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ABSTRACT KEYWORDS
Precise measurement of the surface energy of nanoscale metal thin films is Surface energy;
crucial for the fabrication of reliable miniaturized electronic devices consist- nanomaterial; PeakForce

ing of multi-stacked thin film strips. However, the conventional method quantitative nanomechanical
utilizing sessile drops to measure the surface energy is not suitable for rﬁnlra;pplng; contact angle; thin
nanoscale samples owing to the much larger size of the liquid droplets

than those of the samples being measured. Herein, nCA-AFM (nano contact CLan!

angle-atomic force microscopy) based on PF-QNM (PeakForce quantitative KIAHE; DRI KL Wi )
nanomechanical mapping) imaging mode is explored as a novel tool to SE T PR LG &1 Al
measure the surface energy of nanoscale Au strips. Au strips with thicknesses RIS

of 50 and 100 nm were patterned to have widths in a range from 200 to 500

nm. The surface energy of the nano-patterned Au strips measured with PF-

QNM methods revealed that grain size is the most important factor deter-

mining the surface energy. The sample having different widths with the same

grain size showed similar surface energy values, regardless of the sample

dimensions. Our results highlight that grain size control is required to

achieve the target surface energy of metal strips for applications in nanoscale

electronic devices.
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Introduction

With the trend in technology to miniaturize electronic devices such as central processing unit (CPU)
chips, memory devices, or sensors, there is an increasing demand to reduce the pattern size of metal
interconnects to the nanoscale (Arias et al. 2010; Fan, Tang, and Wang 2016; Hong et al. 2015; Li et al.
2018; Qaiser et al. 2021, 2021). Electronic devices are mostly fabricated by stacking multiple nanoscale
thin films; thus, understanding the interface formation between different materials is crucial for the
fabrication of highly reliable electronic devices on the nanoscale (Kim et al. 2018, 2018). Surface energy
is the most important characteristic determining the status of the interfaces (Holec et al. 2020; Park
et al. 2020; Zhang et al. 2018). Various properties of the interface such as interfacial adhesion or
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wetting are determined by the difference in the surface energy of the materials, where a large surface
energy mismatch causes interfacial failures such as delamination or crack formations during the
operation of electronic devices (Kozbial et al. 2014; Sui et al. 2021; Zaman et al. 2020). In addition,
effective pathways for the diffusion of atoms during the deposition process are largely influenced by
surface energy. Thus, to form ultra-thin and uniform thin films stacked as a multilayer, precise
measurement of the surface energy at the nanoscale is important before fabricating the electronic
devices (Sui et al. 2021; Zaman et al. 2020).

The conventional method to measure the surface energy is the sessile drop method, where the
surface energy is calculated based on Owens, Wendt, Rabel, and Kaelble (OWRK) model using the
measured contact angles for polar and nonpolar solvents (Hwang and Gwang Yun 2019; Moghadam
et al. 2018). However, the sessile drop method may not be effective for nanoscale samples because the
liquid drop size formed on the surface of the sample in the sessile drop method is over a few hundred
microns. Therefore, the surface energy of nanoscale materials is obtained from the values of macro-
scale samples with an identical composition to the nanoscale materials. In nanoscale volumes,
however, the surface energy can be different from those of the bulk counterparts because the effect
of surface defects on the total surface energy is much larger for nanoscale samples than that for bulk
samples (Chi et al. 2013; Polaki et al. 2021; Sui et al. 2021; Xiong et al. 2018). In addition, the large
surface-to-volume ratio may change the surface energy in nanoscale volumes (Holec et al. 2020; Xu
et al. 2020). So far, several alternative methods to measure the surface energy in nanoscale volumes
have been proposed, including water adsorption of nano/micro powder and inverse gas chromato-
graphy (IGC) methods (Hamieh 2022; Kiesvaara and Yliruusi 1993; Neirinck et al. 2010; Niu, Xia, and
Peng 2018; Otyepkova et al. 2017). However, water adsorption of nano/micro powder is difficult to be
applied for patterned strips because they require a large amount of powder that can fill a measuring
cylinder of 50 mL (Kiesvaara and Yliruusi 1993; Neirinck et al. 2010). IGC method lacks resolution for
measuring the surface energy changes on a small scale (Hamieh 2022; Niu, Xia, and Peng 2018;
Otyepkova et al. 2017). Therefore, a novel technology to measure the surface energy of patterned
nanoscale samples is required.

