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Abstract Molecular dynamics (MD) simulations are carried
out to characterize the mechanical and thermal responses of
[0110]-oriented ZnO nanobelts with lateral dimensions of
21.22A x 18.95A,31.02 A x 29.42 Aand 40.81 A x 39.89 A
over the temperature range of 300-1000 K. The Young’s mod-
ulus and thermal conductivity of the nanobelts are evaluated.
Significant surface effects on properties due to the high-
surface-to-volume ratios of the nanobelts are observed. For
the mechanical response, surface-stress-induced internal
stress plays an important role. For the thermal response, sur-
face scattering of phonons dominates. Calculations show that
the Young’s modulus is higher than the corresponding value
for bulk ZnO and decreases by ~33% as the lateral dimen-
sions increase from 21.22 A x 18.95A t0 40.81 A x 39.89 A.
The thermal conductivity is one order of magnitude lower
than the corresponding value for bulk ZnO single crystal and
decreases with wire size. Specifically, the conductivity of the
21.22 A x 18.95 Abeltis approximately (31-18)% lower than
that of the 40.81 A x 39.89 A belt over the temperature range
analyzed. A significant dependence of properties on temper-
ature is also observed, with the Young’s modulus decreasing
on average by 12% and the conductivity decreasing by 50%
as temperature increases from 300K to 1000 K.

Keywords Zinc oxide nanobelts - Surface effects - Size
dependence - Young’s modulus - Thermal conductivity

1 Introduction

Zinc oxide (ZnO) nanobelts are one class of nanostructures
endowed with semiconductivity, piezoelectricity and coupled
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thermomechanical responses [1]. As functional nano-build-
ing blocks, these components have a wide variety of
potential applications such as catalysts, chemical sensors,
resonators, transparent conductors, biosensors, medical de-
vices, nano-electronic components, and nano-photonic com-
ponents [2—11]. The mechanical and thermal behaviors of
these nanocomponents are important in many of the applica-
tions since strength, stiffness, and thermal conductivity are
among the key attributes involved. For example, the assem-
bly of nanobelts between electrodes or substrates in a system
requires a balance of rigidity and strength. The mechanical
response of nanocomponents is also of critical importance
because in applications such as nanocantilever sensors the
mechanical resonance depends on the bending modulus. On
the other hand, at the nanoscale, electric field density and
heat flux are very high and are therefore of great concern.
One example involves thermoelectric applications which re-
quire careful control of the thermal and electrical conduc-
tivities. A great challenge and perhaps also an opportunity
in regulating such properties for device integration is their
dependence on size on the nanoscale. The primary contribu-
tor to this size effect is the high surface-to-volume ratios in
the 1D nanostructures. Unlike on the macroscale where the
effect of surfaces on material response is negligible due to
very low surface-to-volume ratios, surfaces play a dominant
role in altering the behavior on the nanoscale. The size de-
pendences of Young’s moduli and thermal conductivity are
examples [12,13]. Characterization of such property varia-
tions with size is therefore very important.

Since the nanobelts have only been synthesized recently,
there is a lack of understanding and characterization of their
mechanical and thermal behaviors. Outstanding scientific and
technical issues include the quantification of constitutive
behavior (including strength, moduli and ductility), size and
temperature dependence of behavior, thermal conductivity
and phase transformations. In this paper, the response to
quasi-static tensile loading and thermal excitation of [0110]-
oriented ZnO nanobelts with cross-sections of 21.22 A x
18.95A,31.02 A x 29.42 A and 40.81 A x 39.89 A are char-
acterized over the temperature range of 300-1000K. The



218

A. J. Kulkarni, M. Zhou

Young’s modulus and thermal conductivity are obtained as
functions of lateral dimensions and temperature. The domi-
nating effects of surfaces on both the mechanical and thermal
responses are analyzed.

