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Ba(Fe,Nb;»)O; thin films were grown on Pt/TiO,/Si0,/Si substrates with pulsed laser deposition (PLD) at temperatures ranging
from 823 to 923 K with the varied ambient oxygen pressure. X-ray diffraction (XRD) data confirmed the single phase of poly-
crystalline Ba(Fe;,Nb;,)O; thin films. The effects of substrate temperature and ambient oxygen pressure on the surface mor-
phologies of the thin films were investigated by atomic force microscopy (AFM) and the growth dynamics of thin films was
discussed. Larger grains and denser surface morphologies were observed with increasing substrate temperature. While finer grains
were produced with increasing ambient oxygen pressure due to more frequent collisions between the ejected species and ambient
oxygen molecules. The influence of the substrate temperature and ambient oxygen pressure on the dielectric properties was also
discussed. Improved dielectric constant and decreased dielectric loss was observed for the thin film deposited at evaluated tem-
perature.
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Complex perovskite Ba(Fe,,Nb;,,)O;3 is a typical member in
so-called giant dielectric constant materials, which are char-
acterized by a very high dielectric constant step in the order
of 103—-105 over a broad temperature range with no detecta-
ble structure phase transition at the critical temperature
where the abrupt change of dielectric constant is observed
[1-6]. For their promising potential impact on shrinking and
minimizing the microdevices, the giant dielectric constant
materials have drawn much scientific attention over the re-
cent years. Much effort has been made to understand the
underlying physical origin of their unique dielectric behav-
iors. Both intrinsic and extrinsic mechanisms [7-11] have
been brought up, though clear understanding is still a chal-
lenging issue. Our recent work on Raman spectra of Ba-
[(Fe;nNb;);-,Ti,]O;3 solid solutions suggests local compo-
sition fluctuation in Ba(Fe;»Nb;,)O3;, which may play an
important role in the relaxor-like dielectric behaviors [12].
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To better understand their dielectric behaviors and to re-
alize their application, it is of considerable importance to
synthesize giant dielectric constant thin films. One of the
most widely employed techniques to prepare multicompo-
nent thin films is pulsed laser deposition (PLD), which has
its superior capacity to ensure the stoichiometric consist-
ence of the target and the deposited thin films [13,14]. The
previous investigations [15-18] have shown that the deposi-
tion conditions, such as substrate temperature, ambient ox-
ygen pressure and laser settings have determinate impacts
on the growth, crystal structure and physical properties of
deposited thin films. To better control the physical proper-
ties and to get high quality thin films for investigation, it has
great significance to study the impacts of key deposition
conditions on the growth and the surface morphology of
thin films.

In the present work, Ba(Fe,;Nb;,,)O; thin films are pre-
pared on Pt/TiO,/SiO,/Si substrates by PLD. The surface
morphologies of thin films deposited in different conditions
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are investigated by atomic force microscopy. The effects of
substrate temperature and ambient oxygen pressure on the
thin film growth are discussed and determined.

1 Experimental

Ba(Fe;Nb,,,)O; dense ceramic targets were prepared by a
standard solid reaction route with high-purity BaCOs (99.93%),
Fe,0; (99%) and Nb,Os (99.99%) powders as raw materials.
The weighted materials were mixed and ball milled with
zirconia media in diluted water for 24 h. The dried mixtures
were calcined at 1473 K for 3 h in air. The calcined pow-
ders were ground and mixed with 6 wt%—-8 wt% polyvinyl
alcohol (PVA) water solution, and were dried and pressed
into the cylindrical compacts. Finally, the dense Ba(Fe-
Nb,;;)O; ceramics were obtained by sintering at 1773 K in
air for 3 h.

Ba(Fe;»Nby/,)O; thin films were deposited by a KrF ex-
cimer PLD system with a wavelength of 248 nm (COMPex
201, Coherent, Géttingen, Germany). The dense ceramic tar-
get of Ba(Fe,,Nb,,;)O; was placed at a rotating target hold-
er in the vacuum chamber. Pt/Ti0,/SiO,/Si substrates were
used and mounted on a rotating heater during deposition.
Ba(Fe;,Nb;,,)O; thin films were deposited at temperatures
varied from 823 to 923 K, with different ambient oxygen
pressure in the range of 1 to 10 Pa. The energy density of
the laser was fixed at about 1.5 J/cm?, and pulse repetition
was 3 Hz. After deposition, the thin films were annealed at
their growth temperature for 15 min in the oxygen atmos-
phere with the partial pressure of 3x10* Pa, and then cooled
down to room temperature at the rate of 3 K/min.

