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Investigation of the dynamic 
bending properties of MoS2 thin 
films by interference colours
Peng Wang1, Si Xiao1, Xiaohong Li1, Bosai Lyu1, Yingbao Huang1, Shubo Cheng1, Han Huang1, 
Jun He1 & Yongli Gao1,2

A non-contact method for the observation of the elastic deformation of 2D molybdenum disulfide 
(MoS2) thin films using an ordinary optical microscope is reported. A pulsed laser is used to rapidly 
increase the bending deformation of the MoS2 thin films via heating. The bending angle of the MoS2 
thin films shows high stability, changing only 5% in forty days without external forces. However, the 
bending angle of the MoS2 thin films substantially decreases after being wetted with the volatile polar 
solvent tetrahydrofuran (THF), because of its low surface tension. By removing the nano-Newton 
scale forces on the MoS2 thin films, the bending angle increases significantly within 4 minutes, and this 
feature of the thin films shows great potential for use in the fabrication of micro-force sensors. This 
is the first attempt to study the mechanical properties of 2D materials by optical methods. Further 
utilization of industrially manufactured MoS2 thin films for detecting micro-force qualitatively on the 
basis of their excellent bending properties would significantly reduce the production costs of micro-
force sensors.

Molybdenum disulfide (MoS2) is an emerging two-dimensional (2D) material1, and has attracted considerable 
research interest2,3. Large-scale MoS2 thin films can be fabricated with liquid-phase exfoliation methods4,5. MoS2 
shows excellent elastic properties, and its Young’s modulus has been measured precisely6,7. Monolayer MoS2 has a 
smaller Young’s modulus (270 ±  100 GPa)8 than graphene (1000 GPa)9, which makes MoS2 a more suitable mate-
rial for microdynamometers. The Young’s modulus of a monolayer MoS2 flake is similar to that of a bulk MoS2 
crystal10, and the difference in thickness should not result in appreciable errors when fabricating an elastometer. 
According to the proportional relationship between the force and bending degree, micro-forces can theoretically 
be characterized using a MoS2-based elastometer. Regarding the practical sample preparation process via the 
dispersion method, the characteristic parameters of MoS2 thin films, such as their shape, are not uniform, which 
would exert a small influence on the elastic bending deformation properties under force. Hence, if a relatively simple 
and low-cost non-contact detection method with improved accuracy can be found, both the mechanical property 
characterization of 2D materials and the manufacture of microdynamometers based on 2D materials would benefit.

Currently, how to precisely measure forces at the nano-Newton and even pico-Newton scales is attracting a great 
deal of interest11–14. The principles are mainly based on electrostatic effects12, piezoelectric/piezoresistive effects13, 
or the elastic deformation of the microcantilever of an atomic force microscope (AFM)14. For instance, Rasuli et al. 
have measured the force down to the pico-Newton scale using AFM cantilevers with a known Young’s modulus15. At 
present, AFM is the most commonly used instrument used to measure nanomechanical properties9,16–18. Dave et al.  
have studied the nanomechanical properties of MoS2 and WS2 with an improved AFM technique for nanoinden-
tion9 in which force and displacement are simultaneously obtained by monitoring the deflection of a cantilever 
with a tip. However, the spring constant of the AFM cantilever is difficult to measure accurately, which increases 
the uncertainty in the measurement of micro-forces19,20. Therefore, the accuracy of the microcantilever’s spring 
constant is very important. In addition, a complex structure and precise instruments are required to manufacture 
piezoresistive and electrostatic force sensors.

In this study, a non-contact method in which only the changes of the coloured fringes are observed is reported 
for the determination of the elastic deformation of 2D materials (MoS2). The bending degrees of the MoS2 thin 

1Institute of Super-microstructure and Ultrafast Process in Advanced Materials, School of Physics and Electronics, 
Central South University, 932 South Lushan Road, Changsha, Hunan 410083, P. R. China. 2Department of Physics and 
Astronomy, University of Rochester, Rochester, New York 14627, United States. Correspondence and requests for 
materials should be addressed to S.X. (email: sixiao@csu.edu.cn) or J.H. (email: junhe@csu.edu.cn)

received: 29 May 2015

accepted: 18 November 2015

Published: 18 December 2015

OPEN

mailto:sixiao@csu.edu.cn
mailto:junhe@csu.edu.cn


www.nature.com/scientificreports/

2Scientific Reports | 5:18441 | DOI: 10.1038/srep18441

films are measured, and the error determined by AFM is less than 2%. In addition, modulations are consistent with 
the experimental results showing that the gap variation leads to the changes in the interference colours. Finally, 
we measured the nano-Newton forces on the basis of the elastic property of the MoS2 thin films directly with a 
simple optical instrument. Our findings show that micro-forces can be characterized qualitatively on the basis of 
the elastic bending of commercial MoS2 thin films, which would reduce the cost of micro-elastic dynamometers.

