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Abstract 

We probe the interfacial forces in graphene-air and graphene-liquid environments with 

nanoscale resolution.  Experimentally, probe ‘snap-in’ to contact, in scanning probe 

microscopy, is overcome by combining the ultrasonic force spectroscopy (UFS) approach and 

MHz frequency range harmonic oscillation of the sample thereby sweeping the tip-surface 

dynamically from separated to indented state across the region of intimate interface contact. 

We measured the force interaction between nanoscale probe tip and graphene, graphite and 

reference SiO2 surface in ambient, polar and non-polar liquid environments. Via modelling 

we estimated the decay length of the force interaction in water to be 0.25 – 0.75 nm, 

equivalent to 1-3 monolayers, and interfacial effective stiffness at these distances associated 

with the liquid layer was an order of magnitude greater for non-polar than for polar liquid 

environment. During the elastic indentation at increased forces, the effective Young modulus 

of graphene was shown only to be slightly reduced in ambient environment while 

experiencing significant reduction by a factor of 3 in non-polar dodecane environment. 

 

 

I. Introduction. 

If the potential of graphene,
1
 and the related family of newly isolated ultrathin materials, such 

as MoS2
2
 and GaSe,

3
 for the next generation of nanoelectromechanical systems,

4, 5
 energy 

storage
6-8

 and optical 
9, 10

 devices is to be realised, there is a need to understand the 

interaction of these two-dimensional (2D) layers with the substrate and local environment. A 

key part of this is interfacial nano-mechanics of normal forces
11-15

 and friction
16-18

 studied in 

both ambient as well as liquid environments.
19

 Here, we present a methodology, ultrasonic 

force spectroscopy (UFS), to probe force interactions in the interfacial layers of graphene-air 

and graphene-liquid environments with nanoscale resolution. 
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To achieve this, it is essential to access, in a controlled manner, the narrow distance 

range corresponding to the establishment and breaking of a nanoscale probe–sample contact. 

Unfortunately, this distance range is not readily accessible for well-established atomic force 

microscopy (AFM) techniques due to sudden probe ‘snap-in’ to contact, which occurs as 

soon as the gradient of the attractive forces becomes larger than the spring constant of the 

cantilever supporting the probe tip. The snap-in can be avoided by a significant increase of 

the spring constant above the force gradient, however this will inevitably drastically reduce 

SPM sensitivity to the probed forces.
20

  

In this paper we show that this trade-off can be overcome by exploiting the nonlinear 

response of the tip-sample interaction during the approach-retract behaviour of a contact 

mode AFM probe in ambient and liquid environments using the UFS approach stemming 

from the ultrasonic force microscopy (UFM) principle of non-linear detection of contact 

forces.
21

 In UFS the sample is oscillated at high frequency of several MHz
22

 well above 

inherent probe or system resonances. At these frequencies the tip-cantilever system becomes 

dynamically frozen resulting in controlled periodic sinusoidal modulation of the tip-surface 

distance passing from a non-contact state through to full indentation.
23

 Then the nonlinear 

nature of the force-vs-indentation dependence results in the change of the average net force 

acting on the tip, which is then easily measured as a DC displacement of a compliant at low 

frequency, and therefore highly force sensitive, cantilever.  

It has been shown elsewhere using UFM that liquids form solid-like cushions on 

graphene surfaces, through the application of ultrasonic excitation of the sample, significantly 

modifying the local tribological properties.
24, 25

 Whereas the previous study concerned the 

modification of surface lateral forces we now investigate the modification of the normal 

forces at the graphene–environment interface. The UFM operation in liquid environments
26

 

remains relatively unexplored and questions remain about the disruptive influence of the 

radiation pressure, induced by the ultrasonic wave propagation through the liquid medium, on 

the cantilever during UFM scanning. Furthermore the exact effects arising from the combined 

dynamic stiffness of the liquid layer and sample averaged over the contact/non-contact period 

of oscillation require further exploration. Using exfoliated few layer graphene (FLG), 

graphite and SiO2 we have studied a comprehensive set of systems composed of combination 

of hydrophobic or hydrophilic surfaces immersed in both polar and non-polar liquids. We 

have compared the experimental data with a series of models based upon Hertzian sample-

probe interactions both with and without a liquid layer
27

 allowing the estimation of the 
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interfacial effective stiffness and decay length of interfacial forces, in both polar and non-

polar environments. 

