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Energy analysis of size-dependent elastic properties of ZnO nanofilms using atomistic simulations
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The size dependence of elastic modulus of ZnO nanofilms is investigated by using atomistic simulations.
The strain energy and elastic stiffness of the surface and interior atomic layers, as well as interlayer interac-
tions, are decoupled. The surface stiffness is found to be much lower than that of the interior layers and bulk
counterpart, and with the decrease of film thickness, the residual tension-stiffened interior atomic layers are the
main contributions of the increased elastic modulus of nanofilms.
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INTRODUCTION

Due to high surface-to-volume ratios, the mechanical
properties of nanowires and nanofilms are distinct with re-
spect to their bulk forms.'-® Among them, ZnO is becoming
an important component in the next-generation nanoelectro-
mechanical systems and biomedical devices, thanks to its
semiconducting, piezoelectric, and biocompatible
properties.”

In order to fulfill their promising applications, the size
dependence of mechanical properties of nanowires or nano-
films needs to be sufficiently understood. Cuenot et al.? re-
ported that the measured elastic moduli of Ag and Pb nano-
wires increase dramatically with decreasing diameters.
However, studies on Cr and Si nanocantilevers showed that
their moduli sharply decrease with the reduction of
diameters.>* By contrast, the results given by Wong et al.’
and Wu et al.® showed that the moduli of SiC and Au nano-
wires are essentially insensitive to the variation of wire di-
ameter. For ZnO, Chen et al.! reported that the elastic modu-
lus of ZnO nanowire is increasing significantly with
decreasing diameter, whereas other groups’ results showed
that there is no obvious size effect on the elastic modulus of
ZnO .31

Theoretical analyses were also employed to extract the
mechanical responses of nanostructures, which include ato-
mistic simulations'>?® and continuum modeling."?!?> The
molecular simulations of Porezag et al.'® reported that Pt and
Au nanowires become more compliant when the nanowire is
thinner. Atomistic studies by Kulkarni et al.'>!” showed that
with the increase of the diameter of ZnO nanowire, both the
elastic modulus and ultimate tensile strength decrease until
they approach the bulk properties. The ab initio simulations
by Zhang and Huang?® showed that the Young’s modulus of
ZnO nanofilm increases exponentially as the film thickness is
reduced.

In essence, the size dependence of nanomaterials arises
from the surface: the surface atoms have different coordina-
tion numbers, which cause the bonds to relax so as to de-
crease the system potential energy. In almost all previous
models of explaining the size effect of elasticity (including
ZnO and other materials), it was simply assumed that the
trend of surface elastic modulus must be consistent with the
size effect and the core has the same elastic modulus as the
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bulk material.""'”-!® For example, Sun et al.?® identified an
empirical relationship between the bond length and energy,
and they assumed that the surface modulus should be higher
than its bulk counterpart. Inspired by such stiffening effect of
surface, various continuum models were developed. Bazant
and Guo?* divided a metallic film into a boundary layer and
an inner core, and the stress-strain relationship of the entire
film equals the average of both parts. In this model, they
argued that the boundary layer causes significantly elevated
yield strength at smaller film thickness. Recently, Chen
et al.' employed a core-shell composite model to divide a
ZnO nanowire into a cylindrical core having an elastic
modulus the same as that of the bulk and a coaxial shell
having a higher surface modulus (about 1.5 times of bulk
Zn0). However, the key assumption that the surface of nano-
structure is stiffer than the core and the bulk counterpart is
not yet validated. In terms of ZnO, it was argued that as the
bond lengths at the surface contract up to 5%—8%, the sur-
face should contract and thus the surface tension should in-
crease the surface modulus especially for thinner nanowires,'
which was believed to be the mechanism of size-dependent
elastic properties in ZnO. However, there was no explicit
evidence to show that the contraction of bond length at the
surface causes the surface contraction, nor evidence to show
that the surface is stiffer than the bulk.

In this paper, a comprehensive atomistic investigation is
carried out to explore the surface elastic modulus and its
quantitative contribution to the overall stiffness of the nano-
film, as well as to explain the mechanism of the size depen-
dence of elastic modulus. We focus on ZnO nanofilms in-
stead of nanowires, since the nanofilm allows us to focus on
the intrinsic film thickness effect (unlike nanowire which in-
volves interactions between two pairs of surface orientations
that are coupled with each other); in addition, the atoms at
the corner of a nanowire have a very high potential energy
which may cause partial melting of the corner and thus in-
fluence the elastic property of nanostructure obtained from
theoretical calculations.

