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Abstract
The frictional shear stress between a nanostructure and a smooth substrate plays a crucial role in the
development of nanodevices; however, it is extremely difficult to measure. In this work, the kinetic
frictional shear stress of hexagonal ZnO nanowires on graphite and mica substrates was measured in
an ambient atmosphere by optical microscope based nanomanipulation. Both substrates have similar
surface roughness values of sub-angstrom-scale and interfacial adhesion energies with ZnO
nanowires. Yet, a Kkinetic frictional shear stress of 0.51 MPa was obtained for the ZnO-graphite
system, significantly lower than that of 5.1 MPa for the ZnO-mica system. The results demonstrate
that the Kinetic friction at a perfectly smooth contact interface may not be controlled by the adhesion,
whilst being commaonly referred to as adhesive friction or adhesion-dominated fiction. Similar to the
combining equations for adhesion, we propose two empirical combining equations to estimate the
frictional shear stress between two smooth surfaces using results more simply obtained from a
reference surface. The validity of the equations is supported by our experimental results and recently
published data for atomically smooth interface systems obtained under the similar environmental

conditions.
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1. Introduction

Nanoscale friction can significantly affect the design and performance of micro/nano-electro-
mechanical systems [1], the assembly and manipulation of nanoparticles (NPs) and nanowires (NW5s)
[2-4], and the development of reversible dry adhesives [5] and wall-climbing robots [6]. As a result,
an increasing number of studies over the past two decades have aimed to develop a fundamental
understanding of nanoscale friction. In particular, rapid developments in atomistic-simulations and
atomic force microscopy (AFM) measurements have dramatically improved our understanding of
nanoscale friction [7, 8]. Nevertheless, a large gap still exists between the newly acquired knowledge
of nanoscale friction and the well-established theory of macroscale friction. Attempts to bridge this
gap have been hindered by the inherent limitations of current simulation approaches [7] and
measurement tools [8]. In regards to experimental limitations, the real contact area between an AFM
tip and a target substrate is crucial for determining the nanoscale fiction, but is difficult to precisely
determine [8, 9]. In addition, most AFM tips have amorphous or disordered tip ends, and thus are not
suitable for characterizing the effects related to the localized atomic ordering such as the

superlubricity or structural lubricity between crystalline surfaces [8, 9].

In the past decade, AFM based nanomanipulation was largely used to test nanoscale friction, as it is
capable of achieving well-defined interfacial contact [10-16]. In such a test, a faceted nano-object,
NP or NW, is pushed to slide along an atomically smooth substrate surface using an AFM tip, and the
friction force between the object and substrate is detected by the AFM instrumentation [8]. As the
contact area, surface texture and testing environment are well-defined, many significant results were
obtained using the AFM based method, e.g. the identification of anisotropy and duality of the friction
between atomically smooth crystalline surfaces [15, 16]. Recently, scanning electron microscopy
(SEM) based nanomanipulation has also been developed as an alternative for measuring nanoscale
friction [17]. This technology enables direct visualization of the testing process, and thus removes
many of the testing uncertainties associated with AFM-based manipulation [17]. However, electron-

beam induced effects can alter the molecular interactions at a nanoscale interface, so the friction



behavior observed during test differs from what would occur in ambient atmosphere conditions [3,
18]. To overcome the hurdles encountered during AFM and SEM-based tests, optical microscope
(OM) based nanomanipulation was recently developed for characterizing the friction between NWs
and substrates [19-21]. In this method, the friction force at a NW/substrate interface is derived from
the bent profile of a NW that is pushed to slide on the substrate at a constant speed. As the entire

testing process is monitored real time, it combines the advantages of both AFM and SEM-based tests.