Materials and Methods
The MoS2 crystals used in all the experiments were purchased from Tianjin Kermel Chemical Reagent Co., 
Ltd(Tianjin, China), as was the reduced iron powder (magnetic powder). The MoS2 nanosheets were fabricated 
with the liquid-phase exfoliation method9. The bulk MoS2 crystals were added to tetrahydrofuran (THF), and the 
concentration of MoS2 solution was approximately 2.5 mg/mL. The MoS2 solution was bath sonicated for 2 hours 
in an ultrasonic oscillator (KQ-300DE) to achieve dispersion. Then, the obtained MoS2 supernatant solution was 
centrifuged (TG20) for 45 min at 1500 rpm. A spin coater was used at 3000 rpm for 40 seconds to generate a uni-
form coating. An inverted microscope (Caikon Reagent Co., Ltd of Shanghai, China) equipped with three magni-
fications (100, 400, 600 times) was used to observe the interference fringes. The femto-second laser pulse (with a 
pulse duration of 35 fs and a repetition rate of 2 kHz) used for irradiation was produced by an optical parametric 
amplifier (TOPAS, USF-UV2), which was pumped by a Ti:sapphire regenerative amplifier system (Spectra-Physics, 
Spitfire ACE-35F-2KXP Maitai SP and Empower 30).

Results and Discussion
Observation and identification of equal-thickness and equal-inclination interference 
fringes.  Figure 1a,b are shown micrographs of MoS2 thin films newly transferred to the glass substrate 
(Fig. 1a) and the same MoS2 thin films held for 40 days under the exact same conditions (Fig. 1b). The inset in 
Fig. 1b shows the enlarged image highlighted by a black square.

In Fig. 1a, two sets of fringes—wide, coloured fringes and narrow, black fringes—are observed in the same area 
on the MoS2 thin films with an optical microscope. The wide, coloured fringes result from the equal-thickness 
interference fringes caused by the reflection of a light beam at the top and bottom surfaces of the wedge-shaped 
gap between the MoS2 thin films and the glass substrate21. At the gap of the same height, the straight, coloured 
fringes are parallel to each other. Additionally, the continuous change of gap height leads to continuous change in 
the interference colours in the visible spectrum. According to the arrangement of colours in the visible spectrum 
(where purple corresponds to shorter wavelengths and red corresponds to longer wavelengths), it is inferred that 
a larger gap exists at the bottom of the thin films. In contrast, the isoclinic interference (narrow, black fringes) is 
determined by the distances from the upper surface and lower surface of the MoS2 thin films, which can be clearly 
observed if the thickness of MoS2 thin films exceeds 250 nm according to the optical theory21. Thus, the thickness 
of the MoS2 thin films used here exceeds 250 nm. Further evidence can be found by changing the angle of incident 
light to the thin films, which causes the isoclinic interference fringes to shift in an obvious and orderly manner. 
Meanwhile, the wide, coloured fringe resolution changes without displacement, providing additional evidence 
explaining the equal-thickness interference. Based on the mechanism of isoclinic interference, the homogeneity 
of the equal-inclination fringes in Fig. 1a indicates the uniform thickness of the MoS2 thin films in this work. 
Additionally, according to the equal-thickness interference theory21, the distribution of coloured interference 
fringes reflects the height variation of the wedge-shaped gap between the MoS2 2D materials and the substrate, 
which can be used to characterize the dynamic change of that gap.

In Fig. 1b, the wide, coloured fringes have partially disappeared, whereas the change in the narrow, black fringes 
is negligible after storage of the thin films for 40 days. This phenomenon can be attributed to the decreased gap 
between the MoS2 thin films and glass substrate, which is caused by gravity after storage for 40 days. This results 
in the disappearance of the equal-thickness interference in the region where the gap height is less than the 1/2 
of the minimum visible wavelength. Figure 1c are presented the profile of the MoS2 thin films, highlighting the 
disappearance of the chromatic fringes and the remaining narrow, black fringes.

