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Abstract. Surface energy characterization is important to design the fabrication process 

of reliable electronic devices. Surface energy is influenced by various factors such as 

surface functionality and morphology. Owing to the high surface-to-volume ratio, 

surface energy at the nanoscale can be different from that of the bulk. However, the 

conventional methods for characterization of surface energy such as a sessile drop or 

Washburn methods cannot be used for nanoscale samples, owing to the limited volume 

for characterization. Recently, surface energy characterization on the nanoscale using 

atomic force microscopy (AFM) with Peak Force-Quantitative Nanomechanical 

Mapping (PF-QNM) imaging mode has been proposed. The nanoscale AFM tips measure 

the adhesion forces at the nanoscale, which are converted into surface energy through 

pre-calibrated curves. Successful surface energy characterization of nanoscale metal 

samples using AFM with the PF-QNM method has been reported previously. This mini-

review discusses the recent progress on surface energy characterization at the nanoscale 

using AFM with the PF-QNM method. The fundamentals of the PF-QNM mode are 

introduced, and the results of surface energy characterization are summarized. 

Consequently, the future research direction for surface energy characterization at the 

nanoscale is discussed. 
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1. INTRODUCTION 

With the development of low-dimensional devices with unique characteristics, building 

a heterostructure of two-dimensional (2D) layered materials on three-dimensional (3D) 

materials and thin film hetero epitaxy have been widely investigated [1-3]. Integrating 2D 

materials with 3D materials and layer-by-layer stacking of thin films result in 

unprecedented physical and chemical properties, which can be used in various applications 

such as electronic skin [4-6], health care [7-9], diagnostic devices [10-12], and power 

generators [13-16]. Nevertheless, building continuous heterostructure and direct transfer of 

2D materials or thin films on different substrates is challenging. Therefore, to develop 

reproducible and reliable exfoliation and transfer 2D materials and thins film stacking on 

different thin films or 3D structures, surface characterization of these materials is needed.  

Despite the importance of surface characterization of materials, the conventionally 

adopted method to determine the surface energy involves measuring the contact angle 

between the liquid droplet and the solid surface interface [17-22]. This liquid droplet 

contact angle measurement can only measure at bulk scale or microscale owing to the inert 

size of the liquid droplet, thereby limiting nanoscale measurements. Moreover, unlike bulk 

or microscale materials, nanoscale materials show different properties owing to the high 

surface area to volume ratio, which implies that small changes in the surface energy at a 

few nanometers scale can significantly alter the property of nanomaterials. Thus, 

characterizing the surface energy of materials at the nanoscale is important. 

There are different methods to determine surface energy by measuring the contact 

angle. Typically, the sessile drop method is used, which measures the contact angle of a 

liquid droplet on a solid surface using the Young equation [23-25], 

 𝛾𝑠𝑔 − 𝛾𝑠𝑙 − 𝛾𝑙𝑔 ∗ 𝑐𝑜𝑠𝜃 = 0 (1) 

where 𝜃, 𝛾𝑠𝑔 , 𝛾𝑠𝑙 , and 𝛾𝑙𝑔  are the contact angle, interfacial energy at the substrate-gas, 

substrate-liquid, and liquid-gas interfaces, respectively [18, 19]. In the case of solid 

powder, the Washburn adsorption method is used, which calculates the contact angle by 

measuring the weight of the solution adsorbed by the capillary phenomenon when the 

powder-filled cylinder is dipped into the solution; this is done using the Washburn 

equation, 

 𝑐𝑜𝑠𝜃 =
𝜂

𝐶𝜌2𝛾𝐿
∗

𝑚2

𝑡
  (2) 

where 𝜃, 𝜂, 𝐶, 𝜌, 𝛾𝐿, 𝑡, 𝑚, and 𝑡 are the contact angle, liquid viscosity, material constant, 

density, surface tension, weight, and time, respectively [26, 27]. Although these methods 

are effective in bulk solid materials, with a decrease in material size, methods for evaluating 

surface energy through contact angle become complicated and are not able to achieve the 

necessary resolution, especially at the nanoscale. In addition, the Washburn method cannot 

measure the surface energy of a single powder. 

