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Abstract—Van der Waals adhesion between graphene and 

substrate has an important impact on the graphene-based sensor 

performance. Here we proposed a simple in situ measurement 

method for adhesion energy of graphene diaphragm suspended on 

the endface of a ferrule. The interaction between the diaphragm 

and its substrate created a low finesse Fabry-Perot (FP) 

interferometer. The analytical relationship between prestress and 

adhesion energy was modeled on the basis of the initial dip along 

the edges of the suspended regions. Then, the deflection 

deformations of pressurized graphene diaphragm were examined 

using FP interference technology. The obtained adhesion energies 

for monolayer and two to five layer graphene membranes on SiO2 

conformed exceedingly well to the previously measured results 

and yielded a cross-correlation coefficient of 0.999 with the latter. 

Furthermore, an experimental setup for acoustic pressure test 

was developed to determine the adhesion energies for ~7-layer and 

~13-layer graphene diaphragms with a zirconia substrate to be 

0.286 J/m2 and 0.275 J/m2, respectively. The highly consistent 

experimental data confirmed the accuracy of our method. This 

method presented in this paper could be further extended for 

measuring the adhesion energy of other 2D materials. 

Index Terms—Graphene diaphragm, adhesion energy, 

pressure-deflection behavior, prestress, Fabry-Perot interference 

I. INTRODUCTION

RAPHENE, with a single-layer thickness of ~0.335 nm, is

being utilized more since it was first isolated by 

Novoselov et al. [1] because of its extreme elasticity [2], 
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ultrastrong adhesion [3], impermeability to gases [4], optical 

far-infrared properties [5] and thermal sensitive characteristics 

[6]. The unique combination of electronic and mechanical 

properties makes graphene an ideal material for sensor 

applications involving electromechanical coupling, such as 

micro- and nano-electromechanical (MEMS/NEMS) sensors 

and actuators [7-9]. However, at the nano-scale, the surface 

forces are so very strong and flexible so as to make graphene 

membranes interact and adhere strongly to materials and 

structures in its vicinity. Therefore, measuring and grasping the 

nature of adhesion energy between graphene and various 

substrates is necessary for graphene-based nano-mechanical 

and nano-electric devices [10]. 

In recent years, a few theoretical and experimental studies of 

the adhesion of the graphene membrane-substrate interface 

have been reported [11-19]. He et al. developed a theoretical 

method to calibrate the interface adhesion energy of monolayer 

and multilayer graphene on substrates based on the bond 

relaxation model for the interfaces including graphene/SiO2, 

graphene/Cu, graphene/Cu/Ni and Cu/graphene/Ni [12]. Zong 

et al. mechanically exfoliated graphene adhered to a SiOx 

surface covered with ~50-80 nm diameter gold and silver 

nanoparticles, thereby achieving a graphene-SiOx adhesion 

energy of 0.15 J/m
2
 by taking Young’s modulus E=0.5 TPa [13]. 

However, if E=1 TPa, the adhesion energy would be 0.3 J/m
2
 

[14]. After that, Koenig et al. directly measured the adhesion 

energy of 0.45±0.02 J/m
2
 for monolayer graphene and 

0.31±0.03 J/m
2
 for samples containing two to five layer 

graphene sheets by using a pressurized blister test [15]. Further 

experiment by Boddeti et al. showed the average adhesion 

energy values of 0.44 J/m
2
 and 0.24 J/m

2
 for two different sets 

of monolayer graphene blisters fabricated on two different 

chips by atomic force microscope (AFM) indentation 

experiments [16]. In addition, Yoon et al. found that the 

adhesion energy of large-area monolayer graphene on copper 

was 0.72±0.07 J/m
2
 by double cantilever beam fracture 

mechanics testing [17]. Then Das et al. reported that the 

adhesion energies of chemically vapor deposited (CVD) 

graphene on Cu and Ni substrates were measured to be 12.8 and 

72.7 J/m
2
, respectively [18]. Recently, Jiang et al. converted the 

adhesion forces measured by AFM with a microsphere tip to 

the adhesion energies of monolayer graphene on SiO2 and Cu, 

which were 0.46 and 0.75 J/m
2
, respectively [19]. 
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Accordingly, these experimental studies have significantly 

advanced the understanding of graphene adhesion behaviors. 