To further demonstrate that the coloured fringes result from the equal-thickness interference between the 
upper and lower surfaces of the gap, a sample with a smaller coloured fringe area was chosen and irradiated with an 
oriented femtosecond laser (wavelength, 700 nm; power, 240 mW). Figure 1d is shown the MoS2 thin films before 
irradiation, and Fig. 1e is shown an image of the same MoS2 thin films sample after 2 hours of laser exposure. In 
the original area in the bottom right, the fringes increase, and red and yellow fringes appear regularly, whereas 
almost no fringes emerge in the other region. It is speculated that the MoS2 thin films are efficiently heated by the 
femtosecond laser with a certain laser power, causing the air to expand between the thin films and the glass sub-
strate. This leads to a larger wedge-shaped gap because of the flexibility of the MoS2 thin films. Hence, the fringes 
of equal-thickness interference change with the wedge-shaped gap.

By observing the changes in the area with the coloured fringes, the mechanism by which the gap causes the 
equal-thickness interference fringes is proven and some methods can be demonstrated. For instance, the laser 
can be used to locally manipulate the gap between the nanosheets and the substrate, increasing the gap from the 
nanometre scale up to the micron scale. This may lead to the appearance of interference fringes in the heated area. 
If the angle or height of the gap can be measured and laser-heating or any other method used to manipulate the 
gap precisely, 2D device fabrication-related research can be performed.

Angle measurement based on equal-thickness interference fringes.  To avoid the interference 
of equal-inclination interference fringes and minimize the error caused by the forces of the AFM probe, we 
choose MoS2 thin films of moderate thickness (under 250 nm). After being transferred to the glass substrate, the 
multi-order coloured fringes of equal thickness are observed with an optical microscope at a magnification of 
400× . At this point, the medium in the wedge-shaped gap between the MoS2 thin films and substrate is air.
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Figure 2a is shown one of the MoS2 thin films with interference colours. We assume that λ , the wavelength of 
visible light, is between 350 nm and 770 nm and that the refractive index of the wedge-shaped gap is n0 =  1 (vac-
uum), so that the relative height of the gap (represented as Δ h) at specific fringes can be given by Δ h =  Δ k·λ /2no 
(Δ k =  1, 2, 3….). As shown in Fig. 2b, the junction lines of the red and purple equal-thickness interference fringes 
are marked with four solid red lines, and the corresponding relative heights calculated with the formula are marked 
on the appropriate locations. Thus, the distances between the solid red lines can be measured. By solving the arctan-
gent function of the relative height difference versus the relative distances, the angle between the MoS2 thin films 
and the substrate is found to be 2.727° in the direction perpendicular to the equal-thickness interference fringes.

The sample in the AFM image (Fig. 2c,d) is the same as that presented in Fig. 2a. As shown in Fig. 2c, longi-
tudinal amplitude AFM imaging can be used to locate the remarkable characteristic morphology. In Fig. 2d, the 
height distribution obtained after the morphology characterization is presented. Then, ten sampling curves are 
plotted in the area; four (1, 3, 4, 5) are parallel to the equal-thickness interference fringes, five (2, 6, 7, 8, 9) are 
perpendicular to the fringes and one curve (10) is in a direction between those of the others. The corresponding 

Figure 1.  (a,b) present microscope images of the same piece of MoS2 thin films. (a) The micrograph of a MoS2 
thin films newly transferred to the glass substrate. (b) The same MoS2 thin films after 40 days under the exact 
same conditions. Inset: enlarged image highlighted by a black square. (c) The profile of MoS2 thin films. (d) The 
MoS2 thin films before irradiation, and (e) the MoS2 thin films after two hours of laser exposure.
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relative height curves are presented in Fig. 2e. It can be seen that the height variation parallel to the interference 
colours is negligible, whereas the height variation perpendicular to the interference colours is much more obvious. 
According to the changes in the relative height per unit distance measured by AFM, the direction of the maxi-
mum inclination angle of the wedge-shaped gap is approximately 2.674° in Fig. 2e. This measured value is very 
close to 2.727°, the value calculated by the equal-thickness interference formula, and the error approaches 2%. 
This result demonstrates the feasibility of computing the wedge-shaped gap angle and relative height in terms of 
equal-thickness interference fringes in the visible spectrum produced by the interference of visible light. If this 
method allows both accurate angle and height measurements of nanometre-scale MoS2 thin films, it would make 
the design of micro-scale elastometer and research on nanoscale mechanical properties possible.