COMPUTATION METHOD

The strain energies of surface and interior atomic layers of
ZnO film are computed by using molecular mechanics (MM)
method, where the initial structures are optimized with the
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COMPASS force field, the first and only ab initio force field
that enables an accurate and simultaneous prediction of vari-
ous gas-phase and condensed-phase properties of organic
and inorganic materials.>>-?’ The force field is validated via
sample computations (e.g., phase transformation from wurtz-
ite to graphitic structure upon large deformation) and com-
pared with literature.'>?® The undeformed lattice constants
are a=3.249 A and ¢=5.206 A. The bulk ZnO is studied
using a periodical computational cell with size of
1.122X5.227 X 0.972 nm?, whose elastic modulus is found
to be independent of the cell size via a convergence study. To
simulate ZnO nanofilm, an initial computational cell of
1.122X5.227 %X 50 nm? is employed; due to surface relax-
ation, the in-plane cell dimensions (in the x and y directions)
are determined by optimization, which are slightly dependent
on the film thickness #. The periodical boundary conditions
are applied in both in-plane directions, whereas the periodic
length in the z direction (out of plane) is much larger than 7.
The film thickness varies from about 0.8 to 8.0 nm.

The elastic deformation is calculated under uniaxial load-
ing (in the y direction) within +0.5% of strain. The system
potential energy (U,,,) is the summation of energy of each
atomic layer and the interaction energy between any pair of
atomic layers:

n n—1
Up=2 Ui+ 2 Ui+ 2 U, (1)
i=1 i=1

li—j1>1

where, in the computational cell containing n layers of at-
oms, U; is the potential energy of the ith intralayer of atoms
and U;; is the interaction energy between the ith and jth
atomic layers. Upon axial loading, U,,, will increase, which

is related to the variation of each component:

n-1

AUtot=EAUi+EAUi,i+1+ 2 AU;;. (2)

i=1 i=1 li=j|>1

When AU,,, is fitted as a polynomial function of strain (g),
the quadratic term is dominant. The effective elastic stiffness
of the nanofilm or bulk is

- _ lﬁzA Utat (3)
tot — S a82 sz()’

where S is the area of the specimen in the x-y plane. The

effective elastic modulus of the specimen can be further cal-

culated by E,m:E,,,t/t. While there is no net stress in the
undeformed nanofilm or bulk, due to the strong coupling
among surface, intralayer and interlayer bond deformation,
residual stress (e.g., surface stress in nanofilm) may exist in
any component, intralayer or interlayer. For interlayer or in-
tralayer, the effective residual stress is the variation of strain
energy per unit area with respect to strain:
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respectively. The intralayer residual stresses (including sur-
face stress when i=1 or n in nanofilm) balance with inter-
layer residual stresses, such that the net stress of the film or
bulk is zero. For each component, intralayer and interlayer,

-~ 1&AU; _
E= ——— (i=1~n) and
S de” |00
- 1 PAU;
E .= ——— | # ] 5
v N (i#J) (5)

are their effective elastic stiffness, respectively, with unit of
[pressure] [length] (same as the effective residual stresses). If
the intralayers were parallel plates without interactions, then

Ew, would equal the summation of intralayer stiffness. Due
to the coupled bond deformation between intralayers and in-
terlayers, however, the effective elastic stiffness of the entire
film is higher:

n—1

Ei,i+l+ E Ei,j~ (6)
1

n
Etot = 2 Ei +
i=1 li—j|>1

i=
To simplify the model, since AU, ;,;>AU, (|i-j|>1), the
contributions of the nearest-neighbor interlayer interaction
are more important than that of the non-nearest neighbors.
The overall film stiffness can be based on the intralayers and
nearest-neighbor interlayers:

n n—1
Eyp = > E:+ > Eiin, (7
i=1 i=1
where w is a factor that underpins the total interlayer stiff-
ness based on that of the nearest-neighbor interactions,
which will be fitted from MM simulations.

RESULTS AND DISCUSSION

The elastic moduli of ZnO nanofilms (EJ"=E,) are
shown in Fig. 1 and compared with that of the bulk. The
computed elastic modulus of bulk ZnO, EX=E,
=162 GPa, is close to that found in the literature.!” Note that
E increases exponentially as 7 decreases, a trend that agrees
well with that reported in previous experiment of ZnO
nanowires' and ab initio simulations on ZnO nanoplates.?’
When 1 is large, E; approaches E,.

