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We investigate the temperature-dependent frictional properties of mono- and few-layer hexagonal

boron nitride nanosheets (BNNSs) by using atomic force microscopy (AFM). The measurements

reveal that a modest increase in sample temperature results in a substantial decrease of the fric-

tional force between a silicon AFM tip and a BNNS, and the frictional force change is modulated

by the scan velocity of the AFM tip and the number of layers in the BNNS. The activation energy

of the contact rupture for the examined BNNSs is found to be around 0.35 eV, which is substan-

tially higher than the reported values for graphene. The observed high activation energy for the

BNNS is ascribed to its electronically and topographically corrugated surface, which originates

from the polarized nature of B-N bonds and the size difference of B and N atoms. The findings are

useful to better understand the physical properties of hexagonal BNNS materials and in the pursuit

of their applications, such as substrate materials in nano electronic devices. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4979835]

Hexagonal boron nitride nanosheets (BNNSs), the so-called

white graphene, possess superior mechanical1,2 and thermal

conducting3 properties and thermal and chemical stabilities.4

As a semiconductor with a reported bandgap of nearly 6 eV,5

BNNSs are electrically insulating in nature, which enables

their applications in optoelectronics and as dielectric sub-

strate materials for high-performance graphene nanoelec-

tronics.6 It is reported that the mobility of graphene devices

on BNNS substrates is of one order of magnitude higher than

that achieved on silicon oxide substrates. In addition to the

advantages of small surface roughness and small lattice mis-

match with graphene, BNNS substrates in graphene electronics

dissipate a majority of heat, which is produced by electrical

current, through a reportedly ballistic thermal transport

phenomenon on the graphene-BN interface. Temperature-

dependent frictional properties of BNNSs are expected to

play an important role in their applications. This is because

thermal activation helps enable the relative sliding through

overcoming the local energy barriers in the energy landscape

of two bodies in contact.7,8 The resulting lateral sliding and/

or the normal spacing variation between layered-stacked gra-

phene-BNNSs may have a substantial impact on the electron

and phonon transport and thus the overall device properties,

performance, and reliability. Even though there are a number

of reported studies on the temperature-dependent frictional

properties of graphene or graphite,9–11 the same properties

of BNNSs remain largely unexplored. From a structural

point of view, hexagonal BN (h-BN) sheets are made of par-

tially ionic B-N bonds and possess topographically and elec-

tronically corrugated surfaces. The frictional properties of

BNNSs are likely governed by thermodynamic processes

that are far more rich and complex as compared with those

of graphene. It is noted that individual hopping events on a

corrugated energy landscape8 can be well described using

the so-called “stick-slip” model.12–14 The stick-slip model

has been widely used to analyze frictional measurements and

study the friction properties at the small scale15 and is thus

an important theoretical tool in studying the frictional prop-

erties of BNNSs.

In this paper, we investigate the temperature-dependent

frictional properties of mono- and few-layer BNNSs by using

atomic force microscopy (AFM). The measurements reveal

that a modest increase in sample temperature results in a sub-

stantial decrease of the frictional force between an AFM tip

and a BNNS, and the frictional force change is modulated by

the scan velocity of the AFM tip and the number of layers in

the BNNS. The activation energy of the contact rupture for

the examined BNNS is found to be around 0.35 eV and is

substantially higher than the reported values (�0.1 eV) for

graphene. The findings indicate that the topographically and

electronically corrugated h-BN surfaces possess a substan-

tially higher energy barrier to contacting bodies than the oth-

erwise smooth and electrically neutral surface of graphene.

The employed BNNSs in this study were prepared by

means of mechanically exfoliating commercially available

hexagonal BN powders (Momentive, PT110).16 After being

transferred to silicon oxide substrates, BNNS flakes were

examined by using optical/Raman microscopy and AFM.

Mono- and few-layer BNNSs were identified and subsequently

characterized in the AFM-based frictional measurements,

which are illustrated in Figure 1(a). All of the AFM measure-

ments presented in this paper were performed inside a Park

Systems XE-70 AFM with closed-loop piezo stages, which

was housed inside an environmental chamber with a computer-

ized humidity control. A computer-controlled thermoelectric
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heating/cooling stage, which was placed underneath the sili-

con oxide substrate with BNNS flakes that stay on top, was

employed to control the sample temperature for the frictional

and adhesion measurements. Frictional and adhesion measure-

ments were carried out at a humidity of 10%, and at four

sample temperatures within 293–313 K, each of which was

measured as the temperature of the top surface of the substrate

adjacent to the BNNS samples. Silicon nitride AFM cantile-

vers with silicon tips (model CSG 10, NT-MDT) were

employed for all frictional/adhesion measurements. The

spring constant of each employed AFM cantilever was cali-

brated using thermal tuning methods17 at each testing temper-

ature and was found to be within the range of 0.18–0.46 N/m.