Dynamic bending angle observation with equal-thickness interference fringes.  A sample with 
thickness ranging from 150 nm to 200 nm was selected to study the mechanical properties and dynamic variation 
of MoS2 thin films. A laser was used to heat the MoS2 thin films to obtain equal-thickness fringes with uniform 
intervals and high contrast colours. The calculated original gap angle of the thin films was approximately 3°, 
as shown in Fig. 3a. According to the colour variation sequence of the equal-thickness interference fringes, it 
can be concluded that the opening of the gap is on the right side and that the left side of the gap is smaller. The 
interference colours are not apparent in the left-side sample because the height of the gap is less than the shortest 
half-wavelength of the visible spectrum (approximately 175 nm), violet, which does not meet the requirement for 
equal-thickness interference.

Subsequently, the sample was placed in a dry environment at room temperature for preservation, and obser-
vations of the changes in the equal-thickness interference fringes were conducted under the same test conditions. 
Figure 3b,c are shown the images of the fringes after 15 and 40 days of preservation, respectively. For comparison, 
blue contour lines and position reference lines are drawn at the same positions in the three patterns. The coloured 
fringes near the left half of the longitudinal reference line move right, and the area of the MoS2 thin films that is 
free from the interference colours expands significantly. To display the dynamic variation of the gap height result-
ing from the mechanical properties of MoS2, a red transverse reference line is drawn along the long axis of the 
sample. The heights of the gaps corresponding to several positions (marked with Xs) are calculated according to 
the equal-thickness interference fringes. Thus, the curves of the height change of the cross-section over time are 
plotted in Fig. 3d on the basis of the height of the gap at the transverse reference line. The fitting inclination angles 
between the MoS2 thin films and the glass substrate at the gap opening are calculated and marked on the curves. 
The minimum gap height (approximately 175 nm) able to generate equal-thickness interference is indicated by a 
horizontal dotted line, as shown in Fig. 3d. The spacing between the MoS2 thin films and the substrate decreases at 
an approximately constant speed with gravitation. After forty days, the gap opening between the MoS2 thin films 

Figure 2.  (a,b) are optical microscope images of the same piece of MoS2 thin films. (c) The longitudinal 
amplitude AFM imaging of the upper area, highlighted by the dotted box in (b,d) the morphological 
characterization of the lower area, highlighted by the dotted box in (b). (e) The diagram of relative height curves 
corresponding to each line, from 1 to 10, marked in (d).
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and the substrate is reduced by approximately 30%; nevertheless, the inclination angle at the gap opening remains 
almost unchanged. The elastic bending deformation occurs under the influence of gravity because of the flexibility 
of the MoS2 thin films. Obvious deformation occurs at the junction of the MoS2 thin films and the glass because 
the greatest gravitational force is experienced by this area; with extended time, the slowly sagging MoS2 thin films 
bend readily at the splitting edge. As a result, the distance between the thin films and the substrate becomes too 
small to meet the requirement of equal-thickness interference coloured fringes. The fringes in the original area 
gradually fade, as depicted in Fig. 3a–c (the area on the left side of the longitudinal reference line), whereas the 
angle approaching the gap opening becomes slightly larger. The three curves in Fig. 3d illustrate the angle changes.

By observing the changes in coloured interference fringes when air is the medium in the wedge-shaped gap, the 
mechanical properties of the MoS2 thin films can be investigated. The gap width between the MoS2 thin films and 
substrate will decrease over time (in 40 days); this is a slow process, and the curvature remains almost unchanged. 
If minutes or hours are used as the time unit of measurement, the deformation and curvature of MoS2 thin films 
would exhibit great stability without the influence of external forces. Therefore, MoS2 thin films have attractive 
potential applications as elastic devices for the measurement of macro-forces. Laser heating can be used to increase 
the width of the wedge-shaped gap. However, some other methods may be needed to effectively narrow the gap 
between the thin films and the substrate if adherence to the substrate surface is required for the 2D materials.

