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Cracking of low temperature solution deposited CeO, thin films
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Abstract Crystalline CeO; films grown in aqueous solutions
at 45°C on glass slides formed by the island growth mode.
The film had a refractive index of 1.83 and indicated that the
film had a porosity of 41.3%, which significantly lowered the
elastic stiffness of the film. The film cracked only after drying
in a mud crack pattern when it reached a critical thickness.
This indicated that the film cracked under tensile stress due to
the accumulation of tensile strains generated from grain coa-
lescence during growth, thermal expansion mismatch during
cooling and capillary stress during drying.
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1 Introduction

Ceria (CeO,) films have important applications as a gate ox-
ide in MOS devices [1], corrosion resistant coatings in aque-
ous environments and high temperatures [2, 3], UV absorbing
coatings and as an electrolyte in solid oxide fuel cells (SOFC)
[4]. Ceria films are important as an alternative to chromate
films for corrosion protection because CeO, has very low
toxicity [S] while the chromates can be carcinogenic [6]. In
addition, the use of ceria-based anodes promotes hydrocar-
bon oxidation and has aided in the development of direct
methane SOFC [7]. Therefore, it is clear that low cost meth-
ods for depositing CeO; films will be beneficial to industry.

Presently, CeO, films can be grown by vapor deposition
methods like pulsed laser deposition [1], magnetron sputter-
ing [8] and evaporation [9] and also solution methods like
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sol-gel spin coating [10], electrodeposition [11], oxidative-
soak-coating [12] and successive-ionic-layer-adsorption-
and-reaction (SILAR) [13]. Besides being capital intensive,
the vapor deposition methods normally require substrate tem-
peratures of 600°C and above. For the solution methods,
sol-gel requires elevated temperatures (>450°C) for post de-
position crystallization while electrodeposition is limited to
conducting substrates.

To date, the remaining low cost and low temperature meth-
ods of oxidative-soak-coating and SILAR both have a film
thickness limitation of about 60 nm. For SILAR, it is believed
that dissolution of the film in the growth solution is the limit-
ing factor [13] while poor adhesion appeared to be the reason
why thicker films could not be grown by the oxidative-soak-
coating method [12]. These low temperature film growth
methods offer unique material combinations not attainable
with high temperature methods (e.g. polymeric substrates
with refractory ceramic coatings) and the use of solutions
enable uniform deposition on irregular or even porous bodies
not possible with the line-of-sight vapor deposition methods
mentioned earlier. Therefore, it is important to understand
the cause of the film thickness limitation that is preventing
greater use of these methods in the case of ceria. This study
will focus on the oxidative-soak-coating method, for which
it was observed that the ceria film actually cracks first before
spalling off. The various sources of strain during film growth,
cooling and drying will be examined to determine if the crit-
ical thickness above which film cracking occurs coincides
with the experimentally observed value.

2 Experimental details

Crystalline CeO, films were deposited on borosilicate glass
slides by the oxidative soak coating method [12]. Briefly,
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Ce(CH3COO0); and KC10O3 were dissolved in deionized wa-
ter giving 0.01 M of Ce(CH3COO); and 0.02 M of KCI1O;.
The glass slide was placed at the bottom of a 45 ml Teflon-
lined, stainless steel hydrothermalreactor (Parr) containing
the precursor solution. The reactor was then capped tightly
and placed into a drying oven at 45°C for the required heating
period. After the reaction, the films were rinsed repeatedly
with deionised water and dried at room temperature.

The morphology of the films was examined by scanning
electron microscopy (JEOL 6300F), optical microscopy and
also by atomic force microscopy (Molecular Imaging). Im-
ages were acquired in contact mode using a commercial
silicon nitride probe (Olympus) with a spring constant of
0.36 Nm~!. The sample and cantilever were completely
immersed in an inert liquid (phenyloctane) during imag-
ing to minimize capillary forces and contamination in order
to achieve better image resolution. The deflection sig-
nal of the cantilever acquired was representative of the
topography of the sample. The refractive index and thick-
ness of the film were determined by variable angle spec-
troscopic ellipsometry (VASE) while surface profilometry
(Tencor P-10) was used to determine film thicknesses above
100 nm.

3 Results and discussion
3.1 Film growth and cracking

As is commonly observed for films grown by low tempera-
ture solution methods [14, 15], the CeO; film in this study
formed by an island growth mode (Volmer-Weber). After co-
alescence, the film started showing signs of cracking around
24 h of growth (Fig. 1). At this stage, the film was 80 nm
thick (as determined by ellipsometry) and the average diam-
eter of the islands was approximately 20 nm, as shown in
Fig. 2. When a film previously grown for 24 h was rein-
troduced into a fresh precursor solution for another 24 h to
grow a much thicker film (200 nm as determined by surface
profilometry), film cracking was even more pronounced, and
pieces of the film began spalling off (not shown). These obser-
vations indicated that the film thickness limitation associated
with the oxidative soak coating method was due to the accu-
mulation of strain energy that eventually led to film cracking.
Cracking began at the film surface, propagated through the
film to the substrate and then along the interface, causing film
spallation.