 

II. Probe – sample interaction models 

 

In UFS measurements the sample is oscillated at ultrasonic (high frequency, HF) frequency f 

and at amplitude a, by an external piezoceramic transducer, modulated with a low frequency 

(LF) signal to aid detection. Due to extreme dynamical rigidity of the cantilever 
21

 at HF > 2-

4 MHz the vibration of the sample is not transferred to the cantilever and therefore one can 

safely assume that the tip-surface distance is also oscillated at the same HF f and amplitude 

a
28

. Due to the highly nonlinear dependence of the interaction force on the tip-surface 

distance
29, 30

 such oscillation is “rectified” producing an additional “ultrasonic” force at the 

modulation frequency and hence an additional displacement of the cantilever za. za has been 

shown to be directly dependent on a, effective sample elastic modulus E*, normal force FN 

and cantilever stiffness kc. In this study, this nonlinear response za is directly measured via 

lock-in amplifier as a function of FN and a and compared to modelling of the probe-sample 

interaction. A more detailed description of UFM operation and the origin of the nonlinear 

response are given in supporting notes 1 and 2 and specific experimental details in the 

methods section below. Comparison of FLG images obtained by contact and tapping AFM 

and UFM are shown in supplementary note 6. 

In order to understand the behaviour of the normal force as a function of probe-sample 

indentation, here, we employ a three component contact mechanics model describing the 

classical Hertzian contact force between a sphere and flat plane (FHertz)
31

, van der Waals 

adhesive
32

 between tip and sample (FDMT) (the Derjaguin-Muller-Toporov  model) and short-

range hydration forces in water, (FHyd).
27

 A supported layer model is not required here as the 

maximum indentation probed is 0.5-0.65 nm into a sample of 2.1 nm thickness.
33

 The precise 

role of FHyd is still not fully understood, however there is extensive experimental evidence of 

its importance on separation length scales of 0 to 10 nm
34

 where it provides a good 

quantitative description of hydrophobic forces which in some systems can be stronger than 

the van der Waals attractions.
35

 FHyd is repulsive for hydrophilic and attractive for 

hydrophobic surfaces. The total force between tip and sample (Fts) can be presented as a 

function of indentation (h) 

( ) ( ) ( ) ( )ts H ertz D M T hydF h F h F h F h= + +  
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The individual components are given in table I, where out of contact is denoted as h > 0 and 

in contact as h < 0, where E* is the reduced elastic modulus such that 

sample

sample

tip

tip

EEE

)1()1(

*

1
22 υυ −

+
−

=  

υtip,sample and Etip/sample are the Poisson’s ratio and Young’s modulus for the tip and sample, 

respectively, Rt is the radius of the tip, γ is the surface energy of the sample, pl is an 

empirically determined scaling factor where the sign of pl determines whether the interaction 

is hydrophilic or hydrophobic and λ is hydration decay length. 

Table 1. Contact and non-contact equations describing 

the Hertz, DMT and hydration force models. 

 FHertz(h) FDMT(h) Fhyd(h) 

h > 0 0 0 
22 expt l

h
R pπ

λ
 − 
 

 

h < 0 
3

2
4

*
3

tE R h  γπ tR2−  
ht pR

2
2π  

 

The force-vs-indentation dependence for typical values of force components, FHertz, FHertz + 

FDMT and FHertz + FDMT + Fhyd are shown in Fig 1. for graphene sample and Si AFM tip in 

ambient and water environment. Here we can see that due to the significant non-contact 

portion of the UFM oscillation the average forces sensed by the probe are modified (as shown 

in Fig S2), namely, if a liquid layer is present on the surface of the sample the response will 

be a ‘composite’ response comprising of the contact stiffness of the sample and forces 

produced in the liquid layer. 

  
FIG 1. Examples of typical 

force-vs-indentation 

dependence for the Hertz, DMT 

and Hydration models of 
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5 

 

adhesion for graphene in 

ambient and water 

environments. Green shaded 

region corresponds to the range 

of tip-surface distances probed 

by UFS at low ultrasonic 

amplitudes au and orange to 

high. 

