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Abstract:

This work report on the calculations of the temperature dependence of young's
modulus, dielectric, piezoelectric and elastic coefficients, poisson ratio and moment of
inertia. These parameters are key parameters in the calculation of electrical energy
generated from bending of ZnO nanowires (NW's) of length and width equals to 600nm
and 50nm respectively due to applying an external force in one direction by an AFM tip
(Atomic force microscopy) in the limits of elasticity. Results show that the young's
modulus and dielectric coefficient show indirect proportionality with temperature while
other parameters shows direct proportionality. These parameters having profound effect on
the amount of the maximum generated voltage. The effect of the dependence of young
modulus on temperature on the harvested electrical energy from ZnO nanowire formed on

a substrate is minor.
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1- Introduction

Smart structures based on piezoelectric
materials are now finding applications in a
wide variety of environmental conditions.
In general, in applications, these materials
or structures work at room temperatures or
on a relatively narrow temperatures interval
around the ambient. But there are also
many applications where they have to work
at temperatures above or below the
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ambient. Therefore, it becomes compulsory
to know the behavior of their main
parameters with temperature in order to
make the proper design for any specific
application.

However, in many applications, a
transducer (or nanowire generator) having
material properties and in order to predict
the transducer response as a function of
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temperature one can estimate that response.
The basic principle of electric energy
generation from environment vibrations or
human body movement or even sound
waves by so called piezoelectric materials
or structures is built on the (constitutive
equations). To establish the constitutive
equations between the different measurable
variables of a nanowire, a set of
independent and dependent variables must
be chosen[1]. These variables are classified
as follows:

1- Dependent variables are stress,
electric displacement and entropy.
2- Independent variables are strain,

electric field and temperature.

The  relation  between  different
measurable quantities of nanowire defines
the material properties, The relation
between stress and strain defines the

2- Theoretical part
It is known that young modulus, E, is a
mathematical description of an object or

substance tendency to be deformed
tE,
E=E,+ : (1)
tmln (g)

Where E, is the young modulus at 0 K, t is
the absolute temperature, t, is the melting
point, and t,, is a parameter related to the
material which is suggested to have a
correlation with Deby temperature ® which
is related to the volume thermal expansion
and the specific heat[4,5].

Gij = Cijki€kl — €jjkEk — 04;At )

D = ejkeik + &;jE; + piAt (3)
pCy

N = 04€ik + piEi + TpiAt (4)

where At is the change in temperature,
Gij1 IS the modulus of elasticity (N/m?),

eijk IS the piezoelectric coupling (N/Vm),
g; Is the permittivity of the medium
(C/Vm), a; is the thermoelastic stress

constants (N/m?K), p; is the pyroelectric
constant (C/m?K), pC,, is the volumetric

d(;i]. _ (acij)E,t dgkl + (aci]-)o,t dEk 4 (ﬂ)c,t dt

Oeg OEy ot
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stiffness or compliance, the relation
between the electric field and the electric
displacement  defines  the  electric
permittivity and the relation between
entropy and temperature defines the heat
capacities. In a piezoelectric material, these
relations exist between the different
electrical and mechanical domains. When
introducing the thermal effects into the
nanowire, the thermal domain relates both
to the electrical and mechanical domain,
and the material properties are not
independent of each other. In this work we
will show the dependence of young
modulus, dielectric, piezoelectric, stiffness
and elastic constants, moment of inertia,
and poisson ratio on temperature since
these parameters are key parameters that
affect the amount of electric energy
harvested from nanowire structures.

elastically. The dependence of E on
temperature can be written as [2,3]:

Dielectric, piezoelectric and elastic
constants can be calculated using the
following set of equations of stress oj; ,
electric displacement D; and entropy n in
which reads|[6,7]:

specific heat capacity (p is the density)
(JIm*K), E; is the electric field (V/m), €
is the mechanical strain, and t is the
temperature. By differentiating the set of
equations (2-4) with the respect to each
components keeping the rest constant, we
reach at the following equations|[8]:

)
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ap, = (22 E‘td (B N dE; + (aDi)mt dt 6
P ank Ejk aE] j ot ( )
Et ot ot
an an\” an\”
dn = (E) dEi]' + (a—El) dE; + (E) dt (7)
superscripts indicates the components that By comparing equation (5) with
was held constants. equations (2) and (3) we reach at the
following equations[8]:
Et
_ (% 5
Cijkl = 5€k1 ( a
aGij ot
®ijk =~ | 3E, (8—=Db)
0(51]- ot
%k =~ | 3E, (8-0)
According to the second law of thermodynamics, for a reversible change [7-9]:
dQ = tdn 9)
where dQ is the heat flow. Substituting equation (4) in equation (9) we get:
dQ = th] = t(Xi]'dGi]' + tpidEi + pCvdt (10)

To find the adiabatic constants ( cjj, €xi, ik o) the heat flow must equal to zero
i.e dQ = 0. By solving equation (10) with this assumption we get:
—t(Xi]'dGij tpidEi
dt = - (11)
- - - - pCU - pCU - -
With the help of mathematical manipulation we arrive at the following equation that
describe the adiabatic stiffness constant[8,10].

ta;: o
n _ tE ij Ykl
Civg = Ciigg + | ——— (12)
ijkl ijkl ( ,DCv )
By following the same procedure we arrive at the following equation that describe
the adiabatic piezoelectric stress constants i.e

tao; Pk
Ul t 1]
N =t 13
e1]kl el]kl < PCy ) ( )
And the equation that describe the adiabatic dielectric constant reads[8,10]:
tp; pj
n t 1M
Sukl gukl ( PCU ) ( )

The moment of inertia, | for the nanowire around the x-axis (see figure(1)) can be written
as[11]:

bl3

Ly ==

12
Where b and | are the width and length of the nanowire respectively. Using the following
definitions:

(15)

Al = alAt (16)
b = b,(alAt + 1) 17)
Where « is the thermal expansion coefficient,b, is the initial nanowire width and Al is the

change in the nanowire length, we obtain
(b, (aAt + 1))*
L = —— (18)
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Figure(1): The rectangular cross section nanowire with external force F, [7].
Poisson ratio, v, and its dependence on temperature can be written as follows[2]:

v=v,+387*107"¢t (19)
Where v, is poisson ratio at room temperature.