To address this challenge, recently, a new technology was proposed to characterize 

surface energy at the nanoscale using atomic force microscopy (AFM) with Peak Force-

Quantitative Nanomechanical Mapping (PF-QNM) imaging mode [17, 28, 29]. This 

method obtains a calibration curve comprising a plot of adhesion forces versus contact 

angle/surface energy for macroscale samples; then, by coupling the adhesive force of 

nanoscale material measured using AFM PF-QNM with calibration curve, the surface 
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energy of the nanomaterials is estimated. Although several attempts have been made for 

surface energy characterization of nanoscale metal strips using AFM PF-QNM, further 

research is required for various forms of samples, such as powder, 2-D materials, and 

porous systems. For this, it is important to summarize as well as discuss the recent progress 

in the surface energy characterization technology using AFM PF-QNM. In this mini-

review, the recently reported results of surface energy characterization using AFM PF-

QNM are summarized. The fundamentals of the AFM PF-QNM method are introduced, 

where the theoretical background and the process to evaluate the surface energy on the 

nanoscale are presented. Our perspective on the AFM PF-QNM method is shared, which 

provides ideas for future research on surface energy characterization at the nanoscale using 

the AFM PF-QNM method. 

2. SURFACE ENERGY CHARACTERIZATION USING AFM-PF-QNM METHOD 

2.1 Principles of AFM PF-QNM Imaging Mode 

Fig. 1a shows the schematic of the surface energy measurement process of nanoscale 

metals. In the first step of measurement, a calibration curve is acquired, where adhesion 

forces versus contact angle/surface energy of macroscale metals are plotted [28]. To 

achieve different hydrophobicity values, the macroscale metals were treated with several 

thiol SAMs. After the SAM treatment, the contact angle/surface energy and adhesion force 

of the macroscale metals are measured using the sessile drop method and AFM-QNM, 

respectively. The calibration curve is obtained by correlating the macroscale contact 

angle/surface energy and adhesion force. Afterward, the adhesion force of nanoscale metals 

is measured using AFM-QNM. Finally, the contact angle and the surface energy of 

nanoscale metals were extracted by substituting the adhesion force of nanoscale metals into 

the obtained calibration curves.  

PF-QNM is a novel functioning mode of AFM that can record real-time force versus 

separation curves by periodical tapping of peak force on the desired area of the sample 

using a low frequency. The maximum vertical force that presses down the sample surface 

is recorded as the peak force. In the PF-QNM mode, the peak force shows a constant value 

since the software calculates the force between the AFM tip and the surface of samples 

based on the feedback reflecting the surface morphology and mechanical properties. Fig. 

1b shows a plot of force versus time during one tapping cycle of the PF-QNM operation 

(Fig. 1d): (A) positioning the AFM tip on the surface of the sample surface at a given height 

and ready to touch the surface, (B) touching the sample surface with the tip and then 

applying pressure until amounting to the peak force, (C) withdrawing the tip from the 

surface of the sample, (D) entirely detaching of the tip from the surface of the sample after 

reaching the maximum attractive force point, which represents the adhesion force, (E) 

returning of the tip to its original height position. After one tapping cycle (A-E) is 

completed, the next tapping cycle starts all over again. 

 



4 H. HA, S. MÜLLER, R.-P. BAUMANN, B. HWANG 

 

Fig. 1 (a) Schematic of the CA and SE measurement procedure for the nanoscale materials 

via nCA-AFM (b) Illustration of AFM PF-QNM imaging plot of force and Z-piezo/tip 

movement as a function of time, and (c) force curve for analyzing the material-specific 

properties. (d) Schematic of the AFM PF Tapping technique; cantilever oscillated below 

resonance, resulting in a continuous series of force-distance curves [28]. Reproduced with 

permission from ref. [28]. 

The force versus separation curve quantitatively denotes the various mechanical 

properties of the surface at each point, such as adhesion, Derjaguin-Muller-Toporov 

(DMT) modulus, and energy dissipation (Fig. 1c) [30-32]. Adhesion force is the required 

force to detach the AFM tip from the surface. In the force versus separation curve, the 

adhesion force is the force difference between the maximum attractive force point and the 

noncontact point. Young’s modulus can be calculated with the reduced modulus, which is 

derived using the DMT model expressed as follows: 