 

To accurately reflect the experimental data the surface energy term (γ) is treated as a 

variable parameter, such that the maximal adhesive force of the model matches the 

experimentally measured value. In Fig 1 the solid blue line represents the simulated water 

immersion case with γ = 0.40 Jm
-2

, equivalent to adhesion in ambient environment, whilst the 

dashed blue line is the same model but with γ = 0.16 Jm
-2

, which corresponding to the 

experimentally observed adhesion in water immersion. These values are similar to reported in 

the literature
36-38

 and reflect the changes we observed in the maximum attractive force. Here, 

we note a significant change in the magnitude of the force-indentation relation with changing 

γ; these effects are explored in detail below. Parameters used in the simulations for the 

materials and environments presented in this paper, are given in Table 2. Values for hydration 

scaling force and decay were empirically determined and found to be consistent, for water, 

with literature.
27

 

Table 2. Modelling parameters. 

Radius of tip (nm) Rt = 10 

Cantilever stiffness (Nm
-1

) kc = 0.2  

Young’s modulus (GPa) 

Egraphite = 10 

ESiO2 = 55  

Egraphene⊥ = 35 

Etip = 166 

Poisson’s ratio 

υgraphite = 0.25 

υSiO2 = 0.27 

υgraphene = 0.17 

υtip = 0.22 

Hydration decay length (nm) 
λH2O = 0.25 

λC12H26 = 0.39 

Hydration force scaling 
pl(H2O) = 3 × 10

6
 

pl(C12H26) = 3 × 10
7
 

Effective surface energy in 

ambient, water and dodecane 

(Jm
-2

) 

γgraphene-amb = 0.40 

γgraphite-amb = 0.27 

γSiO2-amb = 0.34 

γgraphene-H2O = 0.16 

γSiO2-H2O = 0.11 
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γgraphene-C12H26 = 0.03 

γSiO2- C12H26 = 0.07 

Graphite and SiO2 properties are manufacturers stated 

values, whilst out-of-plane Egraphene⊥
39

 and υgraphene,
40

 

monolithic silicon AFM tip Etip and υtip
41

 are taken 

from literature. Rt and kc were experimentally 

determined by SEM and Sader
42, 43

 analysis 

respectively (see Methods section below). Effective 

surface energy terms are empirically derived 

according to the equations in table 1.  

 

Results and Discussion 

UFM nonlinear response in ambient environment 

 

 Experimental Theoretical 

L
o
w

 A
m

p
li

tu
d

e 
(a

u
) 

  

H
ig

h
 A

m
p
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tu

d
e 

(a
u
) 

  

 FIG 2. a, b) Experimental UFS response vs normal force (retraction 

curve) in ambient environment for graphite (red) FLG (black) and 

SiO2 (blue) and c, d) corresponding theoretical normal force vs 

nonlinear responses. For clarity we have shown low amplitude au = 

0.25nm and 0.5nm and high au = 2nm and au = 1nm on separate plots 

where, for each plot, the higher amplitude is the solid line and the 

lower amplitude the dashed line. 
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Experimental UFS and simultaneously acquired normal force data were collected for FLG, 

graphite and SiO2 in ambient, polar and non-polar environments using measurement 

procedure described in Methods. The experimentally measured UFS responses for materials 

in ambient environment are plotted in Fig 2 for low a (0.25 and 0.5 nm) and high a (1 and 2 

nm) ultrasonic amplitudes. Here we plot the retraction portion of the curves, that covers a 

wide range of interaction forces, against matching theoretical simulation that uses DMT 

approximation (in absence of liquid layer) such that )()()( dFdFdF DMTHertzts +=  using the 

literature reported simulation parameters from table 2 for each material – FLG, graphite and 

SiO2. Curves have been aligned such that a normal force of 0 nN corresponds to the pull-off 

point of the cantilever hence the breaking of probe-sample solid-solid contact (unprocessed 

data which has not been normalised to the small probe-sample contact area is shown in 

Supplementary Note 4).  

We note excellent qualitative correlation between the model and experimental data at a ≥ 

0.5 nm (Fig. 2b vs Fig. 2d). Furthermore, in good agreement with experiment, the model 

predicts negligible response from all materials at the lowest investigated amplitude, a = 0.25 

nm (Fig. 2a and Fig. 2c) corresponding to the threshold amplitude for the observation of 

nonlinear response. Below this value the ultrasonic amplitude, a, is smaller than the initial 

indentation h1, so distance oscillations occur in the almost linear region of the force-vs-

distance curve so no “rectification” occurs and ultrasonic force is negligible 
21

. 

