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THERMODYNAMIC PROPERTIES OF CERIA THIN FILM:
TEMPERATURE AND PRESSURE DEPENDENCES

VU VAN HUNG, TRAN THI THUY DUNG
Hanoi National University of Education
186 Xuan Thuy street, Cau Giay, Hanoi, Vietnam
LE THI THANH HUONG
Hai Phong University
Hai Phong, Viet Nam

Abstract. The moment method in statistical (SMM) dynamics is used to study the thermody-
namic quantities of the CeQOq thin films taking into account the anharmonicity effects of the lattice
vibrations and influence of high pressure. The thermodynamic quantities of the CeOs thin films
are calculated as a function of the temperature and pressure. The SMM calculations are performed
by using the Buckingham potential for the CeOs thin films. In the present study, the influence of
temperature, pressure and thickness on the thermodynamic quantities of C'eO2 thin film have also
been studied, using three different interatomic potentials. We discuss the temperature, pressure,
and thickness dependences of the thermodynamic quantities of the CeOsz thin films and compare
our calculated results with those of the experimental results.

I. INTRODUCTION

Extensive studies of elastic and thermodynamic properties of oxide materials (like as
cerium dioxide, and zicona ZrO3) appear because of their important applications in high
frequency resonators. These materials are systematically fabricated by film deposition
techniques in devices and their elastic constants are definitely required. Knowledge of
mechanical and thermodynamic properties of thin films is essential for designing MEMS
devices.

Cerium dioxide (or ceria) possesses a cubic fluorite structure with a lattice parameter

of 5.411 ,91 , where in the unit cell the cations occupy the fcc lattice sites, while the Cet*
anions are located at the eight tetrahedral sites. Cerium dioxide (CeOz) is important oxide
materials used as high and low index films in multi-layer optical thin film devices. C'eO-
thin films have been deposited and characterized using different techniques [1]. Among
oxide materials, CeOy has attracted more and more attention because of its desirable
properties such as high stability against mechanical abrasion, chemical attack and high
temperatures [2,3]. It is known that the size effect of the phonon frequency is attributed
to the phonon confinement, the surface pressure, or the interfacial vibrations. Therefore,
the understanding the size effect of elasticity on the thermodynamic properties and their
theoretical mechanism is important.

Most previous theoretical studies, however, are concerned with the materials proper-
ties of C'eO4 bulk and thin film at absolute zero temperature, and temperature dependence



THERMODYNAMIC PROPERTIES OF CERIA THIN FILM 145

of the thermodynamic quantities have not been studied in detail. Temperature and pres-
sure dependences of the thermodynamic and elastic properties of bulk cerium dioxide have
been studied using the analytic statistical moment method (SMM) [4,5,6]. The purpose of
the present article is to investigate the temperature, pressure and thickness dependences
of the thermodynamic properties of C'eOq thin film using the SMM ([7].

II. THEORY

Usually, the theoretical study of the size effect has been carried by introducing
the surface energy contribution in the continuum mechanics or by the computational
simulations reflecting the surface stress, or surface relaxation influence. In the present
research, the influence of the size effect on thermodynamic properties of ceria thin film is
studied by introducing the surface energy contribution in the free energy of cerium and
oxygen ions of surface layers.

Let us consider a ceria free thin film of n layers with the film thickness d. Suppose
two top and bottom layers (surface layers) of ceria thin film are layers of cerium atoms.
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Fig. 1. Ceria free thin film with the surface layers of cerium atoms.

Ceria free thin film consisting 2 cerium surface layers, 2 oxygen next surface layers,
and (2n-2) oxygen internal layers and (2n-1) cerium internal layers. The general expression
of the Helmholtz free energy v of cerium dioxide thin film is given as follows:

U = 2N Uide L INp W 1 (20 — 2)No Wit 1+ (2n — 1) N OB — TS (1)

where the numbers of cerium and oxygen ions of a layer are simply denoted by Ng. = Ny
and No = 2N, respectively, \I/gge (or Winter) and \Ilsoide(or Pintery denote the free energy
of Ce and O ions being on the surface (or internal) layers, respectively, and S¢ - the
configurational entropies. Pressure P is determined by

), (3),
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From E.q (1), it is easy to derive an equation of states for a surface (or internal) of
ceria thin film at zero temperature
laugigge 3 wszde( ) 8kszde c lauzliieO 3 wszde( ) 8k&9)ide
6 Oasige kgéie Jaside 6 Jaside ksolde Daside
(3)

Pv = _aside{CCe

Pv = _ainter{CCe

inter
6 Oainter k.g’lger Oainter 6 Oainter kglter Oainter
(4)
where P denotes the hydrostatic pressure and v is the atomic volume, w(0) is the value of
w at zero temperature, uiélger (or u‘g’ge) and umte’" (or usoide) represent the sum of effective
pair interaction (or surface) energies for Ce and O ions being on the internal (or surface)

layers in ceria thin film

Ugter _ Zd)Ce 1nter(‘ri|) and uiélter — Z O 1nter(’ z|) (5)
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and w is the atomic vibration frequencies, and it can be approximated in most cases to
the Einstein frequency wg, given by

1 82¢io
k= 52 < 52 ) = mw?, (7)
i iz / eq

and ¢;, is the interatomic potential energy between the central Oth and ith sites, and wu;,
is the atomic displacement of the ith atom in the x-direction.