Utilization of THF liquor to manipulate the dynamic change of curvature of MoS2 thin films.  To 
study the dynamic changes in the curvature of MoS2 thin films, the films were transferred to the glass substrate 
after being fully wetted with THF (a volatile polar organic ether), and the displacement of the equal-thickness 
interference fringes was observed with an optical microscope. For convenient comparison, MoS2 thin films with 
a gap angle of approximately 3° and thickness approximately 150 ~ 200 nm were selected.

Figure 4a–c are presented the micrographs taken from the same membrane 2 hours, 6 days and 13 days, respec-
tively, after transfer. Within the relatively short time of 13 days, the total area and number of fringes clearly decrease, 
whereas the surface area occupied by an individual set of fringes increases significantly. Furthermore, the height 
profile in Fig. 4d can be calculated by the same method as in Fig. 3. Because of gravitation and the surface tension 
of the THF, the opening gap between the thin films and the glass substrate is reduced by approximately 87%, and 
the angle is reduced to 0.357° within 13 days (for convenient comparison, if air is used as the medium, the open-
ing width is reduced by approximately 83%, and the angle at the opening is reduced to 0.501°, as indicated by the 
light-green line in Fig. 4d).

The explanation for this phenomenon is that the curved liquid surface is formed by THF, which fills the gap 
between the MoS2 thin films and the substrate. Figure 4e is shown the schematic diagram of the surface tension of 
the solution, which demonstrates that the surface tension of THF pulls the thin films close to the substrate surface 
(approximately 10−6 N scale), along with simultaneous solvent evaporation. In other words, the angle and width 
of the gap can be significantly reduced in a relatively short time by introducing the polar volatile solution into 
the gap between the MoS2 thin films and substrate. As a result, the thin films attach to the surface of the substrate 
smoothly. Additionally, the width of the gap and bending curvature can be significantly reduced in a relatively 

Figure 3.  Images of the MoS2 thin films with coloured interference fringes on the surface under a 
microscope after preservation for different times: (a) 1 hour, (b) 15 days, and (c) 40 days. (d) The height 
distribution curves with each height value calculated based on the red horizontal reference line in (a–c), and the 
fitting angles at the opening of the wedge-shaped gap are marked at the bottom of the curves.
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short time because of a small liquid surface tension. Thus, the bending properties of the MoS2 thin films can be 
studied by using micro-forces.

To further prove that bending curvature can be reduced by applying a polar, low-surface-tension liquid, one 
other liquids (ethyl alcohol, 95%) was used which has a lower surface tension than THF. After the coloured fringes 
were obtained from the media, we preserved the membranes for 15 days and calculated the angles between the 
MoS2 thin films and the substrate of different samples after a certain period of time; a portion of the data is shown 
in Table 1. The larger-surface-tension liquids are found to more obviously reduce the angle compared to the 
lower-surface-tension liquids.

Qualitative measurement of the elastic bending properties of MoS2 thin films with small 
forces.  A thin layer of magnetic powder (the main ingredient of which is ferroferricoxide) was spread on the 
surface of a selected MoS2 thin film with interference colours. The size of each tiny particle attached to the thin 
film surface was less than 10 μ m. If the density of the ferroferricoxide is 5.18 g/cm3, the amplitude of the mass 
of each particle is approximately 10−11 kg. That is, the total gravity of all particles applied to the MoS2 thin films 
is on the scale of 10−9 N. Then, the coloured fringes change rapidly when an external magnetic field is applied 

Figure 4.  Microscope images obtained after transferring the MoS2 thin films to the substrate for (a) 
2 hours, (b) 6 days and (c) 13 days. (d) The height distribution curves with each height value. (e) Schematic 
diagram of the surface tension of THF filling the gap between the MoS2 thin films and the glass substrate.