We note certain discrepancy between the relative magnitudes of the measured and 

calculated responses of FLG and SiO2 relative to graphite, most likely arising in the 

experimental data due to mass loading effects
44

 on the piezotransducer which drives the UFS 

resulting in dampening of the ultrasonic displacement
45

. At the same time FLG exfoliated 

directly onto the SiO2 wafer secures identical amplitude of ultrasonic vibrations and therefore 

allows direct comparison of the ratios of UFS responses – calculated as amplitude ratio 

between FLG and SiO2 UFS response averaged over the common range of normalised normal 

forces – between 0 and 30 nN from the pull-off point, with standard deviations obtained by 

repeated measurements in the different points on the sample. Table 3 indicates that these 

ratios for different amplitudes a are in a reasonable agreement between experimental data and 

theoretical simulation – the ratios decrease with the increase of the vibration amplitude for 

both experiment and theory, and they coincide within the error margin. Given that no fitting 

parameter was used, such correspondence is quite remarkable. 
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Table 3. Ratios of UFS response for 

FLG and SiO2 at various a (ambient 

environment). 

a Experiment Theory 

0.5 nm 2.16 ± 0.55 1.53 ± 0.23 

1 nm 0.95 ± 0.06  1.16 ± 0.11 

2 nm 0.90 ± 0.08 0.98 ± 0.07 

 

UFM nonlinear response in liquid environments 

Using the same approach, we then probed the same interfaces in polar liquid (DI water) and 

non-polar liquid (dodecane) environments. The theoretical analysis in this case additionally 

includes a hydration component with a total force represented as 

)()()()( dFdFdFdF hydDMTHertzts ++= . Experimentally, decrease of the maximum adhesion 

force when moving from air to water environments is explained by the elimination of 

meniscus which can form at the tip-sample interface in ambient humidity
33

 with DMT contact 

mechanics at the new adhesive force being a reasonable approximation as discussed 

elsewhere
46

. Further decrease of adhesion is observed when moving from water to dodecane 

environment due to the minimisation of van der Waals and electrostatic forces.
47

 This 

decrease is reflected in the experimentally determined effective surface energy terms γ 

derived from the values for the pull-off force, given in table 2.  

 

 Experimental – Polar Theoretical  – Polar 

L
o
w

 A
m

p
li

tu
d

e 
(a

u
) 
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FIG 3. a, b) Experimental UFS vs normal force dependences 

in polar liquid environment for graphite (red) hydrophobic 

FLG (black) and hydrophilic SiO2 (blue) and corresponding 

c, d) theoretically calculated  dependence  for hydrophobic 

FLG (black) and hydrophilic SiO2 (blue). 
 

Figs. 3 and 4 show separately the experimental and theoretical response of materials in 

polar water and nonpolar dodecane, respectively, at low (0.25 and 0.5 nm) and high (1 and 2 

nm) ultrasonic amplitude a. The free fitting parameter here was the scaling factor,
27

 where 

pl(H20) is 3 × 10
6
 and pl(dodecane) is 3 × 10

7
. 

 

 Experimental - nonpolar Theoretical - nonpolar 

L
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p
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 FIG 4. a, b) Experimental UFS vs force in nonpolar liquid 

environment for graphite (red) FLG (black) and SiO2 (blue) 

and corresponding c, d) theoretically calculated response for 

hydrophobic FLG (black) and hydrophilic SiO2 (blue). 
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Figs. 3 and 4 confirm that UFM when the sample-probe system is fully immersed in 

various liquids
26, 48

 can be obtained at a variety of normal forces, with UFS signature clearly 

different for various materials. Hence, we confirm that the acoustic pressure acting on the 

entire cantilever area due to the acoustic wave from the immersed piezotransducer that may 

produce a response similar to the “ultrasonic” force is, in fact, much smaller than the 

nonlinearly detected “ultrasonic” force originated at the tip apex-surface interface. The 

response trend was similar to ambient conditions and diminished with the increase of normal 

force, but with drastically different ratios between UFS response of FLG and SiO2 in polar vs 

non-polar liquids. Table 4 shows these ratios for a = 1 and 2 nm (lower amplitudes have low 

signal-to-noise ratio and were not compared). It is interesting to observe that, in liquid 

environments for FLG and SiO2 the UFS response at lower forces  was steeply increasing 

before the pull-off both for low and high amplitudes, differing considerably from in-air 

experimental data (Fig. 2). Such steep increase indicates that interfacial nonlinearity of force-

vs-distance dependence is much more pronounced in underliquid environments – 

independently of liquid polarity or surface hydrophobicity. 