Using Eqgs.(3) and (4), one can find the nearest neighbor distance at pressure P
and zero temperature 7' = 0K, a(P,0). It is known that the Buckingham potential has
been very successful for calculations of thermodynamic properties of CeO,. The atomic
interactions are described by a potential function which divides the forces into long-range
interactions (described by Coulombs Law and summated by the Edwald method) and
short-range interactions treated by a pairwise function of the Buckingham form

6i(r) = EX 4 Ay exp(— ) = ®)

where ¢; and g; are the charges of ions i and j respectively, r is distance between them
and A;j, B;; and Cj; are the parameters particular to each ion-ion interaction. In the
Eq.(8), the exponential term corresponds to electron cloud overlap and the last term
corresponds to the attractive dispersion or Van der Waals force. Potential parameters
A;j, B;j and Cj; have most commonly been derived by the procedure of empirical fitting,
i.e., parameters are adjusted, usually by a least-squares fitting routine, so as to achieve
the best possible agreement between calculated and experimental crystal properties. The
potential parameters are listed in the Table 1.




THERMODYNAMIC PROPERTIES OF CERIA THIN FILM 147

In principle Egs.(3), and (4) permit to find the nearest neighbor distance ag;ge(P,0)
(or ainter(P,0) at zero temperature for the surface (or next surface) layer, or internal
layer. Using the MAPLE program, Egs.(3), and (4) can be solved and we find the values
of the nearest neighbor distances ag;ge(P,0) and ainter (P, 0). We assume that the average
nearest-neighbor distance of the surface layers and internal layers for cerium dioxide thin
film at temperature T can be written as

aside(P7 T) = aside(Pa 0) + CCeyégge(Py T) + COySOide(Pa T) (9)
ainter(Pa T) = ainteT(Pa 0) + CCeyg’lger(Pa T) + COyi(Slter(Pa T) (10)

in which y2ide (P, T) (or yiter (P, T)), and y&d (P, T) (or yiytr (P,T)) are the atomic
displacements of Ce and O atoms from the equilibrium position in the surface (or internal)
layers.

The thickness d of thin film can be given by

d= 2aside(Pa T) + (n - 2)ainter(Pa T) (11)

Therefore, the average lattice constant a(P,T") of thin film is determined as

(12)

a(T) _ g _ 2aside(T) + (Tl - 2)ainter(T)
n n
Using Egs. (9), and (10), and defination of the thermal expansion coefficient, it
is easy to obtain the expression of the thermal expansion coefficient for the surface and
internal layers

inter __ inter inter
a0602 = CCe Oéce -+ CO OéO (13)
id, id, id,
o, = Coo ol + Co o™ (14)

Where

ks dyicr’lger(P’ T)
Ainter (P, 0) db

kg dy3tr(P,T)
Ainter (P, 0) de
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kp  dy3®(P,T)
aside (P, 0) de
Therefore, the average thermal expansion coefficient of C'eOs thin film can be determined
in the approximate form:

OB (P, T) =

o5 (P,T) =

agie“(P,T) = (15)

o (P.T) =
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ITI. Results and discussion

In this section we compare lattice constant of internal layer for C'eOy thin film to
some experimental and other theoretical results.
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Fig.2: Temperature dependence of lattice Fig.3: Thickness dependence of lattice
constant for CeO; thin film at P=5Gpa constant for CeQ, thin film at T=300K
using three potentials. and pressure P=5Gpa using three
Buckingham potentials.
Table 1 . Potential parameters of CeQ,
Interaction : &
/ & (o)
potential Aler) BLE cel. A"
Q- 0> 9547.92 0.2192 32.00 Poterfial 1
Ce* - O 1809.68 0.3547 20.40
0> -0+ 9547.92 0.2192 32.00 p ial 2
Cet - OF 2531.5 0.335 20.40 B
0 -0+ 22764.3 0.149 43.83 Butler
Ce* - O 1986.83 0.35107 20.40

In Figs.3 and 4 we present the temperature and thickness dependence of the lattice
constant and thermal expansion coefficient of ceria thin film using the potentials 1, 2 and
Butler potential. Figs 3 and 4 show the lattice constant and thermal expansion coefficient
of ceria thin film, calculated by using the Buckingham potentials, as a function of the
thickness d of thin film. One can see in Figs.3 and 4 that the lattice constant and thermal
expansion coefficient increase with the thickness d, when the thickness d > 400A4°(or the
number n of layers of thin film n > 80 the average lattice constant a(7") and thermal

0
expansion coefficient of thin film (a(T) ~ 5.41 A) in agreement with the experimental
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results of bulk CeOs . In Figs.2 we depict the temperature dependence of SMM lattice
parameter of C'eOs thin films using the potentials 1, 2 and Butler potential.

Figs 5 show the speciffic heat Cv of ceria thin films, calculated by using the Buck-
ingham potentials, as a function of the pressure.
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Fig.4: Thickness dependence of Fig.5: Pressure dependence of speciffic
thermal expansion coefficient for CeO, heat C, for CeO, thin film at T=300K
thin film at P=5GPa, T=300K using using three Buckingham potentials.

three Buckingham potentials.

IV. Conclusions

In conclusion it should be noted that the statistical moment method really permits
us to investigate the temperature, pressure, and thickness dependences of C'eOs thin films.
The results obtain by this method are in good agreement with the experimental data. We
have calculated thermodynamic quantities for C'eOy thin films with different thickness
using potentials 1, 2 and Butler potential at various pressures, and these calculated SMM
thermodynamic quantities are in good agreement with other calculations and experiment
for bulk C'eO4. This research is funded by Vietnam National Foundation for Science and
Technology Development (NAFOSTED) under grant number 103.01-2011.16
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