Liquid

Surface 
tension 

coefficient 
(mN/m)

θ0 
(T ≥ 2H)

θ1 
(T ≥ 6*24H)

Δθ1 
(ΔT ≥ 6*24H)

θ2 
(T ≥ 13*24H)

Δθ2 
(ΔT ≥ 13*24H)

THF(25 °C) 26.4 2.954° 1.450° 1.604° 0.357° 2.579°

ET (95%, 
25 °C) 22.88 3.340° 2.882° 0.458° 2.571° 0.769°

Table 1.   The different angles between the MoS2 thin films and the substrate at different times with 
tetrahydrofuran (THF)and ET(ethyl alcohol).
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to the system and removed, reflecting the change in the bending curvature of the thin films. Figure 5a is pre-
sented an image of a MoS2 thin film whose wedge-shaped gap with the substrate is reduced but whose curvature 
increases when the magnetic particles are placed on the surface of the thin films. After 4 minutes, the thin films 
rebound because of their resilience when most particles are removed by the magnetic force (Fig. 5b). The relative 
height-position curves corresponding to the red reference lines in both photos are plotted according to the posi-
tions of the interference colours, which correspond to the relative heights in Fig. 5a,b. Both of the approximate 
curves are depicted in the schematic shown in Fig. 5c, which demonstrates the elastic deformation of the mem-
brane that occurs during the removal of the particles. Compared with T0, the maximum gap between the thin 
films and the substrate increases by approximately 25 nm at T1. The curvature decreases by approximately 0.403° 
because of the resilience of the thin films.

To qualitatively study the elastic bending properties of the thin films, the deformations of the thin films are 
regarded as 1D “simple beams” before and after gravity is applied to the powder22, as represented in Fig. 5d. In this 
model, the plane of the 2D thin films is equivalent to a segment with the length L. The red and blue curved lines 
represent the bent thin films under the gravitational force of the magnetic particles and the flat membrane free from 
the external forces, respectively. As depicted in the schematic diagram of the “simple beam” model, the left end is 
fixed, while the right can move freely. F1 and F2 are normal forces acting on the nanosheets. “Deflection” represents 
the linear displacement of the centroid of the section in the vertical direction, and both the maximum deflection Vm 
and the maximum rotational angle θ m are marked in the schematic diagram. As for forces in the practical situation, 
the normal force from the substrate acting on the thin films is equal to the magnitude of F1 at the fixed end, and 
the other tension from the deformation-free part to deformation part of the thin films is approximately equal to F2.

The differential equation of the deflection curve is defined as:

=
( )

( )
d V
dx

M x
EI 1

2

2

where E is Young’s modulus-like for the MoS2 thin films of a particular shape, I is the product of inertia, and M(x) 
is the bending moment of the distortion of the material somewhere along the cross-section. V is the deflection, θ  
is the rotational angle, and the relationship between θ  and V can be written as:

θ θ≈ = / ( )dV dxtan 2

The effect of the gravitational force of the magnetic particles is approximately equivalent to G; thus, for both 
relations of θ  and x, V and x can be solved, and x is a location along the line. If we suppose that the approximate 
location at which the force acts is the midpoint of the thin films, the maximal deflection Vm and rotational angle 
θ m could be given as:

Figure 5.  (a) The distribution of interference colours after spreading the magnetic powder on the surface of the 
MoS2 thin films at T0; (b) interference colours after most particles were removed by the magnetic force within 
4 minutes; (c) relative height-position curves plotted based on relative heights determined according to the 
distribution of interference coloured fringes in (a,b) and the fitting curvature of the MoS2 thin films; and  
(d) schematic diagram of the “simple beam” model. The left end is fixed, while the right end can move freely.
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θ = , = ( )
GL

EI
V GL

EI16 48 3mm

2 3

The spring constant of the single beam is defined by ky =  Fy/Vm and, hence, given by:

= ( )K 48EI
L 4y 3

Thus, the spring constant for MoS2 thin films can be theoretically obtained according to (4). If the membrane in 
Fig. 5a,b can be regarded as an isosceles trapezoid, by substituting the calculated product of inertia into equation 
(3), with other known measurable values (G, L, θ m and Vm), we can obtain E, the Young’s modulus-like value, which 
is on the order of 100 Pa. E is described as Young’s modulus-like and has a similar physical meaning to the elastic 
modulus. E can be used to describe the tendency to recover after withdrawing forces from the MoS2 thin films. The 
value of the Young’s modulus-like E calculated by this method is much smaller than the Young’s modulus of the 
MoS2 thin films obtained from the nanoindentation experiments8,10. It is supposed that the MoS2 thin films in this 
research only contact the substrate at one end, that the other is free and that the MoS2 used in nanoindentation is 
fixed at both ends. Additionally, the magnitude of the distance between the point at which the force acts and the 
fixed end is on the micron scale in our experiment, whereas it is on the nanometre scale in the nanoindentation 
experiments. In addition, the elastic properties of 2D materials of different shapes are not the same. The MoS2 
thin films in our research are relatively sensitive to small forces. Thus, this material would be appropriate for the 
fabrication of micro-force sensors because of its readily observable interference colours.