 𝐹𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
4

3
𝐸∗√𝑅(𝑑 − 𝑑0)3 + 𝐹𝑎𝑑ℎ  (3) 

where 𝐹𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is the tip-sample force, 𝐸∗ is the reduced elastic modulus of the tip and 

the sample, R is the tip radius, 𝑑0  is the surface rest position, (𝑑 − 𝑑0) is the sample 

deformation, and 𝐹𝑎𝑑ℎ is the adhesion force during the contact [31, 33, 34]. The Young’s 

modulus of the sample is calculated with the reduced modulus values using the following 

equation:  
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 𝐸∗ = (
1−𝑣𝑠

2

𝐸𝑠
+

1−𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
)−1  (4) 

where 𝑣𝑠 is the Poisson’s ratio of the sample, 𝑣𝑡𝑖𝑝 is the Poisson’s ratio of the tip, 𝐸𝑠 is the 

Young’s modulus of the sample, and 𝐸𝑡𝑖𝑝 is Young’s modulus of the tip [31, 33, 34]. The 

areal gap in the curves between the approaching and withdrawing of one cycle of tapping 

represents the energy dissipation released during the PF-QNM imaging mode. 

2.2 Surface Energy of Nanoscale Metal Strips 

Park et al. characterized the surface energy of Au nano ribbons with a width of 430 nm 

and a thickness of 100 nm [20]. Fig. 2b shows the SEM image of Au nano ribbon tested in 

the study. To make a calibration curve, thiols such as 1-undecanethiol (CH3(CH2)9SH), 11-

mercapto-1-undecanol (OH(CH2)11SH), 11-mercaptoundecanoic acid 

(COOH(CH2)9CH2SH), and 1H,1H,2H,2H-perfluorodecanethiol (CF3(CF2)7CH2CH2SH), 

which have end groups of CF3, CH3, COOH, and OH, respectively, were used to modify 

the surface of the reference substrates. The macro contact angle and surface energy of thiol-

modified substrates were characterized using the sessile drop method, which were then 

plotted with the adhesion forces measured for the corresponding substrates using the PF-

QNM method. The calibration curves were made for the flattened Au thin film surface 

fabricated through the process in Fig. 2a. Fig. 2c and d shows the plots of contact angle 

versus adhesion forces and surface energy versus adhesion forces, respectively. The linear 

changes in the macro contact angle (Fig. 2c) and adhesion forces (Fig. 2d) as a function of 

the adhesion forces are shown with slopes of -27.53 and 16.26, respectively. Then, the 

adhesion forces of the Au nano ribbons were measured using the PF-QNM method, which 

yielded a value of ~2.31 nN. Thus, the contact angle and surface energy were estimated as 

78.83° and 38.57 mN/m, respectively, by extracting the values corresponding to the 

adhesion force of the Au nano ribbons from the calibration curves (blue dot lines in Figs. 

2c, d). These values were similar to those of bulk Au, which has a contact angle of ~74.38° 

and a surface energy of ~38.59 mN/m. Although this study was the first to report on the 

surface energy characterization for nanoscale samples using the PF-QNM method, they 

provided results only for a single sample, which is insufficient to understand the 

mechanism of surface energy change on the nanoscale.  

Ha et al. investigated the effect of grain size on the surface energy of nanoscale Au thin 

films using the PF-QNM method [28]. To form different grain sizes, Au thin films with 

different thicknesses of 10, 50, and 100 nm were deposited on the SiO2 substrates using the 

thermal evaporation method (Figs. 3a-c). The change in the thickness from 10 nm to 100 

nm caused the increase in RMS roughness by ~0.5 nm (Figs. 3d-f), which was negligible 

compared to the film thickness and AFM tip radius. All the deposited film showed the 

identical crystallographic orientation as confirmed by X-ray diffraction (XRD) as shown 

in Fig. 3g. The grain sizes estimated through XRD data were 10.0, 29.0, and 41.2 nm for 

thicknesses of 10, 50, and 100 nm, respectively (Fig. 3h). Surface morphology and lattice 

constants for all the samples as shown in the high-resolution transmission electron 

microscopy (HRTEM) images (Figs. 3j-o), which confirmed that there was no significant 

distortion of microstructure during further deposition to increase the thickness of Au thin 

films. In addition, XPS peaks of all the samples showed the same binding energies of 87.87 

and 84.20 eV as confirmed by X-ray photoelectron spectroscopy (XPS) results in Fig. 3i. 
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Therefore, the Au thin films deposited with different thicknesses was a suitable material 

system to investigate the effect of grain boundary densities on the surface energy.  