In this study, the surface energy of nanoscale Au strips was successfully measured using a nano
contact angle (nCA) measurement method. This method utilizes the measurement function of
adhesion force at the nanoscale using PeakForce quantitative nanomechanical mapping (PF-QNM)
mode of atomic force microscopy (AFM). The surface energy is determined by the attraction force of
the surface for polar or nonpolar solvents, which is dictated by the morphological and chemical
characteristics of surfaces. The adhesion forces created between the nanoscale AFM tip and the surface
are also determined by the attraction forces of the surface. By obtaining the standard calibration curve
describing the relation between the adhesion forces and the surface energy of standard surfaces, the
surface energy of nanoscale samples can be estimated. Au nanostrips with pattern widths from 200 nm
to 1000 nm were fabricated using e-beam lithography. The dependence of the surface energy of the
nanoscale Au strip on the pattern size was evaluated using the PF-QNM method. Our results reveal
that the surface energy is influenced by the pattern width; thus, for precise control of the fabrication
process of nanoscale devices, the change in the surface energy in nanoscale volume should be
controlled.

Experimental

To determine the nano contact angle, it is necessary to create a plot of the adhesion force versus macro
contact angle for the reference surfaces covered with different self-assembled alkyl silane monolayers
(SAMs) to ensure a wide range of hydrophobicity. A liquid-phase deposition method is used to create
an alkyl silane monolayer from the aqueous/liquid solution under ambient conditions (Figure 1a). The
surface of a silicon wafer was cleaned by using bath sonication in an acetone/ethanol mixture (1:1) for
10-15 min, which was then dried under an ambient of nitrogen gas, and subsequently further cleaned
through the oxygen plasma treatment (100 W, 5 min). For hydrophobic SAM treatement, the cleaned
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Figure 1. Schematic illustration of nCA measurement process using PF-QNM mode.

Table 1. Macro contact angle, surface energy, and adhesion force of three alkyl silane types for calibration curves.

Silane Contact angle [°] Surface energy [mN/m] Adhesion force [nN]
Methoxy(polyethyleneoxy)- 50 45 83
propyl]-trimethoxysilane, (MPT)
(3-Aminopropyl)triethoxysilane, 67 38 72
(APTES)
Octyltrichlorosilane, (OTS) 105 23 41

silicon wafer was immersed in a 2% silane-anhydrous toluene solution for 15 min followed by the
rinsing in toluene to remove the agglomerates and contaminations. Finally, the SAM-treated Si wafer
was dried on a hot plate for 5 min at 150°C. The macroscopic contact angle and surface energies of
SAM-treated Si surface were evaluated using a drop-shaped analyzer (DSA100, Kriiss GmbH, sessile
drop method) (Figure 1b). The solvents for contact angle/surface energy measurements were water
and diiodomethane for polar and nonpolar systems, respectively. The corresponding adhesion forces
of the SAM-treated reference surfaces were characterized using the PF-QNM mode of AFM
(Figure 1c). A Bruker Dimension microscope with a standard silicon cantilever of RTESPA-150-125
(Bruker, tip radius 125 nm, spring constant 5 N/m) was used for characterizing the adhesion forces.
The material for AFM tip was silicone. The details of the PF-QNM mode of AFM can be found in refs
(Al Maskari et al. 2020; Dokukin and Sokolov 2012; Gazze et al. 2021; Khatri et al. 2021). To guarantee
a constant applied tip force, the deflection sensitivity and the spring constant (determined via Thermal
Tune) were calibrated before doing the tests. The measured contact angles and surface energies and
the corresponding adhesion forces characterized by AFM for the substrates with different function-
alities are shown in Table 1. According to the tip shape and size, the listed adhesion force values may
vary because the adhesion force is correlated to the tip radius as well as to the applied tip load. Next,
the calibration curves were obtained by plotting the adhesion forces versus the contact angle or surface
energy (Figure 1d). The contact angle values or surface energies of the nanoscale samples can be
obtained by matching the adhesion forces measured for the nanoscale samples to those in the
calibration curves, as shown in Figure 1d. The topography mapping and adhesion force measurement
of the nanoscale Au strip were also performed using the same AFM systems as used for the
characterization of the reference samples.