Figures 2(a) and 2(b) show the strain energy curves of
representative layers of bulk and nanofilms, respectively,
where i=1 is countered from the surface of the nanofilm. To
simplify the results, in Fig. 2(b), we only show the results of
nanofilm with 7=1.75 nm (n=12), and the general character-
istics remained for other film thicknesses.

For bulk ZnO [Fig. 2(a)], the values of AUf’“”‘ and AU?;”‘
are essentially the same for any i. From the first derivatives,
the effective intralayer residual stress (52 is positive, and
that of interlayer (5’%”‘) is negative. In order to balance the

intralayer residual tension, an interlayer residual compres-
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sion is developed which is caused by the coupling between  nearest-neighbor interlayer residual stresses, ~1{l§”, ~2fI§",

intralayer and interlayer. The summation of all intralayer and
interlayer residual stresses should be zero (note that AU”* is
symmetric about £=0 at small strain).

From second derivatives, the effective bulk intralayer

stiffness is El-b””‘=23.6 GPanm, and its nearest-interlayer

stiffness is Ef”fikl =18.3 GPanm. On the other hand, from Eq.

(3), EM*=EM*=157.6 GPanm (since n=6 and 1
=0.972 nm); thus, the weighting factor w=0.15, which
means that non-nearest-neighbor interactions have an oppo-
site overall effect with respect to the nearest neighbors, to-
gether, the interlayer contribution is much smaller than that
of the intralayer: the intralayer stiffness accounts for about
90% of the overall bulk ZnO stiffness.

From Fig. 2(b), the film surface residual stress is com-
pressive (5”{”’"<0), which is caused by surface expansion
and such characteristic also holds for other film thicknesses
investigated. This can be confirmed by the undeformed film
lengths of computational cell in the y direction (after cell
optimization) of [/m=5261, 5.245, 5.234, and 5.231 nm, as
the film encompasses 6, 12, 24, and 48 layers of atoms,
respectively, which are all longer than that of the bulk,
L"=5 227 nm. Apparently, the smaller the ¢, the longer the
film; similar trends are observed in the x direction. Since the
surface atoms have imperfect coordination numbers, both
surface bond length and bond angle are adjusted; although
the bond length is reduced, the bond angle adjustment leads
to a moderate surface expansion. Due to the constraint of
remaining layers, the surface layer cannot fully expand to its
desired intrinsic (fully relaxed) length, which not only re-
leases the original intralayer tensile stress of bulk ZnO but
also creates a residual compressive surface stress. The sur-
face stress must be balanced by that in the interior: from the
trends of AU{”’” (i=2,3,4) in Fig. 2(b), the intralayers below
the surface have residual tension. On the other hand, all

~film

54 €tc., are negative.
For nanofilms with varying ¢, the effective intralayer and
interlayer stiffnesses are shown in Fig. 3. The effective sur-

face stiffness (Ef™=5.0-9.7 GPanm) is much lower than

EP* and it decreases with the increase of 7. All other intra-

layer stiffnesses are higher than Ef’””‘: EJ;”’" sharply increases
to 26.8—29.4 GPa nm, Egtl’” is slightly higher than E{”m, and
E™ is essentially the same as ES™. With the increase of i,

the increasing E{ﬂm soon approaches a constant once the
bond structures of subsequent intralayers are converged. As ¢
gets large, the intralayer stiffness slightly decreases and con-
verges to that of the bulk. For interlayers, EL"{TI show an
increasing trend and they also converge to the value of bulk
material as ¢ increases.

Unlike the assumption commonly adopted in literature,
the ZnO surface layer is the most compliant among all intra-
layers (Fig. 3), and its stiffness is even much lower than that
of the bulk. Thus, the conventional continuum models based
on the surface stiffening effect!!® become invalid for ZnO
nanofilms. The higher modulus of ZnO nanofilm with
smaller thickness is indeed due to the stiffening effect of
intralayers below the surface, where the bond structure varia-
tion in nanofilms leads to residual tension in subsurface lay-
ers, which, through nonlinear constitutive relationships, stiff-
ens the interior intralayers and also the nanostructure.