Extensive experimental studies have demonstrated that the friction law at the nanoscale can be
written as, F, = uFy + 1A, where Fy, u, Fy, T, and A are the friction force, friction coefficient,
external normal force, frictional shear stress, and contact area, respectively [22-24]. If no external
normal forces are applied to the contact interface, i.e. Fy = 0, the friction force, F, = tA, is known
as adhesive friction or adhesion-dominated friction. Fundamentally, t originates from atomic
interactions that occur between contact surfaces [25], and is believed to be related to the interfacial
adhesion force [22, 23]. However, a complete understanding of 7 is yet to be established. For
example, theoretical calculations and simulations based on the lattice interaction between two
surfaces can qualitatively explain the anisotropy and duality of frictional forces [16, 26-28]. Yet, they
cannot quantitatively interpret the experimental values obtained experimentally in a specific test [16,
26-28]. Although-a number of results on the friction of well-defined interfaces were experimentally
obtained, no relations have been established to predict the friction force between atomically flat
surfaces without an externally applied normal force. This is quite different from the study of adhesion,
where a class of empirical expressions, known as combining relations or combining laws, have been
proposed for obtaining the approximate interfacial adhesion energies (forces) of various contact

interfaces [23].

In the present work, we comparatively studied the Kinetic frictional shear stress of ZnO NWs on
cleaved graphite and mica substrates using the OM-based nanomanipulation technique developed in

our group [19-21]. In our tests, the friction force of ZnO NWs on atomically smooth surfaces of



graphite and mica was measured under the same environmental conditions. Two empirical
relationships were proposed to phenomenologically interpret the measured friction stress values of
the two interfacial systems. The proposed combining relationships were also validated using recently

published data of various interface systems.

2. Experimental

ZnO NWs were synthesized on a Si wafer by catalyst-free chemical vapour deposition (CVD) [29].
The morphology and structure of the NWs were characterized by SEM (JEOL JSM-7800F, operated
at 10 kV) and transmission electron microscopy (TEM; FEI Tecnai F20 operated at 200 kV). Both
the graphite and mica substrates were cleaved using tape immediately prior to friction testing. The
ZnO NWs were directly transferred from the Si wafer onto the graphite or mica substrates, and then
broken into short NW segments using the OM nanomanipulation technique developed in our previous
studies [30, 31]. This process avoids the absorption of contaminants onto the surface of NW during
transfer [32], as no additional liquids or adhesives are required. Kinetic friction testing was
performed using the midpoint push test under an OM (Objective lens: Mitutoyo M Plan APO 100x
with a resolution of 0.4 um). in an ambient environment (temperature: ~25 °C; relative humidity: 45 -
55 %). In the test, the'NW was pushed laterally at its midpoint by a sphero-conical W tip (diameter:
150 - 400 nm) obtained by electrochemical etching method, to slide along the substrate at a constant
speed. The Kkinetic frictional force was derived from the bent profile of the NW, obtained from in situ
OM observation [19, 20]. The surface topography of the substrates and sizes of the NWs being tested
were examined right after testing, using atomic force microscopy (AFM, Oxford Instruments Asylum

Research, USA) and SEM.

3. Results and discussion

Figure 1(a) shows a low-magnification SEM image of the ZnO NWs grown on a Si wafer using
catalyst-free CVD. The NWs have lengths of up to 100 um. TEM analysis reveals that the NWSs have

a perfect single-crystalline structure, grown along the [001] direction, as shown in Figs. 1(b) and (c).



AFM analyses indicate that graphite and mica substrates exhibit average roughness values (R,) of
0.05 and 0.04 nm, respectively (Figs. 2(a) and (b); scanning size: 10 x 10 um). The mica substrate
surface contains randomly scattered islands with a diameter of ~ 2 nm and a height of ~ 0.4 nm,
which are presumed to be single atomic layers of potassium carbonate resulting from the reaction of
carbonaceous gases and potassium ions [33]. Fig. 2(c) presents an AFM image of a typical ZnO NW

with an atomically smooth surface.

Figure 3 shows the OM micrographs of a ZnO NW as it is pushed along the graphite substrate. Fig.
3(a) displays the NW laid on the substrate prior to sliding, with a W tip_in contact near the midpoint
of the NW. The tip then pushed the NW laterally, causing it to slide along the substrate at a constant
speed. The NW would maintain a bent profile during pushing as the frictional force is distributed
along its length (Fig. 3(b)). Adjustments were made during pushing to maintain lateral motion of the
NW and to ensure sliding reached a steady state, as shown in Figure 3(c). After withdrawal of the tip,
the bent profile of the NW was maintained due to the existence of static frictional force, as shown in

Fig. 3(d).

