scans) of scratch tracks formed at single- and multi-layer graphene specimens after progressive-

force scratch tests. The cross-sectional profiles and friction loops are included in (d) and (e). The red 

dashed lines indicate the location and the corresponding normal force during the scratch test, where the 

cross-sectional profiles and friction loops are taken.  



9 

 

6. Effect of number of layers on constant-force scratch tests 

 

 

 

Figure S8. Topographic images of multi-layer h-BN, MoS2, and graphene specimens after constant-force 

scratch tests. The cross-sectional profiles are included and the red dashed lines indicate the location where 

the cross-sectional profiles are taken. The scratched areas are depicted as white dashed boxes. 

 

  



10 

 

7. Adhesion forces before and after the scratch tests 

The adhesion force between the diamond AFM tips and the atomically-thin h-BN, MoS2 and graphene 

were compared before and after the scratch tests as an indirect means to monitor tip wear. The average 

adhesion force between the tip and specimens before and after scratch tests is shown in Figure S9. As 

shown, no significant changes in adhesion force were observed after the scratch tests, which suggests that 

tip wear during the scratch tests was negligible.
3
  

  

Figure S9. Adhesion force before and after the progressive and constant-force scratch tests. The error bars 

represent one standard deviation of the mean. 
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