2 Framework of analysis

The as-synthesized nanobelts are single-crystalline and wurtz-
ite-structured with lattice constants ¢ = 3.249A and ¢ =
5.206A. Their thickness is between 5-20nm with typical
width-to-thickness ratios of 5-10 [14]. The belt structure can
be obtained by repeating the unit wurtzite cell along the
[0110] growth direction, as shown in Fig. 1. The minimum
cross-sectional size analyzed (21.22 A x 18.95 A) is chosen
such that the short range cutoff distance is smaller than the
smallest belt dimension and long-range interactions are prop-
erly considered. Periodic boundary conditions (PBCs) are
specified in the axial direction to approximate the behavior
of long belts. A small periodic length can significantly affect
the calculated thermal responses by introducing image ef-
fects since PBCs effectively truncate the phonon wavelength
spectrum. Calculations show that any length above 100 A is
sufficient for avoiding such image effects [15]. The simu-
lation cell is therefore chosen as 150 A in the axial direc-
tion and cross-sectional dimensions of 21.22 A x 18.95 A,
31.02A x 29.42 A and 40.81 A x 39.89 A are used to eval-
uate the size effect.

The atomic interactions are modeled using a Buckingham
potential with charge interactions [16,17] of the form

+ Aexp (#) - (1)
1Y rij

qi4j
47T8or,'j

@ (rij) =

where &g is the permittivity of free space, r;; is the distance
between ions i and j, g; is the charge on ion i and A, p
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Fig. 1 (a) Unit wurtzite cell; (b) Nanobelt assembled in the [0110]
growth orientation

and C are potential parameters whose values are given in
Ref. [17]. The short range parameters in the second and the
third terms are fitted to the structure and properties of ZnO
using quantum-mechanical and classical methods. The elec-
trostatic interactions in the first term are summed using the
Wolf method which significantly reduces computational time
[18,19].

After geometric construction, the nanobelts are first equil-
ibrated at the desired temperature for 10 ps with traction free
boundary conditions. Approximation to quasi-static tensile
loading in each deformation increment is achieved in two
steps. First, a velocity of 1 A/ps (ramped from 0) is applied
to boundary atoms A in Fig. 2 to effect extension up to a
displacement of ~0.3 A. This is followed by equilibration of
the entire structure for 3ps with boundary atoms fixed at their
current positions. This results in a nominal strain of 0.3% per
deformation increment. The virial formula is used to calcu-
late the stress [20]. The Young’s modulus is obtained from
the slope of the linear portion of the stress-strain curve.

Evaluation of the thermal conductivity uses the Green-
Kubo approach which is based on the fluctuation-dissipation
theorem. Specifically, the thermal conductivity is written as

1 oo
Auv = W/(J/L(I)JM(O)>(1I7 2)
0

where V is system volume, T is temperature, kp is Boltz-
mann constant, J;, (¢) is the uth (1 = 1, 2, 3) component of
the heat current J and (J,(¢)/,(0)) is the auto-correlation
function for J,, (t) with () denoting ensemble time average.
The heat current is calculated as
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Fig. 2 Quasi-static loading scheme dipicting the applied velocity pulse
and the intermediate equilibration steps. The velocity boundary con-
dition is applied to the boundary atoms (sections A, colored green).
Section B is the gauge length
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where r;, v; and E; are the position vector, velocity and total
energy of atom i, respectively; r;; = r; —r; and F;; is the
force exerted on atom i by atom j. The first term in Eq. (3)
represents the convection contribution to heat flow. This term
isinconsequential in solids and is ignored in conductivity cal-
culations.