Conclusions
Coloured equal-thickness interference fringes observed with an optical microscope were used to calculate the 
curvature of MoS2 thin films, and the error in the measurement was determined by AFM to be less than 2%. In 
the absence of external influence, the bending curvature of the MoS2 thin films tended to be unchanged after 
forty days of preservation, exhibiting excellent stability. After pulsed laser irradiation, the bending curvature of 
the MoS2 thin films increased within 2 hours, and a polar solvent could be used to reduce the bending curvature 
because of the liquid surface tension. The MoS2 thin films deformed rapidly on the minute-scale immediately after 
the application of a small force to the surface, and the Young’s modulus-like value was obtained. It is theoretically 
possible to fabricate micro-Newton or nano-Newton micro-elastic force sensors with MoS2 thin films. This research 
provides a non-contact method for observing the elastic bending properties of a 2D material with an ordinary 
optical microscope, and characterizes the mechanical properties of 2D materials. This work also brings a new idea 
and approach for small force detection based on the excellent elastic properties of 2D materials.

References
1.	 Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. USA 102, 10451–10453 (2005).
2.	 Wang, Y. Q., Lin, C. F., Zhang, J. D., He, J. & Xiao, S. Research on the controllable nonlinear laser transmission properties of MoS2 

nano-microm film. Acta. Phys. Sin. 64, 034214(2015). Chinese.
3.	 Xiao, S. et al. Dynamic self-diffraction in MoS2 nanoflake solutions. Opt. Express 23, 5875–5887 (2015).
4.	 O’Neill, A., Khan, U. & Coleman, J. N. Preparation of high concentration dispersions of exfoliated MoS2 with increased flake size. 

Chem. Mater. 24, 2414–2421 (2012).
5.	 Coleman, J. N. et al. Two-dimensional nanosheets produced by liquid exfoliation of layered materials. Science 331, 568–571 (2011).
6.	 Park, J. Y., Kwon, S. & Kim, J. H. Nanomechanical and Charge Transport Properties of Two-Dimensional Atomic Sheets. Adv. Mater. 

Interfaces 1, doi: 10.1002/admi.201300089 (2014).
7.	 Jiang, J. W. Graphene versus MoS2: A short review. Front. Phys. 10, doi: 10.1007/s11467-015-0459-z1-16 (2015).
8.	 Bertolazzi, S., Brivio, J. & Kis, A. Stretching and breaking of ultrathin MoS2. ACS Nano 5, 9703–9709 (2011).
9.	 Maharaj, D. & Bhushan, B. Nanomechanical behavior of MoS2 and WS2 multi-walled nanotubes and carbon nanohorns. Sci. Rep. 5, 

doi: 10.1038/srep08539 (2015).
10.	 Feldman, J. L. Elastic constants of 2H-MoS2 and 2H-NbSe2 extracted from measured dispersion curves and linear compressibilities. 

J. Phys. Chem. Solids 37, 1141–1144 (1976).
11.	 Choi, J. H., Kim, M. S., Park, Y. K. & Choi, M. S. Quantum-based mechanical force realization in piconewton range. Appl. Phys. Lett. 

90, 073117 (1–3) (2007).
12.	 Nesterov, V. Facility and methods for the measurement of micro and nano forces in the range below 10−5 N with a resolution of 10−12 

N (development concept). Meas. Sci. Technol. 18, 360–366 (2007).
13.	 Chen, S. J., Pan, S. S., Yeh, Y. S. & Lin, Y. C. Measurement of cantilever spring constant using an electrostatic sensing and actuating 

force measurement system. Meas. Sci. Technol. 25, 115006 (1–10) (2014).
14.	 Komati, B., Agnus, J., Clévy, C. & Lutz, P. Prototyping of a highly performant and integrated piezoresistive force sensor for microscale 

applications. J. Micromech Microeng. 24, 1–34 (2014).
15.	 Rasuli, R. & Ahadian, M. M. Mechanical properties of graphene cantilever from atomic force microscopy and density functional 

theory. Nanotechnology 21, 1511–1520 (2010).
16.	 Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science 

321, 385–388 (2008).
17.	 Jian, S. R., Tasi, C. H., Huang, S. Y. & Luo, C. W. Nanoindentation pop-in effects of Bi2Te3 thermoelectric thin films. J. Alloys Compd. 