However, these approaches to determine the adhesion energy of 

graphene and a substrate typically involve experiments where 

graphene in adhesive contact with a substrate is delaminated 

from it by well-controlled forces [14]. Moreover, specific 

measurement setups and complicated sample test process are 

generally needed. Here from the viewpoint of graphene-based 

device performance instead of graphene sample analysis, we 

reported a simple in situ nano-scale quantification study of the 

adhesion energy of CVD graphene on certain substrates such as 

SiO2 and zirconia (ZrO2). A multilayer graphene sheet cut from 

a commercial sample were transferred onto the endface of a 

zirconia ferrule to form a FP sensor in order to measure the 

deformation of graphene conforming to well-defined surface 

features, which contributed to evaluating the effect of the 

interface adhesion on graphene-based micro/nano devices. 

Along with the pressure-deflection relationship integrating the 

balance between adhesion energy and strain energy at 

equilibrium, the calculated adhesion energies for 1-5 layers and 

multilayer of graphene, respectively, on SiO2 and ZrO2 were 

exceedingly well agreement with the previous theoretical and 

experimental results. 

II. MODEL ADAPTED TO THE METHOD

A. Principle of the FP Sensor with Graphene Diaphragm

Figure 1(a) shows the schematic diagram and the physical 

picture of the presented FP sensor that comprises of a zirconia 

ferrule with a bore diameter of 125 μm, a standard single mode 

fiber (SMF) and a suspended multilayer graphene diaphragm. 

The diaphragm, working as a light reflector made directly on 

the end of the SMF, was adhered to the zirconia substrate by 

van der Waals forces as shown in Fig. 1(b), and the separation 

between the fiber end and the ferrule endface was controlled by 

using a 1-m resolution translation stage. The ferrule and the 

SMF were held together by an epoxy adhesive (3M
®
). The 

graphene diaphragm was prepared from a commercial Trivial 

Transfer Graphene (TTG) sample in which the graphene 

membrane was grown by chemical vapor deposition (CVD) on 

a 20-m thick Cu foil deposited on a polymer substrate (ACS 

Material
®
, www.xfnano.com). The process for preparing the 

graphene membrane and transferring it onto the fiber tip to an 

FP cavity is similar to that in Ref.[20].  

Fig. 1.  (a) Schematic diagram and physical picture of the FP sensor and (b) 

microscopic image of graphene diaphragm adhered on the ferrule endface. 

As seen in Fig.1(a), when an external pressure was applied to 

the diaphragm, its deformation caused the length of FP cavity to 

change. For the purpose of modeling the load-deflection 

behavior, the sensor was approximated as a clamped circular 

diaphragm made of a linear isotropic elastic material based on 

the spherical shell equation. The relationship between the 

diaphragm deflection ω and the pressure difference P may be 

expressed as [21] 
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where E is the Young’s modulus of graphene (~1 TPa); r, t, υ 

and σ0 are the radius, the thickness, the Poisson’s ratio (~0.17) 

and the prestress of graphene diaphragm, respectively. 

Due to the FP interference [22], the interference intensity Ir 

in the FP cavity for diaphragm-type optical fiber sensors can be 

approximated as 

 2 1 1 22 cos ,ir R R R R II       (2) 

where R1 and R2 (typically 0.025) are the reflective values of 

the graphene diaphragm and the fiber end/air interface, 

respectively; Ii is the incident intensity from the laser; ξ is the 

coupling coefficient of cavity length loss, which can be 

calculated as mentioned in the reference [23]; δ is the phase 

difference between two adjacent beams in micro-air cavity, 

which can be approximated as 4πL/λ, where L is the length of 

FP cavity and λ is the wavelength of incident light.  

In this case, the interference intensity (△I) caused by the FP 

cavity length change (△L) due to applied external load P may 

be described as 

1 2

8 4π
sin .i
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I R RI L


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        (3) 

In fact, the wavelength of a tunable laser can be tuned to the 

quadrature point of an interference fringe to maximize the 

acoustic sensitivity for the interference intensity demodulation 

[24]. That is, δ may be adjusted to be kπ+π/2, where k is a nature 

number. As a result, the measured deflection ω of the 

diaphragm is resolved to be [25] 
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Hence the pressure-deflection behavior of the FP sensor with 

graphene diaphragm can be measured by the output voltage 

from a photo-detector (PD). 