The upper limit for the integral in Eq. (2) extends to infin-
ity since theoretically the time required for a system to attain
thermal equilibrium tends to infinity. To calculate thermal
conductivity in a realistic manner, however, the integral is
truncated after a certain time period which is defined as the
delay time 1, and the system is assumed to have reached
equilibrium at that time. The choice of the delay time depends
on the material system analyzed since it is a measure for a
system’s inherent thermal response. For the nanobelts here,
the delay time is determined to be 2-5ps (details later). To
calculate thermal conductivity, for each delay time the auto-
correlation function values are averaged over a number of
time origins within the simulation window. Hence, the aver-
age measure of thermal conductivity can be expressed as a
function of delay time as

M N—m
At 1
D (Tm) = VkBT2mZI N ; Julm+n)Jy(n), (4

where At is the simulation timestep, N At is the total simu-
lation time and the delay time 7, = M At.

The thermal analysis presented here is limited to temper-
atures near or above the Debye temperature 6p (= 420K for
Zn0). Consequently, temperature can be calculated through
mean kinetic energy and the theorem of equipartition of en-
ergy as
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Z 2
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with N being the number of atoms in the system and m; being
the mass of atom i. Temperatures significantly below 6p, for
which quantum mechanical corrections may be needed, are
not considered here.

3 Results and discussion
3.1 Surface structures

The nanobelts are dynamically relaxed with traction free
boundary conditions to obtain their free-standing states. Dur-
ing equilibration, minimization of energy occurs through sur-
face reconstruction and adjustment of the lattice spacing in
the belt core. The surface reconstruction manifests in the
forms of decreases in the interlayer spacing between outer
surface layers and in-plane contractions of the surfaces. As
shown in Fig. 3, the spacing between the two outermost lay-
ers of (0001) planes and that between the two outermost lay-
ers of (2110) planes decrease by 73% and 9%, respectively,
resulting in higher atomic densities in the surfaces compared
to the belt core [12]. The surface reconstruction seen here
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Fig. 3 Surface configurations for the nanobelts before and after equili-
bration. Reconstructions of (0001) and (2110) surfaces are observed

is a consequence of the reduced charge transfer and imbal-
ance of ionic forces on the surfaces where atoms have fewer
neighbors relative to those in the core. The reduced coordina-
tion of the surface atoms is also responsible for the in-plane
relaxation of the surface atoms. As shown by Sander [21],
the surface energy curve has a positive slope at zero surface
strain, i.e., minimum surface energy occurs at a compressive
surface strain. Consequently, in-plane contraction leads to a
surface configuration considerably different from that in the
bulk. Both effects become significant at small sizes since the
surface-to-volume ratio increases with decreases in size. Spe-
cifically, as the size decreases from 50 Ato10 A, the fraction
of surface atoms increases from 10% to 45% (see Fig. 4),
indicating that an increasingly larger portion of atoms reside
on the surface rather than in the interior. As a result of this,
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Fig. 4 Fractions of surface atoms as a function of lateral dimensions of
the nanobelts
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surface energy constitutes a major portion of the total config-
urational energy of the nanobelts and plays a significant role
in determining the configuration of the nanobelts. Owing to
their higher fractions, the behavior of surface atoms plays an
increasingly dominant role in determining the thermal and
mechanical behaviors of the nanobelts.

3.2 Mechanical response and effect of surface stress

To obtain their mechanical behavior, the nanobelts are sub-
jected to uniaxial tensile loading. Figure 5 shows the response
ofa21.22 A x 18.95 A belt at 300 K. The deformation occurs
in three stages: initial elastic stretching, structural transfor-
mation from wurtzite-ZnO to simple hexagonal-ZnO, and
eventual shear failure. The stress-strain relation is essentially
linear in the elastic regime. Deformation beyond the elas-
tic regime results in a stress drop from 4.6 GPa to 3.6 GPa.
Such a softening behavior is indicative of the initiation of
a phase transformation [22-28]. The transformation begins
at a strain of 2.7% and as the deformation progresses the
transformed region sweeps through the whole specimen. The
transformation is completed at a strain of 6% and a stress of
6.2 GPa. The resulting structure is a metastable hexagonal
phase (@ = 3.57A, ¢ = 4.2986A, Fig. 6). Similar trans-
formations have been reported in inorganic and non-metallic
materials, the most notable being a wurtzite-to-graphite trans-
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Fig. 5 Tensile stress-strain response for the 21.22 A x 18.95 A nanobel.
(a) Initial equilibrated state; (b) Nucleation of the structure transforma-
tion; (c) Completion of the transformation over the gauge length of the
specimen with corresponding stress increase; (d) Failure by shear along
(1210) type planes