The lateral sensitivity of each cantilever was calibrated by fol-

lowing a two-slope wedge method using a TGG01 silicon

grating18 and was found to be within the range of 22.6–46.8

nN/V. The tip radii of the AFM probes were estimated to

be 10–20 nm by following a previously reported approach.17

For frictional measurements, the AFM was operated in a lat-

eral force mode with AFM tip scan rates within the range of

250–2000 nm/s and applied normal compressive loads of

0.05–4 nN.

Figure 1(b) shows the AFM topography and the corre-

sponding lateral force images of one BNNS flake on the sur-

face of a silicon oxide substrate. Its topography profile along

the marked A-A’ section is exhibited in Figure 1(c), which

displays three steps with heights of about 0.54, 1.31, and

2.35 nm, respectively. By considering an interlayer distance

of 0.34 nm in the BNNS and correlating the measured sheet

heights with the corresponding Raman profiles as displayed

in Figure S1 (supplementary material), it is concluded that

this flake is composed of one-layer (1L), 3L, and 6L BNNS

domains. Raman spectra of BNNS flakes of 1L, 2L, 3L, 6L,

and 9L domains were characterized in this study. It is noted

that the G band (E2g mode) peak location/full width at half

maximum (FWHM) of 1L and 3L BNNSs are measured to

be 1369.2/16.8 cm�1 and 1367.8/10.2 cm�1, respectively, all

of which are consistent with prior data in the literature.4

Both the G band peak and FWHM of the examined BNNSs

exhibit a decreasing trend with an increase in the number of

layers. The values measured for 9L BNNS samples (1365.8/

8.6 cm�1) are close to the respective values reported for bulk

h-BN (1366.2/9 cm�1).4,16,19 The surface roughnesses of the

substrate and BNNSs are of importance to their frictional

properties and are measured based on the recorded AFM

topography images. Figure S2 (supplementary material)

shows the surface roughness of the examined BNNS samples

at various temperatures. The data show that the BNNS

surface roughness decreases with its thickness and tends

to plateau for thicker samples. The surface roughness of the

employed silicon oxide substrate is found to slightly

decrease with an increase in the sample temperature and to

be within the range of about 0.19–0.23 nm (inset plot in

Figure S2 of the supplementary material). The surface rough-

ness of the 1L BNNS is close to that of the substrate, while

much lower values are observed for 6L and 9L BNNSs. This

observation is consistent with prior findings reported for gra-

phene that the surface roughness of 2D nanosheets is

governed by the substrate roughness as well as their bending

stiffnesses.20–23 The thicker BNNS possesses a higher

bending rigidity that helps to resist the sample-substrate

adhesion-induced deflection, resulting in a smaller surface

roughness. It is also consistently displayed in Figure S2

(supplementary material) that an increasing sample tempera-

ture results in a noticeable decrease of the surface roughness

for mono- and few-layer BNNSs. The adhesion force

between the AFM probe and the BNNS samples was charac-

terized by performing pull-off tests,24 and the measured val-

ues are reported in Figure S3 (supplementary material). The

data show that the sample thickness has little influence on

the adhesion force, while an increasing sample temperature

leads to a noticeable increase in the adhesion force. Figure 1(d)

FIG. 1. (a) Schematic of BNNS fric-

tional measurements by using lateral

atomic force microscopy (AFM) tech-

niques. (b) AFM topography (left) and

lateral force (right) images of one

BNNS flake that is composed of 1L,

3L, and 6L BNNS regions. (c) AFM

height profile of the BNNS shown in

(b) along the marked blue line. (d) The

frictional loop measured on the 1L

BNNS shown in (b) along the marked

blue line. The arrows indicate the

AFM tip scan directions.
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shows an AFM frictional loop that was recorded in the 1L

region along the marked A-A0 section in Figure 1(b). The

measurement was performed at a sample temperature of

293 K with an applied compressive load of 0.05 nN and an

AFM tip scan rate of 1000 nm/s. The frictional force on the

surface of the 1L BNNS was measured to be 0.41 6 0.05 nN,

which is substantially lower compared to the value measured

on the silicon oxide substrate (1.1 6 0.15 nN).