 

Fig. 2 (a) SEM image of Au nano ribbon. The calibration curves plotted by using the data 

from different thiols for evaluation of (b) contact angle and (c) surface energy of nanoscale 

Au ribbon [17]. Reproduced with permission from ref. [17]. 

To make the calibration curve, the macro contact angle and surface energy for the 

substrates treated with the different silanes such as N-[3-

(trimethoxysilyl)propyl]ethylenediamine, (3-aminopropyl)triethoxysilane (APTES), and 

octyltrichlorosilane (OTS) were measured using the sessile drop method. Then, the 

adhesion forces for each substrate were measured using the PF-QNM method (Figs. 4e-g). 

Figs. 4a and b shows the calibration plots for contact angle and surface energy, 

respectively. The macro contact angle values linearly decreased as the measured adhesion 

force (𝐹𝑎𝑑ℎ) increased, as shown in Fig. 2c, whereas the surface energy was proportional 

to  𝐹𝑎𝑑ℎ. These plots provide the equation to calculate the nano contact angle and surface 

energy, which are as follows:  

 nCA (contact angle)  =  −1.19 × 𝐹𝑎𝑑ℎ + 153.77   (5) 

and SE (surface energy)  =  0.51 × 𝐹𝑎𝑑ℎ + 1.86  (6) 

Once the 𝐹𝑎𝑑ℎ  values for the nanoscale samples are obtained, the values of contact 

angle and surface energy can be calculated using the above-mentioned equations. The 

adhesion forces of the Au thin films with different thicknesses, that is, grain sizes, were 

measured using the PF-QNM method; then, the measured values were used as input for the 

derived equations to evaluate the nanoscale contact angle and surface energy. Figs. 3c and 

d are the calculated contact angle and surface energy as a function of grain boundary 

density (𝐷𝐺𝐵), which is calculated by dividing the diameter of the AFM tip with a radius 

of ~125 nm with the average grain size. The adhesion force was smaller for the Au thin 
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films with lower 𝐷𝐺𝐵  than those with higher 𝐷𝐺𝐵 , which resulted in a linear increase in the 

contact angle as a function of 𝐷𝐺𝐵  (Fig. 3c). The surface energy is inversely proportional 

to 𝐷𝐺𝐵 , where a higher 𝐷𝐺𝐵  showed higher surface energy (Fig. 3d). Consequently, the 

rational equations, 

 𝐹𝑎𝑑ℎ  =  
40

𝐷𝐺𝐵
+ 28.8   (7) 

and 𝑆𝐸𝑛𝑐  (surface energy of the nanocrystalline surface)  =  
21.2

𝐷𝐺𝐵
+ 16.0   (8) 

were derived, which indicated that the surface energy of the nanoscale metals is inversely 

proportional to the grain size of the samples. 

 

Fig. 3 (a-c) AFM topography images and profile sections on the edge of the evaporated Au 

layers on the SiO2 substrate. AFM topography images of (d) 10 nm, (e) 50 nm, and (f) 100 

nm thick Au layer; corresponding RMS surface roughness values are also indicated. (g) 

XRD pattern and (h) variation in full width at half maximum (FWHM) and GS. (i) XPS 

spectra results and (j-l) HRTEM images of Au films and (m-o) atom lattice with different 

thicknesses [28]. Reproduced with permission from ref. [28]. 
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Fig. 4 Calibration plot consisting of adhesion forces from different alkyl silane self-

assembled monolayers measured using the AFM PF-QNM mode versus (a) macro CA and 

(b) SE of SAMs evaluated using a Krüss DSA100 drop shape analyzer. Variation of 

nanoscale adhesion forces measured on top of 10, 50, and 100 nm thick Au layers and 

converted using the calibration curve into an equivalent nanoscopic (c) CA and (d) SE. 

Adhesion force mapping images of (e) 10 nm, (f) 50 nm, and (g) 100 nm thick Au layer 

[28]. Reproduced with permission from ref. [28]. 