B. Pressure-Deflection Deformation under Prestress

According to (4), there is no change in the deflection of

graphene diaphragm when no external loads are applied. 

However, Bunch et al. fabricated and measured the first 

graphene drum resonators, which showed self-tensioning in the 

graphene resonators due to adhesion to the sidewalls by the van 

der Waals forces that clamped the graphene membrane to a 

substrate [10]. The magnitude of the tension (0.1 N/m) was 

deduced from the resonant frequency and verified by AFM 

indentation experiments when the pressure change P=0 at both 

sides of graphene membrane [15]. The adhesion to the 

sidewalls was also seen by Lee et al., but the magnitude was an 

order of magnitude smaller than that measured by Bunch et al. 

[14]. Moreover, dips of several nanometers along the edges of 
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the suspended regions, where the graphene membrane met the 

SiO2 sidewalls, were also obtained by AFM indentation 

experiments by both groups. In this case, the interplay between 

the initial tension-dependent graphene-substrate adhesion 

energy and the graphene deformation plays a key role in 

determining the equilibrium graphene conformation [26].  

Referring to Fig.2, the edge of suspended circular graphene 

membrane is adhered onto the sidewalls of the ferrule because 

of the strong van der Waals interaction. We presented a 

mechanics analytical model that describes the balance between 

adhesion energy and strain energy at equilibrium, where the 

graphene membrane is flat due to the adhesion behavior and the 

pressures inside and outside the FP cavity are equal initially. 

Hence the equilibrium configurations of the deformed 

membrane can be determined by seeking minima in the total 

free energy U which can be expressed as [12] 

,mem adhUU U   (5) 

where Uadh is the adhesion energy of the membrane-substrate 

interface, and Umem is the elastic strain energy stored in the 

membrane as it deforms when subjected to stretching and 

bending. It is noted that the bending energy for the flexible 

graphene sheets is neglected in (5) because self-tensioning in 

these thin sheets dominates over the bending rigidity.  

Fig. 2.  (a) Schematic of the graphene membrane with an initial deflection d and 

(b) structure model of the graphene membrane adhered to the ferrule endface.

For a constant value of adhesion energy per unit area Γ, Uadh,

an external force potential energy, is then 

2π .adhU ad     (6) 

Only considering stretching, Umem is simplified as 
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where Nr and εr are respectively the tension and the strain in 

the radial direction of membrane; Nt and εt are respectively the 

tension and the strain in the circumferential direction of 

membrane; and A is the area of the interface between the 

membrane and the substrate sidewall. By solving the radial 

displacement in an annular membrane [27], Umem is rewritten as 
2
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By seeking minima in the total free energy U from (6) and (8), 

the relationship between Γ and σ0 at initial equilibrium yields 

0 .
2

t
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Equation (9) shows that the adhesion energy between 

graphene membrane and the substrate is associated with the 

initial prestress and the film thickness. By substituting (9) into 

(1), Γ can be calculated by 
2 3
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III. EXPERIMENT AND ANALYSIS

It can be inferred from (10) that the pressure-deflection 

characteristics of graphene diaphragm can be improved by 

exploring adhesion behaviors of the membrane-substrate 

interface. In other words, Γ can be confirmed by the 

pressure-deflection characteristics of diaphragm. Based on the 

actual static pressure-deflection data measured by AFM 

experiments in Ref.[10], we solved the corresponding adhesion 

energies as illustrated in Fig.3, in terms of (10) mentioned 

above instead of complicated constant N blister companion 

experiments used in the reference.  

Fig. 3.  Calculated adhesion energy for graphene membrane on SiO2. 