To obtain the steady state shown in Fig. 3(c), a balance between the kinetic frictional force and
elastic restoring force caused by bending of the NW must be reached. As the NW is flexible and the
surfaces of the NW and substrate are perfectly smooth, it is assumed that the normal component of
force applied by the tip during pushing of the NW acted only at its midpoint. This is expected to
induce a normal stress in a highly localized area of the NW-substrate interface. In other words, the
normal force component would have a negligible influence on the interfacial friction, except in the
very vicinity of the midpoint. To verify this assumption, a three-dimensional (3D) axisymmetric
finite element model (FEM) of the tip-NW-substrate system was developed. Based on SEM analysis,
the sphero-conical W tip was modelled as a hemisphere of 400 nm in diameter, and the side-length of
the hexagonal cross-section of a ZnO NW was set as 200 nm, as shown in Fig. 4. A 2 um long

segment of the NW was modelled on each side of its midpoint, and the NW-substrate interface was



perfectly smooth. The elastic moduli for the substrate, NW and tip were 24.1GPa [34], 140 GPa [29],
and 410 GPa [35] respectively, and Poisson’s ratios were all 0.3. All three components were meshed
with SOLID 185 elements. Adjacent surfaces of tip and NW, and substrate and NW were modelled
as Herztian contact pairs. During FEM simulation, a vertical load was applied by the tip, with a
magnitude corresponding to a maximum contact pressure of 10 GPa, equal to the fracture strength of
the NW [29]. As expected, the normal compressive stress experienced at the NW-substrate interface
reached a maximum of 70 MPa at the NW’s midpoint, and fell abruptly below 1 MPa at distance of
just 1 um from the midpoint. Those values are much smaller than the value of ~1 GPa, estimated by
van de Waals (vdW) force [23], Fyqw = A12/67D,>, Where Aj, is the Hamaker constant of the NW-
substrate system and can be approximated as A;, = \/A; <A, with A; =29 x 1072° Joules for
graphite and A4, = 9.2 x 1072° Joules for ZnO, and D, = 0.2 nm is the cut-off distance. The
simulation confirms that applying a normal force to a NW during pushing should negligibly influence

the interfacial friction stress of the NW.

Based on the simulationed results, the bent profile of a NW can be approximated as a well-clamped
cantilever beam under a uniformly distributed load, f, i.e. the Kkinetic friction force per unit length on
the NW [20]. According to the elastic beam theory, f can be estimated by [19],

8-(65/L) - (EI/L), §/L < 0.27,
= {[0.8263e3-6455/L + 7.948 - 10711 - e22189/L|(E1/17), §/L>027, D

where E, I, L, and & are the elastic modulus, area moment of inertia, half length, and deflection of the
NW, respectively. For the ZnO NWs being tested, E = 140 GPa and I = 5v/3D*/256 were used
[29], while the diameter, D, and length, L, of the NW were measured by SEM. The frictional shear

stress, t, i.e. the friction force per contact area, was therefore obtained from: T = 2f/D.

The optical image in Fig. 5(a) shows the bent profile of a ZnO NW when sliding steadily on a
graphite substrate, where the deflection was measured as 4.4 + 0.2 um. The NW has a length of 16.78

+ 0.05 pm and diameter of 156 £ 3 nm, as shown in Fig. 5(b). Using Eq. (1), the frictional shear



stress was calculated as 0.34 + 0.04 MPa. To validate the result, the bent profile of the NW was
simulated using a FEM, meshed with SOLID 185 elements [36, 37]. Bending was induced in the NW
model by enforces different frictional shear stress values of 0.30, 0.34 and 0.40 MPa, and the
resulting bent profiles were plotted in Fig. 5(a). A frictional shear stress of 0.34 MPa provided a bent
curve most closely matching the observed profile. To quantify the error, we extracted the data points
for the NW profile using DataThief software [21], and found that R-squared value between the data
points and the modelled curve is 0.9999. Fig. 5(a) also shows that the simulated NW profiles for 0.30
and 0.40 MPa deviate obviously from the observed profile, indicating the resolution of our OM based
method provides sufficiently accurate measure of frictional shear stress. In this work, we tested 8
ZnO NWs on the graphite substrate and plotted the results as a function of NW diameter in Fig. 5(c).
The frictional shear stresses varied from 0.33 to 0.75 MPa, giving an average value of 0.51 MPa with
a standard deviation of 0.15 MPa. In addition, the frictional shear stress appears independent of the

diameter of NWs, which ranged from 130 to 600 nm.