Results and discussion

The surface morphology and wettability were investigated for the evaporated Au strip with different
dimensions to observe the changes in the grain size, roughness, nano contact angle, and surface energy
due to fabrication. The Au strips with a thickness (T) of 50 nm and 100 nm were deposited on SiO,
substrates using electron beam evaporation and then patterned to achieve a length (L) of 1000 nm and
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Figure 2. (a) Thickness and (b) RMS values of Au strips with the different widths measured using AFM mapping.

a variation in width (W) of 200 nm, 300 nm, 400 nm, and 500 nm by using e-beam lithography system.
Figure 2a shows the thickness values measured using AFM. The patterned Au strips had thicknesses
near the target values of 50 nm and 100 nm. However, the thickness did not vary as a function of the
pattern width because the strips were patterned from identical Au thin films. The grain size evaluated
from the topological AFM images revealed that the Au strips with thicknesses of 50 nm and 100 nm
had grain sizes of 55 nm and 75 nm, respectively. Thus, the grain size increased with increasing Au
strip thickness from 50 nm to 100 nm but did not vary significantly with the sample width.
Furthermore, larger Au grains led to a higher root mean square (RMS) surface roughness, as shown
in Figure 2b. The deposition of thin metal layers leads to a slightly increased nucleation density on the
substrate and promotes the development of many small grains. In contrast, the deposition of thicker
metal layers requires a longer deposition time. An increase in the substrate temperature because of the
increased deposition time leads to partial degradation of the nucleation sites. Thus, further atoms are
arranged in a step-by-step manner, leading to the formation of larger, highly ordered grains. In
addition, the RMS values increased as the width of Au strips increased. RMS values were the average
values of the scanned area of the AFM tip. Considering the tip radius of AFM tip of 125 nm, the
narrow strip can result in the artificial effect on the measured RMS values coming from the large
influence of the edge.

The topological AFM images that confirmed the dimensions of the Au strips are shown in Figure 3.
The bubble-like forms indicated by arrow were artificial points caused by edge effect. The vacuum
deposition process has a significant influence on the nucleation and consequently the Au crystal growth
on the silicon substrate. The substrate temperature, deposition rate (A/s), and vacuum quality during the
evaporation process influence the metal strip morphology (number of Au grains and size) and surface
roughness as well as the nanoscale contact angle and surface energy. Under the same deposition
conditions, therefore, the morphology of the samples is governed by the thickness of the films.

The wetting behavior, especially the nano contact angle (nCA) and surface energy (SE) of the Au
strips, was determined by the nCA-AFM technique. Figure 4 shows the calibration plot created using the
measured values listed in Table 1. The local nano contact angle or surface energy can be evaluated by
translating the measured adhesion force of the Au strips from the calibration curves shown in Figure 4.
From the calibration curves, the general equations to calculate nCA and SE are obtained as follows:

nCA = —1 .29% F 4 +158.22 (1)

SE = 0.53%F 4y +0.75, 2)

where F,q;, presents the measured adhesion force for the target samples.
In the PF-QNM mode of AFM, the adhesion force maps are obtained by areal scanning of the AFM
tip through the entire area of the sample surfaces. Figure 5 shows the adhesion force maps measured
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Figure 3. 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, (¢, g) 400 nm, and (d, h) 500 nm.
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Figure 4. Calibration plot consisting of the adhesion force from different alkyl silane self-assembled monolayers measured by AFM in
PeakForce-QNM mode versus the (a) macroscopic contact angle or (b) surface energy.

for Au strips with different thicknesses and widths. A variation in the adhesion force existed due to the
roughness of the samples resulting from the crystallinity of polycrystalline Au.