622, 601–605 (2015).
18.	 Hou, L. Z., Wang, S. L., Chen, G., He, Y. & Xie, Y. Mechanical properties of tungsten nanowhiskers characterized by nanoindentation. 

T. Nonferr. Metal. Soc. 23, 2323–2328 (2013).
19.	 Song, Y., Wu, S., Xu, L. & Fu, X. Accurate Calibration and Uncertainty Estimation of the Normal Spring Constant of Various AFM 

Cantilevers. Sensors 15, 5865–5883 (2015).
20.	 Clifford, C. A. & Seah, M. P. The determination of atomic force microscope cantilever spring constants via dimensional methods for 

nanomechanical analysis. Nanotechnology 16, 1666–1680 (2005).
21.	 Zhao, K. H. New concept physics tutorial of optics (Higher Education Press, Beijing, 2004).
22.	 Ou, G. B. & Zhu, J. M. Mechanics of Materials (Harbin Institute of Technology Press, Harbin, 1997).



www.nature.com/scientificreports/

9Scientific Reports | 5:18441 | DOI: 10.1038/srep18441

Acknowledgements
This work was financially supported by the National Nature Science Foundation of China (Grant Nos 11104356, 
11404410, 61222406, 11174371 and 11204112), and the Natural Science Foundation of Hunan Province (Grant 
No. 12JJ1001).

Author Contributions
P.W. performed the experiments and wrote the main text. S.X. provided ideas for the measurement as the first 
corresponding author, contributed to the interpretation of the experiment phenomena and edited the text. X.L. 
provided help with the data analysis and experiments. B.L. participated in editing the manuscript. Y.H. and H.H. 
helped with experiment about AFM. S.C. provided optical microscope for experiment. J.H. and Y.G. involved in 
discussion and provided some meaningful guidance. All authors contributed to review of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, P. et al. Investigation of the dynamic bending properties of MoS2 thin films by 
interference colours. Sci. Rep. 5, 18441; doi: 10.1038/srep18441 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Investigation of the dynamic bending properties of MoS2 thin films by interference colours

	Materials and Methods

	Results and Discussion

	Observation and identification of equal-thickness and equal-inclination interference fringes. 
	Angle measurement based on equal-thickness interference fringes. 
	Dynamic bending angle observation with equal-thickness interference fringes. 
	Utilization of THF liquor to manipulate the dynamic change of curvature of MoS2 thin films. 
	Qualitative measurement of the elastic bending properties of MoS2 thin films with small forces. 

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a,b) present microscope images of the same piece of MoS2 thin films.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a,b) are optical microscope images of the same piece of MoS2 thin films.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Images of the MoS2 thin films with coloured interference fringes on the surface under a microscope after preservation for different times: (a) 1 hour, (b) 15 days, and (c) 40 days.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Microscope images obtained after transferring the MoS2 thin films to the substrate for (a) 2 hours, (b) 6 days and (c) 13 days.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) The distribution of interference colours after spreading the magnetic powder on the surface of the MoS2 thin films at T0 (b) interference colours after most particles were removed by the magnetic force within 4 minutes (c) relative he
	﻿Table 1﻿﻿. ﻿  The different angles between the MoS2 thin films and the substrate at different times with tetrahydrofuran (THF)and ET(ethyl alcohol).



 
    
       
          application/pdf
          
             
                Investigation of the dynamic bending properties of MoS2 thin films by interference colours
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18441
            
         
          
             
                Peng Wang
                Si Xiao
                Xiaohong Li
                Bosai Lyu
                Yingbao Huang
                Shubo Cheng
                Han Huang
                Jun He
                Yongli Gao
            
         
          doi:10.1038/srep18441
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18441
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18441
            
         
      
       
          
          
          
             
                doi:10.1038/srep18441
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18441
            
         
          
          
      
       
       
          True
      
   