The ‘mud crack’ type pattern observed indicates that the
film cracked as a result of a biaxial tensile stress [16]. Since
biaxial tensile stresses can be generated during film growth,
when the film is cooling to room temperature after growth
and when the film is drying, determining the point at which
the film cracked gives an idea of the strain mechanisms in-
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Fig. 1 SEM of CeO; films deposited at 45°C after (a) one 24 h cycle,
and (b) two 24 h cycles

volved in film cracking. Observations with an optical mi-
croscope indicated that the crack openings for the 24 h film
(see Fig. 1(a)) were not large enough for observation un-
der optical wavelengths. Fortunately the cracks in the film
grown for two 24 h cycles were observable under the optical
microscope.

Therefore, it was carefully ensured that a film grown for
two 24 h cycles was kept immersed in solution in between
cycles and then observed by optical microscopy at room
temperature after the second cycle, while still immersed in
the growth solution. This observation is shown in Fig. 3(a).
Figure 3(b) shows the same film after it was dried, display-
ing the familiar mud crack pattern previously observed in
Fig. 1(b) and indicates that the film did not crack after the
growth or cooling stages, but only after the drying stage. This
in turn suggests that the caumulative tensile strain developed
during the growth, cooling and drying stages contributed to
film cracking.
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Fig. 2 Deflection mode AFM of the single cycle 24 h film (400 x 400
nm scan size)

-

-
-
4 -
. -
L
: .
-
.t . N
)
-

L
10pm

Fig. 3 Optical micrographs of the CeO, film grown after two 24 h
cycles (a) while still submerged in solution, and (b) after drying

3.2 Porosity

In the next section, the strains developed during the various
stages (growth, cooling and drying) are calculated in order to
determine the critical thickness above which film cracking
should occur as compared to the experimentally observed
critical thickness. Before this is done, the amount of poros-
ity in the film will be determined by comparing the exper-
imentally observed refractive index with values reported in
the literature for dense CeO; films. This is important as the
film’s Young’s modulus is significantly affected by porosity,
p, according to Eq. (1) [17],

E,=E( - p) (D)

where E, is the Young’s modulus of the porous film and E
is the Young’s modulus for the bulk material (172 GPa) [18].

Figure 4 shows the variation of the refractive index of the
24 h film with wavelength. At a wavelength of 632.8 nm, the
film had a refractive index, n, of 1.83 which is significantly
lower than that observed for a dense CeO, film (ny = 2.47)
[8]. This reduction in refractive index was due to the pres-
ence of pores in the film. The porosity, p, in the film was
determined using the Bruggeman effective medium approx-
imation (EMA) [19],

2 2 2 2

T A S ) »)
n?—{—Zn2 p n%+2n2_

(I=p)

where the refractive index for voids filled with air, »n,, was
taken as 1. This resulted in a porosity, p, of 0.413 that lowered
the Young’s modulus from 172 GPa to 59.3 GPa according
to Eq. (1).

Likely locations for the pores are at the junctions of the
coalesced islands. As proposed by Goh and co-workers [16],

2.10
2.05
2004 wm
| |
E [ ]
3 1.954
k]
2 ]
.aaa 1.90
= ]
o
g 1.85 o
[ 4
[
1.80 -
1.75
LI e S T B . e A |
400 500 600 700 800 900 1000

Wavelength (nm)
Fig. 4 Refractive index of the CeO, film grown at 45°C after 24 h
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the radius of such a pore, r, can be estimated from a simple
geometrical relationship between circular islands of radius
R surrounding the pore from,

(R 4+ r)cos30° =R 3)

A reasonable estimate from Fig. 2 is an average island radius,
R, of 10 nm and this results in a pore radius, r, of 1.55 nm.