3- Results
Since ZnO nanowires are used harvested as a result of bending
extensively as  nanosensors, in mechanism which is responsible for
biomedical applications, electrical electrical energy production. The
energy harvesting, ect. and since (E, equation that describe the electrical
Cijkl» €kl €ijk, Oij» Ixx » V') depends on the energy harvested from a ZnO
temperature of the nanowire so that nanowire with the dimension shown in
any increment variation in temperature figure(1) can be written for a nanowire
affect the amount of electrical energy with a rectangular cross section as[7]:
F,(1+v)e;slb®
[ y( 96E3x;5 l— ((1 +bl’)915 axZAt—%pszt) bl
Avmax - (1 +V) ) 1 (20)
2[ E 915‘*‘1811]1
Where F, is the force applied to the The ZnO nanowire is formed on a
nanowire for the sake of bending, substrate  made of (in  most
e1s = ek [3], y, = @;j , Pxz = p; and appllcatlops.) of SI|ICOI‘I. (Si) t-o meet
£11 = £ the condition of lattice mismatch

condition to form the energy levels for
electron generation[12].
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3-1 Temperature effect on young modulus

To show the effect of temperature on young modulus we have solved equation
(1) using the following equations to find out the Young modulus at 0 K as [7]:

_(A-B+3C)(A+2B)

E,

2A+3B+C
_2c11 +C33
B 3
_2ci3tcpp
_2 3
C4q +C
C = 44 66
And the constants are (C,1=207
,C12:117.7, C13:106.1, C33:209.5,

C44:44.8, C56:44.29), tm =2248 CO, ta
=1976 C°, pC,=40.3 J/(mol* K) [9].

(21)
(22.a)
(22.b)

(22.¢)

The constants Cj; are

according to equation(12) since they are
temperature dependent too. Figure (2)
shows the young modulus dependence on
temperature.
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Figure(2): The dependence of young modulus on temperature for ZnO nanowire.

According to the results shown in figure (2) young modulus decreases with the increase

in temperature.

3-2 Temperature effect on stiffness coefficient

To show the effect of
temperature on stiffness coefficient we
solve equation (12) using the required
constants as thermal expansion
coefficient (4.7*10° 1/m’K) and
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pyroelectric  coefficient  (57*10°
C/m?K) the result is shown in figure
(3). The stiffness coefficient is directly
related to the temperature.

calculated
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Figure(3): The dependence of stiffness coefficient on temperature for ZnO nanowire.

3-3 Temperature effect on piezoelectric coefficient

To show the effect of temperature temperature (ejx = e;5 = —0.45 C/m?),
on piezoelectric coefficient we solve the result is shown in figure (4). The
equation (13) using the required constant piezoelectric coefficient is inversely
of the piezoelectric coefficient at room related to the temperature.

Piezoelectric coefficient (C/m)

40 50 60

Temperature (C°)

Figure(4): The dependence of piezoelectric coefficient on temperature for ZnO nanowire.

3-4 Temperature effect on dielectric constant

The relation between the (14) and the result obtained is shown
dielectric constant , D;, and in figure(5) where an inverse relation
temperature was shown in equation can be seen.
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Figure(5): The relation between dielectric constant and temperature for ZnO NW.

3-5 Temperature effect on moment of inertia
As we know the moment of

inertia | depends on the shape of a

beam’s cross-section. Before

determining the moment of inertia one

must locate the centroid (neutral axis).

Due to symmetry, the neutral axis runs

through the centre of the cross-section.

To evaluate | for a rectangle of height

| and width b (figure (1)), the moment
of inertia for a rectangular cross
section is calculated using equation (5)
and the result is shown in figure (6). A
direct proportionality between the two
quantities, minor increase in | can be
seen.
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Figure(6): The relation between moment of inertia and temperature variance (At) for a rectangular cross
section ZnO NW with I,b = (600, 50) nm respectively.
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To figure-out the amount of
harvested electrical energy for the cases:
a- No temperature effect i.e. by
removing the temperature
dependence given in equation
(20).
b- With the effect of terms
containing temperature effect
given in equation (20).

c- Removing the temperature
terms in equation (20) and
substituting the definitions of
young  modulus  (eq.12),
stiffness constant(eq.13), ect.

We have solved equation (20) the

results are shown in figure (7)

where it can be seen that minor

modification in the harvested
electrical energy occurs.
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Figure(7): Maximum harvested voltage against applied force for ZnO NW with rectangular cross
section by solving eq.(20) for the situations: a-no effect of temperature, b- effect of temperature, c- effect of
temperature on each parameter that depends on temperature.

4- Conclusion

The effect of temperature on
various parameters of zing oxide
(ZnO) NW such as young's modulus,
dielectric, piezoelectric and elastic
coefficients, poisson ratio and moment
of inertia are studied. Obtained results
prove that the temperature have sort of
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