Similarly, the values of frictional shear stress between ZnO NWs and a mica substrate were
determined. Fig. 6(a) shows a typical optical image of a NW, with a length of 17.89 um and diameter
of 447 nm, sliding on.a mica substrate. Using Eq. (1), the frictional shear stress was calculated as 4.0
+ 0.4 MPa. Again, the bent profiles for friction stress values of 3.0, 4.0 and 5.0 MPa were simulated
by FEM, as plotted in Fig. 6(a). The simulated profile for 4.0 MPa clearly matches well with the
actual profile, and the corresponding R-squared value between the NW profile and the modelled
curve is 0.999. We tested 12 NWSs on the mica substrate, and plotted the results as a function of NW
diameter in Fig. 6(b). The frictional shear stresses ranged from 3.0 to 7.5 MPa, giving an average
value of 5.1 MPa with a standard deviation of 1.6 MPa. The frictional shear stress also appears to be
independent of the diameter of the NWs. It should be noted that the cross sections of the NWs were
supposed to be regular hexagons in our calculations due to the significant difficulties in the exact
characterization. However, the true cross sections might be deviated from the regular ones, as can be

seen from the SEM image in Fig. 6(a), where the top edge and two side-edges are 209, 120, 118 nm,



respectively. This should be an important error source for the considerable variation of the shear
stress values for the NW-substrate systems. In addition, the surface contaminations formed or
absorbed on the surfaces of NWs [18] and substrate surfaces [33] under the ambient atmosphere may

also lead to the variation in the measured frictional shear stress values .

Although both NW-substrate systems have atomically smooth surfaces, the frictional shear stress of
the ZnO-mica system is one order greater than that of the ZnO-graphite system. In an effort to
understand why the two systems exhibit vastly different friction behaviour, we first consider the
influence of interfacial adhesion energies (forces). Nanoscale friction without external normal load is
often known as adhesive friction or adhesion-dominated friction, and hence is considered to correlate
with adhesion energy [22-24]. The adhesion energy of a ZnO-graphite and ZnO-mica interfaces
studied here have not be experimentally measured. However, the adhesion energy, or work of
adhesion, W,_g, for an interface that consists of two perfectly smooth surfaces, A and B, can be

estimated by the combining relation [23],

Wa-p = \/m , (2)
where W,_, and Wy _g are the adhesion energies of A — A and B — B interfaces, respectively. The
works of adhesion for graphite-graphite and mica-mica interfaces, W, _., and W,,_,,, can be used to
estimate the difference in the works of adhesion of the systems studied here, as they both use the
same ZnO NWs. The experimentally measured values for W, _; and W,,_,, are very close, 0.227 Jm’
2138] and 0.246 - 0.314 J m? [39], respectively. According to Equation (2), the difference in
adhesion energies, and thus adhesion forces, between the two NW-substrate systems should be small.
Therefore, the significant difference in frictional shear stress of the two NW-substrate systems could
not be attributed to the difference between their adhesion energies [22-24].Theoretically, the friction
and adhesion forces between two perfectly smooth surfaces in contact should stem from interfacial
molecular interaction, however, they can differ in their interaction potentials [23, 40]. For mica

surface, it was reported that the naturally present K* surface ions play an important role on its



tribological properties [41]. The surface ions might be also the main reason for the different frictional

stress values between the atomically smooth NW-substrate interfaces.

It is well established that the work of adhesion for an A-B interfacial system can be estimated using
Eq. (2). Similarly, provided that the sliding process in an A-B system is quasi-static, and that the
energy is only dissipated by the lattice vibrations of each surface, we can define a work of friction,
I,_g, for the system, that should have similar combining relation to that defined by Eq. (2), expressed
as,

Ths ~ Taalo 3
where I,_, and I;_g are the works of friction for A-A and B-B interfacial systems, respectively. The
frictional shear stress for the A-B system, t,_g, should-have the same form of relation as that in Eq.
(3), written as,