Fig. 6 An illustration of the structural transformation. (a) Initial wurtz-
ite structure; (b) Final hexagonal phase

formation in boron nitride [26]. Further deformation involves
the elastic stretching of the transformed structure and even-
tual failure at a strain of 7.2% and a stress of 15 GPa through
cleavage along (1210) type planes.

Figure 7 shows the effect of lateral size on stress-strain
response at 300 K. The Young’s modulus of the nanobelts is
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Fig.7 Stress-strainresponse as a function of lateral dimensions at 300 K
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significantly higher than the values for the bulk single-crys-
talline ZnO (~170GPa at 300 K). This effect can be attrib-
uted to the stress induced by surfaces. Specifically, the lower
coordination and in-plane contraction of the surfaces result
in a tensile surface stress state and a compressive internal
stress state in the interior of the belts. For deformation to
occur, an applied stress has to overcome the internal com-
pressive stress. This additional stress, which is negligible in
bulk materials and is very high in nanowires, is primarily
responsible for the much higher Young’s modulus seen in
Fig. 7 over the corresponding bulk value.

Young’s modulus in Fig. 7 is size-dependent. As the lat-
eral dimensions increase from 21.22 A x 18.95 A t040.81 A x
39.89 A, decrease of ~33% in Young’s modulus is observed.
The above trend can be explained by the fact that the sur-
face-stress-induced internal compressive stress is inversely
proportional to the lateral dimensions of the nanobelts [21,
29-31]. Specifically, the compressive stress can be expressed
as

20+ 2d 201+ )
oc = T = = ©)

where f) and f> are the tensile surface stresses on (2110)
and (0001) surfaces, respectively, and d = +/dd> is the
effective size of the nanobelt, with d; and d; being the lat-
eral dimensions of the belts (Fig. 8(a)). The surface stresses
for most materials are of the same order of magnitude as
the corresponding surface energy values [29]. For ZnO, f;
and f> are of the order of 2N/m [32]. Figure 8(b) shows the
approximate magnitude of the internal stress as a function of
size. As the effective size decreases from 100A to 20A, a
three-fold increase in the internal compressive stress is seen,
suggesting a significant size effect exists. It is this size ef-
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Fig. 8 (a) Tensile surface stresses; (b) Estimated internal compressive
stress as a function of lateral dimensions

fect that is responsible for the higher Young’s modulus seen
on the nanoscale. As the lateral dimensions increase, this ef-
fect diminishes and material properties approach their bulk
values.

The effect of temperature on tensile behavior is also
analyzed. As temperature increases from 300K to 1 000K, a
softening trend is observed (Fig. 9). In particular, the elas-
tic modulus decreases by 7.6%, 10.3% and 17%, respec-
tively, for the 21.22A x 18.95A, 31.02A x 29.42 A and
40.81 A x 39.89 A belts over the temperature range analyzed
(see Fig. 10 and Table 1 ). The lower stiffness values at higher
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Fig. 9 Stress-strain curves at different temperatures for a 21.22 A x
18.95 A belt
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Fig. 10 Young’s modulus as a function of temperature for belts of three
sizes along with the bulk value at 300K

Table 1 Variation of Young’s modulus with temperature and lateral
dimensions of the nanobelts (values are in GPa)

Lateral dimension

Temperature/K - > - - < <
2122 Ax1895A 31.02Ax29.42A 40.81 Ax39.89A

300 286.08 262.88 217.34

500 268.13 246.88 213.03

1000 264.32 235.67 180.23
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temperatures are due to changes in the equilibrium lattice
spacing with temperature. Specifically, the increase of lattice
parameters a and ¢ with temperature and the nonlinearity of
interatomic interactions cause the observed decrease in stift-
ness.