Figure 2(a) shows the measured frictional force on the 1L

BNNS surface as a function of the applied compressive load

under the same scan rate of 1000 nm/s. The measured depen-

dence of the friction force on the applied load can be well-

fitted using a power function given as f � ðPþ PAÞ2=3
,24

where f is the friction force, P is the applied load, and PA is

the adhesion force between the AFM tip and the BNNS.

Through curve fitting of the profiles shown in Figure 2(a), the

value of PA is obtained and displayed in Figure 2(b). It is

found to be within the range of 3.7–4.1 nN and is 11%–20%

higher than the respective values obtained from the pull-off

measurements. The two plots of the adhesion force shown in

Figure 2(b) display a similar increasing trend in its depen-

dence on the sample temperature.

Figure 3(a) shows the measured frictional force on the

1L BNNS surface as a function of the AFM tip scan rate

under the same applied load of 1 nN at different sample tem-

peratures. The data show that a modest increase in the sam-

ple temperature results in a substantially lower frictional

force. Figure 3(b) shows the dependence of the frictional

force on the AFM scan rate for BNNSs of various thick-

nesses at the same sample temperature of 293 K. The fric-

tional force is found to increase with the AFM tip scan rate

and decrease with an increase of the sample thickness, both

of which are consistent with prior reports in the literature for

graphene.9,25 A higher AFM tip scan rate tends to increase

the frictional force through the puckering deformation of the

sheet in contact.25,26 The puckering effect originates from

the out-of-plane deformation of the underlying sheet caused

by the pushing of an AFM tip, which in turn resists the slid-

ing of the AFM tip. The puckering effect is more pronounced

in thinner sheets that possess lower bending rigidities. Under

the same testing conditions, Figure 3(b) shows that the 1L

BNNS consistently possesses a higher frictional force than

the examined few-layer BNNSs. The dependence of the fric-

tional force on the AFM tip scan rate (V) can be well-fitted

using a logarithmic relationship that is given as9,27,28

FIG. 2. Frictional Properties of 1L BNNS. (a) The dependence of the mea-

sured frictional force on the applied normal load at different temperatures

(AFM tip scan rate 1000 nm/s). (b) The comparison of the adhesion force

that was obtained from the direct pull-off measurements with the values

obtained from curve fitting.

FIG. 3. The dependence of the frictional force on the AFM tip scan rate. All

measurements were performed with a normal load of 1 nN. (a) 1L BNNS.

(b) Mono- and multi-layer BNNSs at 293 K. The solid lines are the respec-

tive fitting curves to the experimental data sets (dots), and the inset plots

show the respective values of b obtained from curve fitting.
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f ¼ f � � bkBT log
V0

V

� �� �2
3

; (1)

where kB is the Boltzmann constant, T is the temperature, f*
is the maximum frictional force before jumping in the stick-

slip model, V0 is the critical velocity above which the fric-

tional force tends to be unchanged, and b is the parameter

that depends on the shape of the energy landscape. For the

tested AFM scan rates (250–2000 nm/s), the value of b for

the examined 1L BNNS is found to be within the range of

2.3� 105–6.3� 105 N1/2/m through curve fitting with an

assumed V0 of 2300 nm/s and is displayed as an inset plot in

Figure 3(a). The data show a decreasing trend of b with the

sample temperature. The influence of the sample temperature

on the frictional force can be ascribed to the fact that a

higher sample temperature results in a smaller surface rough-

ness as shown in Figure S2 (supplementary material) and

thus a smaller frictional force. It is worth mentioning here

that an increase in the sample temperature results in a slight

increase of the tip-sample adhesion force (Figure S3 of the

supplementary material). Our results suggest that the surface

roughness plays a more influential role in governing the fric-

tional properties of BNNS than the AFM tip-sample adhe-

sion force, which is supported by the data shown in Figure

3(b) that the thicker BNNS possesses lower frictional force.

The observed lower frictional force for the thicker BNNS can

be ascribed to the fact that the surface roughness is smaller for

the thicker BNNS and the topographically smoother surface

results in a lower friction force. It is noted that the adhesion

force at the same sample temperature is of small variations

for BNNSs of various thicknesses as displayed in Figure S3

(supplementary material) and is unlikely to be the major factor

that accounts for the observed decreasing trend of the fric-

tional force for thicker BNNS. The inset plot in Figure 3(b)

shows the values of b that were obtained from curve-fitting of

the displayed data sets shown in Figure 3(b). It is noticed that

the value of b exhibits a decreasing trend with the BNNS sam-

ple thickness and tends to flatten out for the BNNS of six or

more layers.