In the other work by Ha et al., the effect of pattern size in nanoscale on the surface 

energy Au strips were investigated [29]. The thermally evaporated Au strips were 

manufactured on Si substrate to have thicknesses (T) of 50 nm and 100nm (Fig. 5i). The 

length (L) of the strips was fixed as 1000 nm while the width (W) was varied as 200 nm, 

300 nm, 400 nm and 500 nm (Figs. 5a-h). The vacuum-deposition process has a great 

influence on the nucleation and growth of Au crystal on the Si substrate. The morphology 

of Au strips that corresponds to the grain size of Au and the roughness of surface was 

largely governed by the processing temperature, deposition rate (Ǻ/s) and status of vacuum 

during the thermal evaporation step, which consequently influenced the nanoscale contact 

angle and surface energy. The increase in grain size of Au resulted in the higher RMS 

values as shown in Fig. 5j. The thinner film might cause a slightly higher density of 

nucleation that promotes the formation of small Au grains on the substrate. On the other 
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hand, the deposition time for thicker Au thin films was longer than those of thinner films 

that provides sufficient time for atoms to be arranged step-by-step, thereby forming larger 

and uniformly oriented grains. 

  

Fig. 5 AFM topography images of Au strips with thicknesses of (a-d) 50 nm and (e-f) 100 

nm and widths of (a, e) 200 nm, (b, f) 300 nm, (c, g) 400 nm, and (d, h) 500 nm. (i) 

Thickness and (j) RMS values of Au strips with the different widths measured by AFM 

mapping [29]. Reproduced with permission from ref. [29]. 

The nano contact angle (nCA) and surface energy (SE) of the Au strips were 

characterized by using a AFM-PF QNM method. The calibration curves were prepared for 

the substrates treated with the different alkyl silanes such as Methoxy(polyethyleneoxy)-

propyl]-trimethoxysilane (MPT), APTES, and OTS (Figs. 6a and b). Based on the 

calibration plots, the standard equations can be derived for nCA and SE as follow. 

 nCA (contact angle)  =  −1.29 × 𝐹𝑎𝑑ℎ + 158.22  (9) 

 SE (surface energy) =  0.53 × 𝐹𝑎𝑑ℎ + 0.75 (10) 

Figs. 6c and d show the converted nCA and SE values for the measured adhesion forces 

of Au strips with different widths using the standard equation (9) and (10), respectively. 

The nCA and SE values showed no clear relation with the widths of Au strips in the 
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identical thickness, which was attributed to the similar adhesion forces. On the other hand, 

the change in film thickness resulted in the large difference in nCA and SE values, which 

was due to the increased adhesion force by the increased thickness. Therefore, it was 

concluded that the grain size was governing factor to determine SE of Au strips while the 

change in dimension in few hundreds of nanometer scale of nanoscale led to no significant 

change in SE of Au thin films.  

 

Fig. 6 Calibration plot consisting of the adhesion force from different alkyl silane self-

assembled monolayers measured by AFM in PF-QNM mode versus the (a) macroscopic 

contact angle or (b) surface energy. (c) Translated nCA and (c) surface energy of Au strips 

as a function of the widths of Au strips [29]. Reproduced with permission from ref. [29]. 

3. CONCLUSIONS 

This mini-review discusses the recent trends in the novel technology for surface energy 

characterization at the nanoscale using AFM PF-QNM. PF-QNM is a special function of 

AFM that can be used to obtain the adhesion profile throughout the scanned area. The 

adhesion force is created by surface characteristics such as functionalities or morphology; 

thus, the surface energy is correlated to the adhesion forces. By deriving the calibration 

curves that present the relationship between the adhesion force versus and contact 

angle/surface energy, the contact angle or surface energy at the nanoscale is calculated. 

This method can overcome the limitations of the previous surface energy characterization 

methods using the sessile drop method or Washburn method. Several reports demonstrated 
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the potential of PF-QNM for surface energy characterization at the nanoscale by 

successfully measuring the surface energy of Au nanoribbons and nanocrystalline Au thin 

films. Although these studies revealed the important relationship between the surface 

energy of nanoscale samples and morphology such as grain size, other factors such as 

roughness or defect densities are still unclear. Moreover, once the sample size further 

decreases to the atomic scale, even defect densities on the surface significantly influence 

the surface energy. Therefore, further research is required on the surface energy 

characterization on the atomic scale using the PF-QNM method. Furthermore, atomic 

simulation should be carried out simultaneously to investigate PF-QNM-based surface 

energy characterization. PF-QNM opened a new research area on surface energy change at 

the nanoscale. We hope that this mini-review encourages further studies on surface energy 

at the nanoscale, especially by correlating experimental characterization results and 

theoretical simulation evidence. 
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