 

Table 4. Response ratios of FLG and SiO2 for given a in liquid environments 

 Polar Non-Polar 

a Experiment Theory Experiment Theory 

1 nm 15.86 ± 2.51 0.86 ± 0.10 0.75 ± 0.07 0.74 ± 0.07 

2 nm 9.47 ± 1.33 0.99 ± 0.05 0.88 ± 0.19 0.94 ± 0.04 

 

In the qualitative analysis we observe a reasonable correspondence between experiment 

and theory for UFS response ratios between FLG and SiO2 in non-polar environment, while 

the same ratios in polar water environment were order of magnitude higher. This divergence 

may suggest additional physical effects (discussed in the final section of the paper) and that 

are not associated with the probed solid-liquid-solid interface discussed in the next section. 

 

Theoretical investigation of sensitivity of UFS nonlinear response to parameters of 

solid-solid and solid-liquid-solid interfaces. 

Ambient environment: Due to the good correlation between experiment and theory in ambient 

conditions (Fig 2) we investigate two key features - the similarity of the FLG and SiO2 
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responses, clearly observed at higher a, and the very different response of graphite. 

Theoretically we changed intrinsic physical parameters, namely sample elastic moduli Esample 

and adhesion energy γ. A magnitude of the nonlinear response shown negligible change in the 

shape, with stable monotonous increase with increase of γ (Fig S3 in Supplementary 

Informnation), at the same time the dependence on Esample was clearly pronounced (Fig 5).  

 

 

FIG 5. Theoretical analysis of 

sensitivity of UFS to a 

material Young Modulus 

where the arrow shows a 

region of incrementally 

increasing value of Esample  in 

the range 5 – 60 GPa in 5 GPa 

steps (ambient environment).  

 

We interpret the sharp decrease in nonlinear response at low values of sample Young’s 

modulus (Fig. 5, dotted rectangles), that would correspond to graphite systems perpendicular 

to graphene planes, as the probe indenting into the relatively soft materials that would lead to 

decrease of ultrasonic force.
49

 It is interesting to note that significant nonlinear response for 

low E materials can only be accessed at low normal forces and higher a. Furthermore, a 

mainly monotonous relation between γsample and UFS is generally observed (Supplementary 

Fig. S3).  

  

Liquid environment: The introduction of the liquid to the system modifies the UFS response 

due to the dynamic interaction of the nanoscale thin liquid layer in between probe and solid 

(graphene, graphite and SiO2) surface. The local nanoscale dynamic properties of such liquid 

layers are not readily experimentally accessible by other methods
14, 50

 and UFS offers a 

unique opportunity for such studies. The hydration force component applicable to the polar 

water environment can be described by the hydration decay length, λ, and dimensionless 
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hydration force scaling factor, pl, describing effective force interaction of interfacial water 

layer.
34

 The theoretically investigated dependence of UFS response is given in Fig. 6 for λliquid 

ranging from 0 to 2 nm in 0.25 nm steps (ca. monolayer thickness of water).  

 

 

FIG 6. Theoretical analysis of 

sensitivity of UFS with 

incrementally increasing 

value of λliquid in the range 0 to 

2 nm in 0.25 nm steps (Esample 

= 10 GPa). Insert in b) 

corresponds to highlighted 

area of the main plot. Note 

that λliquid = 0 is equivalent to 

the model with no liquid 

layer. 

 

While for stiff samples (high Esample) a change in decay length produces negligible effect (SI 

Fig. S4), for softer samples where the influence of the hydration term is expected to be more 

pronounced, we observe two clear branches (insert in Fig. 6) corresponding to λliquid = 0 (no 

liquid layer) and 1.0 – 2.0 nm (thick liquid layer) (upper branch) and intermediate thickness 

λliquid = 0.25 – 0.75 nm (lower branch). The return to no liquid layer model-equivalence at 

λliquid  ≥ 1nm suggests that, in our model, the hydration force is effective only over the first 1-

3 monolayer thicknesses of water; this is good agreement with established literature.
51

  

The UFS would be also sensitive to hydration force scaling factor, pl but with more 

monotonous dependence. Fig. 7 shows typical high Esample system at a = 1nm for pl ranging 

from -3×10
5
 to +3×10

5
, with similar dependence observable for a low Esample system. 

However, tip-sample capillary formation is observed even when the sample is strongly 

hydrophobic graphene;
24

 this interaction is dominated by the hydrophilic tip and is therefore 

always repulsive. 
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FIG 7. Theoretical analysis of 

sensitivity of UFS to pl 

variation between -3×10
7 

to 

+3×10
7
 (in-liquid 

environment, Esample = 35 

GPa). 