The average calculated results were labeled by the symbol ‘△’ 

(regular triangle) in Fig.4, where the adhesion energy for 

monolayer graphene was set as 0.443 J/m
2
, in excellent 

agreement with 0.46 J/m
2 
in Ref.[19]. Moreover, the calculated 

adhesion energies for 1 to 5-layer graphene on SiO2 were well 

consistent with those of Refs.[12, 15], and yielded a 

cross-correlation coefficient of 99.88% and 99.96%, 

respectively, with them marked by the symbols ‘○’ (circle) and 

‘◊’ (diamond). The slight deviation between the data in this 

paper and the Ref.[12] is possibly due to the presence of the 

impurities on graphene membrane and substrate surface 

topography. It is noticed that the difference gradually becomes 

smaller as the number of layers increases, which also proves the 

decreasing effect of substrate surface topography because of 

reduced roughness with increasing layer number. 

Fig. 4.  Dependence of adhesion energy on the membrane thickness. 
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To further verify the proposed model, an experimental setup 

for acoustic pressure test in Fig.5(a) was developed to quantify 

dynamic (acoustic) pressure-deflection responses of FP sensor 

for measuring the adhesion energy of graphene diaphragm with 

a ferrule substrate. A reference microphone (MP201) with a 

sensitivity of 50.7 mV/Pa and a developed FP sensor were 

placed inside of an acoustic isolation chamber in Fig.5(b), 

where the distance between the loudspeaker and the two 

sensors was about 1 m. Two commercial TTG samples (6~8 

layer and 10~15 layer) were employed to fabricate two FP 

sensors with different membrane thicknesses. A tunable laser 

illuminated the FP sensor at a wavelength of 1550 nm, and the 

interference intensity was detected by a PD with a preamplifier 

through the use of an optical circulator. The MP201 provided a 

reference acoustic pressure for the FP sensor. In advance of the 

acoustic pressure test, the acoustic signal generated by the 

loudspeaker was initially calibrated to achieve a standard 

acoustic pressure of 1 Pa at 1 kHz with the aid of the reference 

microphone and software compensation method.  

Fig. 5.  (a) Experimental setup for acoustic pressure test and (b) picture of 

device arrangement in an anechoic chamber. 

However, it is vital to firstly determine the reflectivity R1 of 

the graphene diaphragm suspended onto the fiber-tip from (4). 

It should be pointed out that the reflectance and transmittance 

of graphene in the optical region are also a function of 

wavelength of incident light and membrane thickness. In 

accordance with the wavelength range (1528-1608 nm) of used 

broadband source (ALS-CL-17), R1 can be calculated by the 

complex refractive index [20, 28, 29] and fitted by the 

measured interference spectrums of the FP sensor via an optical 

spectrum analyzer (AQ6370C). In this case, the reflectivities of 

the two 6~8-layer and 10~15-layer graphene membranes were 

averaged to be 0.652% and 1.49%, respectively, based on a 3σ 

rule, in close proximity to the calculated those of 0.727% and 

1.72% for ~8-layer and ~13-layer membranes. Hence by taking 

the FP sensor with the ~13-layer graphene diaphragm as an 

example, its frequency response to sensitivity was investigated 

[30], which was relatively flat with a fluctuation of less than 7.5 

dB in the range of 1 kHz to 20 kHz as shown in Fig.6. The 

sensitivity at 1 kHz approached -20 dB. Unfortunately, the 

sensor tended to exhibit an inferior response performance at 

frequencies lower than 100 Hz. The phenomenon was mainly 

due to the leakage of sealed air in the FP cavity, thereby 

resulting in a preferable acoustic pressure response at higher 

frequencies. In generally, due to the advantage of extremely 

thin thickness, graphene diaphragm is available to offer higher 

pressure sensitivity in comparison with those made with other 

materials. Also, the high Young’s modulus (~1 TPa) allows 

graphene diaphragm to have a higher fundamental frequency. 

Then the deflection deformation of graphene diaphragm was 

examined by (10) when subjected to dynamic acoustic 

pressures at a better frequency of 16 kHz in Fig.6. The applied 

acoustic pressures, calibrated by the MP201’s output electrical 

signals and the sensitivity of 50.7 mV/Pa, were recorded. 

Fig. 6.  Frequency response of the FP sensor at 1/3 octave band frequencies. 

It is important to note that acoustic pressure excitations at 

other frequencies are also available for the determination of 

adhesion energy, which has no effect on the final result of Γ. 