Figure 6a shows the average values and the standard deviation of the measured adhesion forces for
Au strips. There was no significant dependence of the adhesion forces on the film width, where similar
values of adhesion forces were obtained for the samples with identical thickness and varying widths.
However, an increase in the thickness remarkably increased the adhesion force. The Au strips with
a thickness of 100 nm showed an average adhesion force that was two times larger than that of the 50
nm strips. This is attributed to the larger grain size of 100 nm strips than that of the 50 nm strips. The
adhesion forces exerted between the Au surface and AFM tips are largely influenced by the contact
area, which is exclusive of the grain boundary in polycrystalline samples. In Au strips with small
grains, there is a higher density of grain boundaries in the contact area with the AFM tip than that for
the Au strips with large grains, which leads to smaller adhesion forces. To calculate the nCA and SE
values, the measured adhesion forces are inserted into equation (1) equation (2). Figures 6bc show the
converted values of nCA and SE for Au strips with different thicknesses and widths from the equation
obtained through the calibration curves. The measured adhesion force is inversely proportional to the
nano contact angle but is directly proportional to the surface energy. Larger adhesion forces lead to
smaller nCA and larger SE. There were no significant changes in the nCA and SE values of the Au
strips with identical thicknesses, which was due to the similar adhesion forces. However, the thickness
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Figure 5. (a) AFM adhesion 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, (¢, g) 400 nm, and (d, h) 500 nm.
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Figure 6. (a) Measured adhesion forces and (b) translated nCA and (c) surface energy of Au strips as a function of the widths of Au
strips.

differences resulted in large differences in the nCA and SE values because the increased thickness
remarkably increased the adhesion forces. These results highlight that the surface energy of
a nanoscale metal thin film is significantly influenced by the grain size but not by the sample
dimensions such as widths or thickness that lead to no change in the grain size. However, in the
fabrication process using any chemical technique to make a pattern that can damage the surface of the
sample, there would be a surface energy change depending on the film dimensions because of the
varying degrees of chemical damage. This topic is outside the scope of this work, which aims to
investigate the fundamental perspective of the surface energy of metal thin films assuming that every
property is identical except the sample dimensions. However, the topic will be an interesting topic for
future work.

Conclusion

In this study, we explored the surface energy characterization of nano-scale metal thin films using the
PF-QNM mode of AFM. This method utilizes the fact that the adhesion forces are proportional to the
surface energy because both physical properties are generated from surface characteristics such as
functionalities or electrostatic charges. Au thin films were deposited on a SiO, substrate to achieve
thicknesses of 50 nm and 100 nm. The deposited thin films were then patterned to obtain various
widths in the range from 200 to 500 nm by using e-beam lithography. Calibration curves were
obtained by correlating the adhesion forces and the macro-contact angle values for the standard



JOURNAL OF NATURAL FIBERS (&) 123

surfaces having different hydrophobicity values. Once the calibration curves were prepared, the
surface energy or nano contact angle were evaluated by translating the measured adhesion forces
into the prepared calibration curves. The surface energy in nanoscale volumes was largely governed by
the grain size of the Au thin films; however, the width of the Au strip had no significant effect on the
surface energy. Large grains produced larger surface energy than that of the small grains owing to the
larger contact area with the AFM tip. Although the sample widths were varied, the grain size did not
change since they were produced from identical Au thin films, thereby resulting in similar surface
energies not dependent on the sample widths. Our study revealed that grain size control is important
to design minijaturized electronic devices consisting of multi-stacked metal thin films, which are
required to prevent problems such as interfacial delamination or non-homogeneous film formation
resulting from surface energy mismatches.
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