3.3 Thermal conductivity and effect of surface scattering
of phonons

The thermal conductivity of the nanobelts over 300-1000 K
is calculated according to Eq. (4). Figure 11shows the var-
iation of the calculated values with delay time. Short delay
times (7, < 2ps) correspond to only very small temperature
changes associated with thermal conduction, thus limiting the
accuracy of the calculation and allowing random heat fluc-
tuations to significantly affect the evaluation. The increas-
ing trend of calculated conductivity values for this regime
of delay time in Fig. 11reflects this inaccuracy. On the other
hand, long delay times (7, > 5 ps) reduce the number of time
origins available for averaging since the simulation time win-
dow is finite, causing statistical errors to increase. Because
of the above factors, the intermediate delay time regime of
2 < 1, < Spsis found to give a good balance between
the different constraints. The profiles in Fig. 11 show a pla-
teau of relative constant calculation results in this regime.
The average value over this regime is taken as the thermal
conductivity of the nanobelts for the conditions analyzed.
Figure 12 shows the thermal conductivity for nanobelts
of different lateral sizes. First, we note that the values are
between 3—15 W/(m-K) which is an order of magnitude lower
than that for bulk ZnO (~100 W/(m-K)) [33]. The significant
difference seen here is primarily associated with the high sur-
face-to-volume ratios of the nanobelts. Specifically, the rela-
tively large fractions of surface atoms significantly enhance
surface scattering of phonons and decrease the phonon mean

16
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delay time/ps

Fig. 11 Thermal conductivity of a31.02 A x 29.42 A belt as a function
of delay time at various temperatures between 300—1 000 K
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Fig. 12 Thermal conductivity as a function of lateral size and temper-
ature

free path. The kinetic theory of fluids relates thermal con-
ductivity k to the phonon mean free path A through
k= %CUUA, (7)
where C,, is specific heat and v is the velocity of heat carriers
(for ZnO, the heat carriers are phonons and hence v repre-
sents the average phonon group velocity). Obviously, ther-
mal conductivity is approximately proportional to the mean
free path. Under conditions that phonon-phonon and phonon-
defect interactions are negligible, the phonon mean free path
can be expressed as [34]
d
(1—p)

where p is the probability of specular scattering (which is a
function of surface roughness and temperature) and d is the
effective size of the nanobelt. For a body with perfectly spec-
ular (atomistically smooth) surfaces, p = 1, consequently
the mean free path and hence the thermal conductivity are
not affected by boundary scattering. On the other hand, for
a body with perfectly diffuse surfaces, p = 0, consequently
the mean free path is equal to the size of the nanobelt i.e.,
A = d. In the nanobelts, the specularity value is between the
limiting cases (0 < p < 1) and depends significantly on the
surface attributes. Surface reconstructions discussed earlier
modify surface atomic arrangement (Fig. 3), alter the surface
scattering behavior of phonons, and reduce the specularity.
Also, as shown by Berman et al. [35], surface specularity
decreases as an inverse power of temperature, especially at
higher temperatures. Consequently, the nanobelt surfaces are
never perfectly specular and the mean free path is limited by
the lateral dimensions of the belts. To state differently, the
mean free path in the nanobelts is much smaller than that in
bulk materials, effectively causing the observed size effect
in thermal conductivity. In bulk materials, the characteristic
length is much larger and the effect of boundary scattering
of phonons is negligible, resulting in larger mean free paths
and much higher conductivity values.
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Fig. 13 Average phonon group velocity and thermal conductivity of a
31.02 A x 29.42 A belt as functions of Young’s modulus

The effect of size on thermal conductivity can be clearly
seen in Fig. 12. Over the temperature range of 300-1000K,
the conductivity of the 21.22 A x 18.95 A belt is approxi-
mately 11% lower than that of the 31.02 A x 29.42 A belt
and the conductivity of the 31.02 A x 29.42 A belt is approx-
imately 11.8% lower than that of the 40.81 A x 39.89 A
belt. The trend observed here results directly from the higher
surface-to-volume ratios and smaller mean free path at the
smaller sizes.