 

Monotonous changes in pl in a similar way to Esample suggest that pl may be related, in 

dynamic nanomechanical probing via UFS, to the effective stiffness of the interfacial liquid 

layer. In a previous study we have shown that liquids, including water, form solid-like 

cushions when trapped between a AFM probe and ultrasonically excited substrate.
24

 We 

propose therefore, that for these measurements, the hydration term can be associated with 

affinity of a solvent molecule with the substrate.  

Using these parameters we applied the modified liquid layer model to the nonpolar 

environment where we have assumed the decay length to be ca. one dodecane monolayer 

thickness (0.39 nm). Direct comparison between the water and dodecane systems was 

possible due to their similar acoustic impedances and hence resulting amplitude of vibration. 

We find that the pl, and hence effective “interfacial stiffness”, required for accurate fitting of 

the dodecane model (taking SiO2 as the comparison) is  an order of magnitude greater than 

that required for water. To achieve a similar change in response in ambient conditions would 

require a significant increase in Esample of ca. 10 GPa.  

We have further investigated the relation between experimental measurements and 

theoretical model and the influence of Egraphene⊥ and γgraphene in both ambient and dodecane 

environments. The Fig. 8a and Fig. 8b show the experimental ratio of UFS responses for FLG 

and SiO2 (black line) that can be directly compared with simulation results (red line) in, 

correspondingly, ambient and dodecane environments for ultrasonic amplitude of a = 2 nm. 

The error (grey band) is calculated as representative standard deviation for multiple 

measurements at three different discrete normal forces. Our simulation show that changing 

ESiO2 had minor effect on the ratio whereas changes in the effective elasticity of the graphene 
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layer have much more profound effect, allowing us to fix the value of the Young’s modulus 

of SiO2 (table 2) while varying the Young’s modulus of graphene. As seen in Fig. 8a, the best 

fit for ambient environment indicates the effective Young modulus of graphene Egraphene(amb)⊥ 

of 24.5 GPa that is 30% below the data reported in literature (table 2), whereas in dodecane 

environment this modulus drops to Egraphene(C12H26)⊥ = 12 GPa that is almost three times below 

the literature value. The best fit also suggests γgraphene-amb = 0.52 Jm
-2 

(30% higher than table 2 

value) and γgraphene-C12H26 = 0.03 Jm
-2

 (details on the influence of variation of γgraphene on UFS 

data are given in Fig. S9). 

These results show that UFS effectively probes dynamic forces in the nanoscale tip-

surface junctions both at separation of few monolayer distances (revealed as modification of 

hydration forces scaling factor pl that add dynamic “interfacial stiffness”), as well as during 

full tip-surface indentation where effective Young’s moduli is modified suggesting elastic 

“cushion” that was most profound in dodecane environment. 

 

  

FIG 8. Comparison of FLG and SiO2 experimental (black) and 

theoretical (red) nonlinear response ratios at a = 2 nm with 

variation of Egraphene⊥⊥⊥⊥    in a) ambient conditions and b) dodecane 

environment. The grey region represents the associated 

uncertainty for the experimental responses. 

 

Due to the hydrophobic nature of FLG
52

 and the low ambient humidity (48% at 22 
O
C) during 

scanning our ambient model assumes no explicit liquid layer is present on the surface. 

However, this may not be true due to water meniscus formation around the hydrophilic 

probe.
53

 A thin liquid layer on the FLG surface
24

 which arise during the out of solid-solid 

contact portion of the ultrasonic oscillation give rise to the mismatch between literature 

values of Egraphene⊥ and those required to for the fitting in Fig.8. The negligible change with 

increasing values of ESiO2 suggests that rather than the mismatch resulting from stiffening of 
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the response due to a liquid layer on silicon it is due to cushioning on the response on FLG. 

The difference between the ambient and dodecane environments suggest different liquid 

structures arising from confined atmospheric water
54

 and dodecane sub-nanometre films
55

 

which is consistent with previous studies
24

 and not surprising given the hydrophobic nature of 

FLG. However, it is somewhat surprising that the stiffer dodecane film provides significantly 

greater cushioning effects than the water film, however this may be due to the comparison 

here being made between continuous dodecane layer, due to sample and probe immersion, 

and locally confined water, due to capillary forces at the probe apex.
56

  

In summary, comparison between experiment and the interaction model with data 

from Tables 3 and 4, shows that we achieve excellent correlation for ambient and nonpolar 

environments, where the small mismatch is explained by liquid layer cushioning, but poor 

correlation in polar environments especially for FLG on the surface. In order to answer this 

question we have conducted additional experiments shedding the light on the specific 

dynamic nanomechanical phenomena of FLG in water. 