Figure 7 shows the actual diaphragm deflections induced by 

these acoustic pressures. The measured data were fitted with a 

sensitivity of 2.22 nm/Pa by an over-sampling and linear 

least-squares method with a fitting coefficient of 99.7%. From 

Eq.(10), each pair of acoustic pressure-deflection points can 

determine an adhesion energy value, thus producing multiple Γ 

values due to several pairs of points as shown in Fig.8 similar to 

Fig.3. Then Γ for ~13-layer graphene membrane on ZrO2 was 

averaged to be 0.275 J/m
2
, which was described well with the 

theoretical value of 0.277 J/m
2
 on SiO2 in Ref.[12] shown in

Fig.4. The lower measured value is due to the crystalline 

structure of ZrO2 at normal temperature, in contrast to the 

amorphous structure of SiO2 which allows graphene to conform 

well to the substrate [31]. Consequently, the corresponding 

prestress was set as 0.1 GPa. By taking this prestress value into 

(1) again, a theoretical linear sensitivity of 2.25 nm/Pa was

achieved, which was very close to the measured sensitivity

shown by solid circle in Fig.7. Additionally, from the Hencky’s

series solutions by Campbell J.D. [32], the condition for linear

deflection deformation of (1) can be derived by
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From (12), Pc was theoretically set as about 60 Pa for the 

developed FP sensor with ~13-layer graphene diaphragm. In 

the same way, for the FP sensor with ~7-layer graphene 

diaphragm, a group of acoustic pressure-deflection responses at 

11 kHz was extracted to approximate Γ for ~7-layer graphene 
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as 0.286 J/m
2
 (Fig.8) , in close to the theoretical value of 0.287 

J/m
2
 on SiO2 in Ref.[12], with a corresponding prestress of 0.2

GPa. Thus a theoretical linear sensitivity of 1.69 nm/Pa was 

achieved, which also agreed with the measured sensitivity of 

1.66 nm/Pa shown by solid square in Fig.7. Compared with 

previously reported diaphragm-based fiber-tip FP pressure 

sensors using different types of elastic materials as a 

pressure-sensitive diaphragm such as chitosan, polymer, 

SiO2/silica and silver membrane [33-36], the sensor presented 

here used a thinner diaphragm and exhibited a much higher 

dynamic (acoustic) pressure sensitivity. In addition, Pc was 

then theoretically calculated as around 90 Pa. The experimental 

results showed that the linear operation confine of 

diaphragm-type FP sensor available was obviously limited by 

adhesion energy and membrane thickness. Owing to reduced Γ 

with increasing layer number, the range of Pc would be 

monotonously narrowed accordingly. In view of the 

membrane-substrate adhesion mechanism, further research on 

the performance optimization in FP sensors using graphene 

diaphragm is needed to investigate the physics behind it. 

Fig. 7.  The measured and theoretical acoustic pressure-deflection responses 

of FP sensors with ~7-layer and ~13-layer graphene diaphragms. 

Fig. 8.  Measured adhesion energy for graphene membrane on ZrO2. 

IV. CONCLUSION

A simple in situ method using the FP interference was 

demonstrated to detect the pressure-deflection behaviors of 

graphene diaphragm, working as a light mirror of a FP 

interferometer, so as to measure the adhesion  energy  between 

a  few  layers of  graphene  and  the  different  substrates (SiO2, 

ZrO2). With the pressure-deflection responses measured by 

Koennig et al. using a pressurized blister test, we successfully 

deduced the adhesion energies on SiO2 by incorporating the 

model of relationship between prestress and adhesion energy 

with regard to the initial dip along the edges of the suspended 

regions, which conformed well to the previously obtained 

theoretical and experiment results. Afterwards, the dynamic 

acoustic pressure-deflection responses of ~7-layer and 

~13-layer graphene diaphragms adhered to the endface of a 

ZrO2 ferrule, respectively, were examined to solve the adhesion 

energies of 0.286 and 0.275 J/m
2
 accordingly, in exceeding 

agreement with the adhesion energy theoretical solutions of 

graphene with the same layer thickness on SiO2. For this reason, 

this developed approach will open a new direction to evaluate 

the adhesion characteristics between a wide range of 

2D-nanomaterial and various substrates. 
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