Ta-p ~ VTa=aTp-p) 4)
where t4_4 and tz_g are the frictional shear stress values for A-A and B-B systems, respectively.
This indicates that if the frictional shear stress values for A-A and B-B systems are known, the

frictional shear stress for A-B can be calculated using Eq. (4). For surface C sliding on A and B, we
thUS have TA—C = \,TA—ATC—C' and TB—C = 1/T3_3Tc_c, SO,
Ta—c/Ta—c = \/Ta-a/Ts-B (5)

where 7,_. and tz_. are the frictional shear stress values for A-C and B-C interfacial systems,
respectively. The obtained combining relations were tested using our experimental measurement.
Table 1 summarizes the measured frictional shear stress/force values and the combining relationship
ratios for our experimental data as well as in recent literature. In our test, 7,,0_y = 5.1 MPa,
Tzno—¢ = 0.51 MPa, SO Tz,0-m/Tzno—c = 10. The frictional shear stress values for air-cleaved

mica-mica and graphite-graphite without external normal force, and in an ambient atmosphere
conditionare t,,_, =~ 7.5 MPa [42] and t;_; =~ 0.05 MPa [38], S0 \/Tp—m/Tg—¢ = 12. The similar

obtained ratios help to validate the use of Eq. (5). The ratios also agree well with result obtained from



previous tests of mica and graphite surfaces [43], where the frictional force between a Si AFM tip
and a mica surface was 10 times higher than between the Si tip and graphite substrate (using an

extremely low load in ambient atmosphere condition, see Table 1 for details).

Understanding the kinetic frictional behavior of two perfectly smooth surfaces is critical for the
development of nanotechnology based devices, but quantifying friction shear stress remains a
significant challenging. Atomically smooth surfaces often include the faceted surface of a NP or NW,
the cleaved surface of a layered material, and the interlayers in a vdW heterostructure. The empirical
combining relations, presented as Eqgs. (4) and (5), appear to be useful in estimating the frictional
shear stress of two contacting surfaces using relations obtained from previously tested alternative
systems. For example, the frictional shear stress between a Sb-NP and a cleaved MoS; surface can be
deduced using the previous test results obtained from Sb NPs on a cleaved graphite substrate. We
know the frictional shear stress for air-cleaved graphite-graphite and MoS,-MoS; in high vacuum,

Tg—¢ ~ 0.02 —0.04 MPa [44], and Ty,s,-mos, = 0.02 —0.06 MPa [45], respectively, therefore
T6—6 =~ TMos,~Mos,- AlsO, we Know tg,_; = 1.04 MPa [16] in high vacuum. So Eg. (5) would
suggest that Tg,_pos, = Tsp-¢ ~ 1 MPa. Indeed, in the same testing conditions, g, _u.s, = 1 MPa

has been experimentally obtained [28]. This result is also verified by experiments involving the

sliding of a Si /AFM tip on both graphite and MoS, layers under the same testing conditions, where

the same friction force of ~ 1 nN was obtained [46], i.e. T5;_/Tsi—mos, = \/rG_G/rMoSz_,m,s2 =1,

again satisfying Eq. (5).

4. Conclusions

The kinetic frictional shear stress of hexagonal ZnO NWs sliding on cleaved graphite and mica
substrates was measured in an ambient atmosphere using OM-based nanomanipulation. The mica and
graphite substrates have sub-angstrom-scale surface roughness, and the NW-graphite and NW-mica
interfaces have similar interfacial adhesion energies. The frictional shear stress for the NW-graphite
system is 0.51 £ 0.15 MPa, one order lower than that of 5.1 £ 1.6 MPa for the NW-mica system. Our
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results demonstrate that the adhesion behaviour of a perfectly smooth contact interface does not

necessarily correlate with its kinetic frictional behaviour.

We proposed empirical combining relations for the frictional shear stresses exhibited by different
contact interface systems when no external normal force is applied, i.e. the frictional shear stress of
smooth surface A sliding on surface B related to the frictional shear stress values of A-A and B-B. The
equations were validated using the results obtained in this work as well as from some other
atomically smooth interface systems tested previously. If established, the use of the formulae could
significantly reduce the number of experimental tests required to-develop an understanding of an
interfacial system’s kinetic frictional behavior, and hence benefit the design of micro/nano-electro-

mechanical systems.
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Table 1. Interfacial friction between atomically smooth surfaces

Interfacial systems

A-B Testing conditions

Frictional shear
stress/ Force

Measured Ratios Combining Relationships

(MPa/nN)
ZnO-mica ) . 51
(this work) Ambient atmosphere “Zno-M = Tzno-m _ 44
- i - Tzno—
ZnQ graphite (50 - 55% RH) — Zn0—G
(this work)

- . Tzno-m _ lsi-M
Si-mica [43] Ambient atmosphere - oM _ 0 Tzo-a. Tsi
Si-graphite [43] (45 - 50% RH) - Tsi-6 .