 

Dynamic nanomechanical phenomena of FLG in liquids 

We observe a number of inconsistencies in the nonlinear response of the FLG samples which 

we attribute to flake-substrate or flake-environment induced effects. For ultrasonic 

modulation of the lateral forces previously reported,
24

 we noted almost identical behaviour 

for the ambient and polar environment FLG response arising from the local tip-induced water 

meniscus present in ambient environment. In air we observe multiple delaminations clearly 

visible in topographical image (Fig. 9a and Supplementary Fig. S7) as protrusions and in 

UFM image, Fig. 9b, as darker contrast (hence less mechanically stiff) areas revealing local 

suspension of the film from the substrate. On immersion of this film in either polar or non-

polar liquid we find profound decrease in the number of these delaminations (Fig 9d,f). This 

can likely indicate a presence of a layer of liquid between the film and the substrate that 

facilitates reduction of friction and effective flattening of the FLG films.  
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Ambient Polar liquid Non-polar liquid 

   

   

FIG 9. Contact mode topography (a,c,e) and UFM nanomechanical response (b,d,f) images of 

FLG and SiO2 in air(a,b), water (c,d) and dodecane (e,f) environments, all images are 1.8 x 1.8 

µm. Darker contrast in UFM images correspond to less mechanically stiff areas. Note the 

corrugation of as-deposited graphene film in air leading to significant delaminations is clearly 

smoothened on immersion in liquid environment, with notably fewer low (dark spots) and high 

mechanical stiffness (bright spots) defects observed. Also, contamination on SiO2 most 

pronounced in polar water, arising from the exfoliation process – SiO2 measurements were 

performed close to but free from such features. A larger scale image of the full flake width, in 

ambient environment, as well as associated topographical profile are presented in in 

Supplementary Fig. S7. 

 

The UFS measurements of FLG, far from the edge of the flake, compared with the 

simultaneously captured force-distance curves during tip retraction show a cessation of 

nonlinear response well before prior the tip snap out for FLG in the water immersion 

environment. Fig. 10a shows the nonlinear response data for FLG in water at a = 0.5nm 

(corresponding to the black solid line in Fig. 4a) and the simultaneously captured normal 

force response as function of z-position. The profound increase of the nonlinearity and its 

cessation (points ii to iii in Fig. 10) indicate that the solid-solid contact producing the 

nonlinearity becomes broken. Surprisingly, the force interaction still ranges to the distances 

up to 50 nm during the pull off. Similar behaviour is not observed for SiO2 in water (see force 

curves in Supplementary Note 4 and Fig. S6). Interpretation of any comparable response for 

FLG in dodecane is inconclusive due to high degree of noise around the probe snap-out point 

(Supplementary Fig. S5). We believe that this two-stage snap for graphene surface indicates 

peeling of graphene layers under adhesion with the AFM tip.
57

 Another possibility could be 
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that the nanobubbles of condensed gas
58, 59

 are nucleated by the AFM tip on the surfaces in 

water due to the hydrophobic nature of the FLG surface
60

 although no such behaviour was 

observed on well characterised hydrophobic wax surface. The length of the plateau allows us 

to estimate the height to which the exfoliated layer is pulled, in this case ca. 50 nm. It should 

be noted that, in contrast; we have observed no unusual features in the shape of the approach 

curves suggesting that tip-induced exfoliation is a product of the tip retraction from the 

substrate (Fig 10b). Exfoliation is observed during liquid immersion, but not ambient 

conditions despite stronger probe-sample attraction here. In ambient environment the local 

water is confined to the top probe-induced meniscus, however during full immersion the 

surrounding water is able to propagate between the stacked graphene layers, or between the 

graphene-SiO2 interface 
61

, significantly reducing the force needed to peel, the phenomenon 

used to facilitate the in-liquid exfoliation of graphite
62

. These complex secondary features are 

not accounted for by the modelling performed above but are the likely source to the 

differences between experiment and theory for FLG in water. 