The results in Fig. 12 also show that thermal conduc-
tivity decreases as temperature increases for all belt sizes
analyzed. Specifically, between 300K and 1 000K (the melt-
ing temperature of ZnO is 2250K), decreases on the order
of 50% in thermal conductivity are observed. This temper-
ature effect can be attributed to thermal softening of the
material and higher frequency phonon interactions at higher
temperatures. The lower elastic stiffness of lattices at higher
temperatures (which results from the nonlinearity of inter-
atomic interactions) correspond to lower average phonon
group velocities and lower levels of heat flux (see Fig. 13).
Also at higher temperatures, higher frequency acoustic and
optical phonon interactions become appreciable, leading to
smaller mean free path and lower conductivity values [36].
The decrease in specularity is also partly responsible for de-
creases in thermal conductivity over the temperature range
analyzed, as discussed earlier.

4 Conclusions

MD simulations have allowed the quantification of the ef-
fects of size and temperature on the elastic modulus and
thermal conductivity of ZnO nanobelts with lateral dimen-
sions between 21.22 A x 18.95A and 40.81 A x 39.89A.
The size effects are due to the 1D structures and the high sur-
face-to-volume ratios of the nanobelts at the size scale ana-
lyzed. The surface dominance of behaviors occurs through
two mechanisms. The mechanism giving rise to the size ef-
fect on mechanical behavior is due to surface-stress-induced
internal compressive stress which is inversely proportional

to the lateral dimensions. The mechanism giving rise to the
size effect on thermal conduction is due to enhanced sur-
face scattering of phonons which reduces the mean free paths
and is affected by surface specularity. The enhanced surface
scattering of phonons results from smaller interlayer spac-
ings near surfaces and in-plane contractions of interatomic
distances on surface planes. The elastic modulus and the ther-
mal conductivity are also found to be significantly temper-
ature-dependent over the temperature range of 300—1 000 K.
This dependence is due to the change of equilibrium lattice
spacing with temperature and the nonlinearity of interatomic
interactions. A correlation is obtained between the Young’s
modulus, phonon group velocity, and the thermal conduc-
tivity over the temperature range analyzed. The following
characterizations have resulted from the analysis described
here.

(1) The Young’s moduli for the nanobelts with lateral dimen-
sions21.22 Ax18.95 A,31.02 Ax29.42 A and 40.81 A x
39.89 A analyzed are 68.2%-27.8% higher, respectively,
than the values for the corresponding values for bulk
Zn0O;

(2) When lateral dimensions increase from21.22 Ax 18.95 A
to 40.81 A x 39.89 A, an approximately 33% decrease
in the Young’s modulus is observed;

(3) Over the temperature range of 300K to 1000K, the
Young’s modulus decreases 7.6%, 10.3% and 17%,
respectively, forthe 21.22 Ax18.95A,31.02 Ax29.42 A
and 40.81 A x 39.89 A belts;

(4) The thermal conductivity values for the nanobelts (3-
15 W/(m-K)) are one order of magnitude lower than the
corresponding value for bulk ZnO single crystal
(~100 W/(m-K));

(5) Over 300-1000K, the conductivity of the 21.22 A x
18.95 A belt is approximately 31%-18% lower than that
of the 40.81 A x 39.89 A belt;

(6) For the lateral sizes studied, an average decrease on the
order of 50% in thermal conductivity is observed when
temperature changes from 300K to 1 000K.
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