3.3 Sources of strain

In the Volmer-Weber mode of growth, individual islands nu-
cleate on the substrate, grow, approach and impinge on adja-
cent islands, eventually coalescing to form a continuous film.
As first proposed by Hoffman [20], approaching islands with
a small gap between them deform slightly and spontaneously
snap together, forming a relatively lower energy grain bound-
ary in place of the two adjacent island free surfaces prior to
coalescence. As such, this coalescence results in an average
tensile stress, which for a film with approximately hemispher-
ical grains at the point of coalescence, can be expressed using
the following equation [21],

4 1
Oave = E (Vs - Eygb) €]

where R is the average radius of the islands and y ; and y ¢, are
the free energies of the island surface and grain boundaries
respectively. For a film under plane stress, the corresponding
strain is given by,

g_iM( _ ! ) 5)
I—R Ep Vs 2ng

where v is the poisson’s ratio. Using an order of magnitude
estimation of 1 J/m? for (y; — 1), R = 10 nm and v =
0.3 [18], the tensile strain due to grain coalescence, €1, is
estimated to be about 4.72 x 1073,

During the cooling phase from 45°C to room temperature
(25°C), any mismatch in the thermal expansion coefficients
(CTE) of the film and substrate can generate a residual strain
according to,

Ty

& = (aﬁlm - asubslrate)dT (6)

T;

where Ty = 25°C, T; = 45°C, oy = 11.6 X 107° K~ ' [22]
and ®gypsirate = 3.3 X 1070 K~ ! [23] are the thermal expansion
coefficients of the film and substrate respectively. Since the
CTE of the film is larger than that for the substrate and the
substrate is much thicker than the film, the resultant tensile
strain, &, = 1.66 x 10~*, will reside completely in the film.
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As mentioned earlier in Section 3.2, the coalescence of
islands can lead to the presence of porosity at the junction
between islands. In the solution growth of highly oriented
TiO, films at 60°C [8], such pores were responsible for the
generation of tensile stresses during film drying. This is be-
cause the pressure difference across the liquid-vapour inter-
face (meniscus) of the solvent in the pore during drying gen-
erates a capillary stress that tends to contract the film. As the
substrate prevents the film from contracting, a tensile stress is
set up. The magnitude of this tensile strain can be determined
from the Laplace equation (o = 2y/r) according to,

(1 =) 2y
E, r

)

&3 =

where the surface tension of water, y,, = 72 x 1073 J/m?
and the pore radius, r = 1.55 nm (see Section 3.2). This gives
a tensile strain due to capillary forces, €3, of 1.10 x 1073,

Therefore the residual tensile strain accumulated up to this
point is given by, &, = & + &, + &3 = 5.986 x 1073, The
resultant tensile stress due to this accumulated strain can be
relieved by the propagation of cracks that form a mud crack
pattern. As the strain energy stored in the film increases with
film thickness, there is a critical thickness, /., above which
cracking will occur to relieve the film stress. This critical
value is given by [24],

_ TE, o
T Zo2(1 —?) ®)

c
where the fracture resistance, ' = K 126(1 —?) /E,ando =
Epe /(1 — v2). Z is a dimensionless parameter that depends
on the cracking geometry and has a value of 3.951 when
cracks first form. Using a value of 1.4 MPam? for K 1c [25],
Eq. (8) reveals that the film should only crack for film thick-
nesses above 3.26 pum. This is about 40 times larger than
the experimentally observed value of 80 nm (i.e. for 24 h of
growth).

There are several factors that could have contributed to
this discrepancy. Firstly, it has been observed in nano-sized
ceria that there is significant lattice expansion. This expan-
sion is due to the lowering of valence of the cerium ion from
4+ to 34 which leads to a reduction in the Coulombic attrac-
tive forces in the lattice, that is, a weakening of the elastic
stiffness [26]. Reduction in the attractive forces leading to
lattice expansion has also been observed for solution syn-
thesized material, but due to proton incorporation instead
[27, 28]. Secondly, lowering of the cerium valence requires
the presence of oxygen vacancies to maintain charge neutral-
ity. The presence of oxygen vacancies in the film would be
another source of tensile strain. Finally, the effect of porosity
on the fracture toughness, K, of the film has not been taken
into account. It would be reasonable to assume that a more
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porous material would have lower fracture toughness than its
denser counterpart. All these factors, if taken into account,
would lead to a lower calculated critical thickness that may
be more agreeable with the experimentally observed value.

4 Conclusions

It was observed that CeO; films grown by the oxidative-soak-
coating method at 45°C on borosilicate glass slides formed
by the island growth mode, with an average island size of
20 nm. Comparison of the film refractive index of 1.83 with
that for dense CeO, films indicated that the film had a high
degree of porosity of 41.3%. This significantly lowered the
elastic stiffness of the film and magnified strains developed
at various stages of the entire film growth process. The film
cracked in a mud crack pattern when it reached a critical
thickness, but only after drying. Mud cracking indicated that
the film cracked under tensile stress while the latter obser-
vation indicated that the tensile stress that caused cracking
was a result of the accumulation of tensile strains generated
from grain coalescence during growth, thermal expansion
mismatch during cooling and capillary stress from the re-
moval of the wash solvent during drying.
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