 

 

 

FIG 10. a) Typical UFS response 

(black) and normal force (pink) for 

FLG for the retraction branch where 

a = 0.5 nm. Different regions i-iv 

correspond to the proposed 

mechanism of graphene layer peeling 

(top) or nanobubble interaction 

(middle) shown in b)  
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II. Materials and Methods 

1. Materials preparation and environmental parameters 

Graphene samples were exfoliated from bulk Kish graphite using the well-known 

‘scotch tape’ method prior to final exfoliation using a cross-linked polymer gel strip (Gel-

Pak, USA) flakes were transfer on to freshly piranha solution (3:1 concentrated H2SO4 to 

30% H2O2) cleaned and plasma treated (2% O2, Ar) silicon substrates (300nm SiO2 layer on 

Si wafer).
1
 In addition, bulk Highly Ordered Pyrolytic Graphite (HOPG) was studied 

immediately after scotch tape exfoliation of the top few layers. All measurements were 

performed at room temperature (a) in an ambient laboratory atmosphere (48% humidity at 

22°C), (b) with the sample and force probe immersed in ultrapure water (Millipore, Direct Q3 

UV purification system), or (c) in dodecane (Alpha Aesar 99+%). 

2. Ultrasonic Force Microscopy 

Samples, for UFM, were mounted on a coverslip glass bonded to the piezoceramic 

transducer using a thin layer of salol (phenyl salicylate) resulting in near perfect coupling of 

longitudinal and shear ultrasonic vibrations at frequencies up to several tens of MHz.
30

 

Transducer mounted samples were oscillated at typically 4 MHz, well above any cantilever 

resonances, with a peak to peak amplitude of 0.5, 1, 2 or 4 V resulting in vertical 

displacements a of ca. 0.25, 0.5, 1 and 2 nm respectively as determined by laser doppler 

vibrometer (Polytec Inc) and is consistent with previously reported values of displacement.
29, 

63
 To enable detection of the 4MHz oscillation, the signal was amplitude modulated with a 

gated saw-tooth shaped waveform of 1.7 kHz, the cantilever deflection at this modulation 

frequency corresponds to the nonlinear UFM response and was subsequently detected a lock-

in amplifier (Stanford Research Systems, SRS-830) as well documented in literature.
21, 63

 

Simultaneously, normal force spectroscopy (approach-retract curves
64, 65

) were 

performed using a standard AFM contact mode cantilevers (Budget Sensors) with Scanning 

Electron Microscopy determined tip radii of curvature of 12.9 ± 3.7 nm. The spring constant 

of each cantilever was determined using the Sader method
42, 43

 and were found to be with ± 

15% of the manufacturers stated nominal value of 0.2 Nm
-1

. Approach-retract curves were 

performed over a ramp size of 1000 nm at a vertical scan rate of 0.1 Hz in order to minimise 

liquid drag effects on the cantilever.
66

 The AFM used was a Multimode Nanoscope III AFM 

(Bruker AXS) fitted with a standard liquid cell.  
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IV. Conclusions 

In conclusion, the new method for probing nanomechanics of interfacial layers using UFS 

allowed us to probe solid-solid and solid-liquid-solid interactions for graphene-air and 

graphene-liquid environments with nanoscale resolution. Comparison of experimental data 

with a developed analytical model based on the DMT contact mechanics and hydration 

forces, indicated that while in ambient environment the stiffness of the probed layer plays a 

dominant role, in liquids the characteristic hydration length may be essential. By fitting the 

experimental UFS for graphene in water, the model shows that liquid layer effects are 

dominated by the first 1-3 monolayers of ordered liquid on the sample surface. At these 

separations the dodecane in dynamic UFS measurements at 4 MHz dynamic oscillation 

behaves as an additional stiff layer with a liquid layer stiffness approximately one order of 

magnitude greater than that of water. Furthermore, comparison of the experimental and 

theoretical FLG and SiO2 nonlinear UFS response suggests that the effective Young’s 

modulus of FLG during indentation (tip-FLG film elastic contact) is moderately reduced by 

30% in ambient environment (reflecting some tip-induced water meniscus influence) whereas 

in full dodecane immersion it is reduced by approximately factor of 3. This very distinct 

change between the ambient and immersion environment is clearly linked with the effect of 

the liquid layer both between the tip and probably between the graphene layer and the 

substrate with effect more profound for the dodecane that is known to more easily produce 

solid-like elastic cushions while subjected to confinement. Finally, the simultaneous 

collection of nonlinear response and force spectroscopy allows the identification of local 

physical phenomena such as peeling of graphene layers providing a new tool for the 

elucidation of near surface physical properties of 2D materials and systems in ambient and 

liquid environments. 
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