M-M
) i Ambient atmosphere " J 66
Mica-mica [42] Ty-ym ~ 7.5
(50 - 55% RH) Ty
=~ 12
. . ) Tg—¢
Graphite-graphite[38] Ambient atmosphere z;_; ~ 0.05
Sb'MOSZ [28] Tsp—-MoS, ™~ 1 Tep_
High vacuum A —SbMo% 1
Sh-graphite [16] Tgp_g = 1.04 Tsb—-G
Sl'MOSZ [46] FSi—MOSZ = 1 TSi—MOS er—MOSZ ~ TSi—MOSZ
Ambient atmosphere —2=1 14, Tsi_G
Si-graphite [46] Fsi_c=1 Tsi—G
T —
High vacuum - Twos,—mos, ~ | MoS27MoS;
MoS,-MoS; [45] To_g
(SEM chamber) = 0.02 — 0.06 Thos,~Mos, _ j
Vacuum Te-¢ 16-6
Graphite-graphite[44] < (SEM chamber) = 0.02 — 0.04

15



Fig. 1. (a) Low magnification SEM image of ZnO NWs. (b) Typical TEM and and (c) the

corresponding high-resolution TEM images of ZnO NWs. The inset in (c) shows the corresponding

selected-area electron diffraction pattern.
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Fig.” 2. Two-dimensional AFM micrographs and line-profiles: (a) graphite substrate, (b) mica

substrate, and (c) ZnO NW.
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Fig. 3. Typical bent shapes of the same ZnO NW on the graphite substrate captured by the optical
microscope in the mid-point push test: (a) prior to sliding, (b) sliding before the steady state, (c)

sliding in the steady state, (d) after the tip withdrawal.
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Fig. 4. (a) Isometric view of axisymmetric FEA model of tip-NW-substrate system. (b) Contour plots
of the normal compressive stress induced within a NW by a normal tip load, in both the y-z and x-y

symmetry planes intersecting the midpoint of the NW. The location of the Hertzian contact surfaces

are demarcated.
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Fig. 5. (a) Optical image of a ZnO NW sliding stably on the grapphite substrate in the midpoint test.
The three dotted lines are the modelled NW profiles using the frictional shear stresses of 0.30, 0.34
and 0.40 MPa, respectively. (b) SEM image of the ZnO NW in (a) after the test. The inset in (b)
shows the hexagonal structure of the NW. (c) The kinetic stresses of ZnO NWs on graphite substrate
plotted as a function of the diameter of NWs, where the errors were calculated from the uncertainties
in the deflections, and the diameters and lengths of NWs obtained by OM and SEM, respectively.

(b)]
. ES_
= |
%
N - LIVER
5 4- i
2 ] .
@©
5 21
*é |
) : :

01 02 ofsia'm&gr (;Lmo)fs 06 07
Fig. 6. (a) Optical image of a ZnO NW sliding stably on the mica substrate. The three dotted lines are
the modelled NW profiles using the frictional shear stresses of 3.0, 4.0 and 5.0 MPa, respectively.
The SEM image inset in (a) shows the hexagonal structure and diameter of the ZnO NW. (b) The
kinetic stresses of ZnO NWSs on mica substrate plotted as a function of the diameter of NWs, where
the errors were calculated from the uncertainties in the deflections, and the diameters and lengths of
the NWs obtained by OM and SEM, respectively.
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Highlights
Frictional shear stress between ZnO nanowires and graphite substrate is 0.51 MPa.
Frictional shear stress between ZnO nanowires and mica substrate is 5.1 MPa.
Kinetic friction may not be dominated by adhesion at nanowire/substrate interfaces.

Two empirical equations were proposed to explain phenomenologically the results.
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