When 7 increases, L™ decreases which leads to a less
relaxed surface layer and higher compressive surface re-
sidual stress; subsequently, the effective surface elastic stiff-
ness becomes lower. In order to offset the compressive sur-
face stress, the interior intralayers develop residual tension.
Since the stiffened interior layers are more prominent than
the surface, E, becomes larger than E,. With the increase of
t, more interior atomic layers are involved and therefore their
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FIG. 2. (Color online) The strain energy of intralayers and in-
terlayers with respect to axial strain: (a) ZnO bulk and (b) ZnO
nanofilm with r=1.75 nm.

residual tension becomes smaller, leading to smaller intra-
layer stiffness (Fig. 3). Subsequently, the thinner film has a
higher elastic modulus, i.e., the size effect (Fig. 1). The
above trend is not well preserved for the thinnest film in this

study (¢r=0.8 nm), since it has lower E{”’” and Egﬂm (when
compared with thicker nanofilms) but a higher E—this is
possibly caused by the interaction between two film surfaces
due to the very small ¢. Such interaction further adjusts the
atomic coordinates, leading to a larger contribution of the
interlayer stiffness.

From the above analysis, the ZnO nanofilm can be mod-
eled as a composite film including a surface layer with a low
stiffness and interior intralayers with higher stiffness, plus
contributions from the interlayer. The nanofilm elastic stiff-
ness is then
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FIG. 3. (Color online) The intralayer and interlayer stiffnesses
of ZnO bulk and nanofilms.

n/2

Ef: Eft=255+22 Ei+Eint' (8)
i=2

Here, t is a function of the number of atomic layers n. ES is
the surface elastic stiffness and E,- is the interior intralayer
stiffness of the ith layer, respectively. Eim=w§l;’=_llgi’,-+1 is the
interlayer stiffness. The effects of residual stresses are im-
plicitly embedded in Es, E,-, and Eim, which depend on the
film thickness. The model in Eq. (8) can be readily extended
to other nanofilms, although it should be noted that for dif-
ferent materials, the contributions of surface layer, interior
intralayer, and interlayers may be different, which may lead
to different size dependences of Ey.

Specified for ZnO, the following results can be
fitted from MM simulations: the film thickness
t=0.162n(1=n"%%) (nm), the surface elastic stiffness

E,=E|™=40+7.1¢7?° (GPanm), and the interlayer stiff-

ness Ey=n[4.1(e™0214(n=728) _ ,~0012(1=7.28)) 4 3 3] (GPa nm).
When i=2~n/2, the interior intralayer stiffness is

Ei=E{ilm=24+8.06‘_”/61‘1—900'6_(19'33-'—”/18)'”'1 (GPa nm). The
nanofilm modulus (Fig. 1) is roughly E;=162+139¢"33%
+23.5¢7312 (GPa). The fitting has accuracy over 97%, and
as n gets very large, the trends of the above fitting equations
agree well with bulk ZnO simulations. The results of the
fitted £, S E;/t, and Ef’;zlﬁi/ t are given in the inset of Fig.
1. When ¢ is relatively large, there are many interior intralay-
ers, and thus the contribution of the weakened surface to the
overall stiffness can be neglected. In all cases, the interior

intralayer stiffness E,’:;E,- accounts for the most part of Ef;
the remaining difference is the minor interlayer contribution.
We note that according to the inset of Fig. 1, E; obtained
from this study (line) also agrees well with that obtained
from previous quantum mechanics simulations?® (open sym-
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bols) when the film is very thin, and the mechanism of size-
dependent elasticity of ZnO is elucidated in this paper.

CONCLUSION

To summarize, a strain energy analysis for ZnO nanofilms
under axial loading is carried out using MM. The study fo-
cuses on decoupling the strain energies of the surface atomic
layer, interior intralayers, and interlayers, from the deriva-
tives of which the effective residual stresses and elastic stiff-
ness of each component layer are derived. It is found that the
elastic modulus of ZnO nanofilm increases when the film
thickness is reduced. The effective surface elastic stiffness of
nanofilm is much lower than that of the interior intralayers
and bulk, which is due to the residual compressive stress
caused by surface expansion that leads to a weakened sur-
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face. By contrast, the interior layers are stiffened by residual
tension (which is larger when the film is thinner), resulting in
a higher modulus. The present paper focuses on the intrinsic
mechanism of the thickness effect of elastic modulus of ZnO
films, although elasticity also depends on orientation (such
effect will be published elsewhere). The mechanisms found
in this paper may provide useful insights for the development
of a model explaining the intrinsic size dependence of ZnO
nanofilm, where the main contribution comes from the stiff-
ened subsurface intralayers; the general methodology can be
extended to other nanostructures.
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