The data shown in Figures 2 and 3 reveal that a modest

increase of the sample temperature by 5 or 10 K results in a

sizeable drop of the frictional force. The observed frictional

force decrease can be ascribed to the fact that thermal excita-

tions at a higher temperature provide more energy to overcome

the local energy barrier and enable slips. It is suggested that

kinetic friction force has an exponential dependence on the

sample temperature (T) that is given as7

f / expðU=kBTÞ; (2)

where U is the activation energy of the contact rupture.

Therefore, the activation energy U can be obtained through

curve-fitting the temperature-dependent measurements.

Figure 4(a) shows the dependence of the friction force on the

sample temperature for all the examined BNNSs on an

inverse temperature (1/T) scale, which can be well-fitted by

using Eq. (2). Based on the frictional force data for the

examined mono- and few-layer BNNS samples, the activa-

tion energy U is found to be about 0.354 6 0.007 eV and is

displayed in Figure 4(b). The calculated activation energy

values stay in a narrow range and display a rather indepen-

dent trend with respect to the sample thickness.

Prior research reports values of �0.1 eV for the activa-

tion energy of graphene or graphite,10,29 which is substan-

tially lower than the value for h-BN sheets reported in this

work. The high energy barrier observed for the h-BN surface

as compared with graphene can be explained from their dif-

ference in bond structures. The hexagonal BN lattice is com-

posed of alternatively positioned boron and nitrogen atoms.

Due to their difference in size, the BN lattice network is

topographically corrugated as compared with the smooth sur-

face of graphene. Furthermore, B-N bonds in h-BN sheets

are partially ionic in nature. The polarized electronic struc-

ture induces unsymmetrical partial charge distribution on the

h-BN surface,30 which leads to electrostatic interactions with

non-charged contact bodies through dipole-induced dipole

interactions. Therefore, it is energetically favorable to scan

an electrically neutral graphene surface as compared with an

electronically corrugated h-BN surface.31

The polarized electronic structure of B-N bonds in h-BN

also influences its overall structural configuration, in particu-

lar, its surface roughness. Thin h-BN sheets reportedly possess

FIG. 4. (a) The effect of the sample temperature on the frictional force for

mono- and multi-layer BNNSs (x-axis: temperature inverse). All measure-

ments were performed with a normal load of 1 nN and an AFM scan rate of

1000 nm/s. The solid lines are the respective fitting curves based on the

exponential relationship given by Eq. (2). (b) The calculated BNNS activa-

tion energy. The dashed line indicates the average value.
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a negative in-plane thermal expansion coefficient,32 as com-

pared with the positive thermal expansion coefficient of the

silicon oxide substrate. This implies that the h-BN sheet

would shrink at a higher temperature, which results in more

pronounced ripple effects and a higher surface roughness.

The measured decreasing trend of the surface roughness with

the sample temperature indicates that the h-BN sheet was

actually under tension instead of compression when the tem-

perature increased. This counterintuitive observation is prob-

ably caused by the strong interlayer binding interaction in h-

BN sheets33 as well as the strong interfacial binding interac-

tion between the bottom layer of the h-BN sheet and the sub-

strate.20 The thermal expansion of the substrate as a result of

temperature increases induces an in-plane stretching force to

the bottom layer of the h-BN sheet and the whole h-BN sheet

is stretched through the interlayer binding interactions,

which in turn leads to a smoother surface and a lower surface

roughness.

The energy landscape of the h-BN surface possesses a

spatial periodicity. The energy barrier width can be esti-

mated from the measured the dependence of the frictional

force on the scan velocity. Here, the energy landscape is

assumed to follow a sinusoidal shape, and then the energy

barrier width, a, is given as a ¼ 3p
2
ffiffi
2
p

ffiffiffi
f �
p

b .27 Based on the data

shown in Figure 3(b), a is found to be within a narrow range

of 1.3 Å–1.4 Å for 1L–9L BNNSs, which indicates that the

energy barrier width is independent of the BNNS thickness.

In summary, the temperature-dependent frictional prop-

erties of mono- and few-layer h-BN sheets were character-

ized by using AFM techniques. The measurements reveal

that the frictional force on ultra-thin h-BN sheets is quite

sensitive to temperature variation. The activation energy of

the contact rupture for the examined BNNSs is found to be

substantially higher than the reported values for graphene,

which is attributed to the corrugated topographic and elec-

tronic structures in h-BN as compared with smooth and elec-

trically neutral surfaces in graphene. This work is useful to

better understand the physical properties of h-BN materials

and in the pursuit of their applications, in particular, as sub-

strate materials in nano electronic devices.

See supplementary material for the details about the

Raman spectra and the surface roughness of mono- and few-

layer BNNS flakes and the adhesion force between AFM tips

and BNNS flakes.
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