The crystalline phases of Ba(Fe,,Nb,;;)O; thin films were
determined by X-ray diffraction (XRD, D/max 2550PC,
RIGAKU, Tokyo, Japan) using Cu Ka radiation (1=1.5406
A) at room temperature. The surface morphologies were
obtained by atomic force microscopy (AFM, Veeco dilnnova,
Santa Barbara, CA, USA) with tapping mode. For charac-
terization of the electric properties, Au top electrodes of 0.3
mm in diameter were deposited through a mask by ion
sputtering. The dielectric properties of the thin films were
measured by a precision LCR meter (4284A, Hewlett-Packard
Co., Palo Alto, CA, USA) with the temperature controller.

2 Results and discussion

The XRD patterns of Ba(Fe;,Nb,,;)O; thin films deposited
at 823 and 923 K with ambient oxygen pressures of 1 and
10 Pa are shown in Figure 1. A single phase perovskite
structure with cubic symmetry is indicated in all thin films.
Obvious peak shift to the lower angle is observed for the
thin films deposited at lower ambient oxygen pressure, de-
noted as 2 and 4 in the Figure 1, which indicates larger lat-
tice constants and possible crystal structure distortion in
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Figure 1 XRD patterns of Ba(Fe;,Nb;,)O; thin films deposited at dif-
ferent substrate temperature of 823 and 923 K with oxygen pressure varied
from 1 to 10 Pa. (a) 823 K, 10 Pa; (b) 823 K, 1 Pa; (c) 923 K, 10 Pa; (d)
923 K, 1 Pa.

these thin films. The dependence of the crystal structure of
thin films on the ambient oxygen pressure has been reported
before [18]. No obvious peak shift is suggested in thin films
1 and 3, which indicated little impact on the crystal struc-
ture distortion of the substrate temperature. Meanwhile,
intensified and sharper peaks are observed in the thin films
3 and 4, which indicate improved crystallization in the thin
films with increasing the substrate temperature.

Figure 2 shows the surface morphologies of Ba(Fe.-
Nb,»)O; thin films deposited at different temperature with
the same ambient oxygen pressure of 10 Pa and pulse repe-
tition of 3 Hz. The AFM images indicate that Ba(Fe;-
Nb,»)O; thin films are well crystallized and crack-free. Ob-
vious increase in the grain size is observed when the sub-
strate temperature increases from 823 to 923 K. The average
grain size for the thin films deposited at 823 K is about
20 nm, while the value increases to about 60—80 nm and
70-90 nm for the ones deposited at 873 and 923 K, respec-
tively. It is noted that the root-mean-square values of sur-
face roughness increases from 4.8 nm for the thin film de-
posited at 823 K to 9.8 nm for the one deposited at 923 K
over the 2x2 pm scan area.

For the three-dimensional island nucleation and growth,
also known as Volmer-Weber growth [19], the nucleation
and growth for a given cluster is governed by its total free
energy, which includes the surface/interface free energy and
the change of the volume free energy on condensation of the
cluster. For heterogeneous nucleation in a vapor deposition,
the shape of the nucleus must be considered, which makes
the change of the free energy [20],

AG=-VAG, +A 7, + A=Ay » (D

where c, v and s refer to the cluster, vapor and substrate,
respectively; V. is the volume of the spherical cap; Acy, Acs
and A, are the areas of the cluster/vapor, cluster/substrate
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Figure 2 (Color online) The influence of the substrate temperatures (a) 823, (b) 873 and (c) 923 K on the surface morphologies of Ba(Fe;,Nb;,,)O; thin
films, when the ambient oxygen pressure is 10 Pa. The scan area is 1000 nmx 1000 nm.

and substrate/vapor interfaces; and ., %s and J%, are the
corresponding interfacial free energy. The total interfacial
energy is proportional to *, where r is the radius of spheri-
cal nucleation. While the volume free energy per unit vol-
ume of the cluster can be written as

AG, = —k—Tln (ij 2)
Q e

to a first approximation, where P is the pressure of the ar-
riving atoms, P, is the equilibrium vapor pressure of the
film atoms, k is Boltzmann’s constant, 7 is the absolute
temperature and (2 is the atomic volume of the film atoms.
The critical cluster size is defined by setting the derivative
of the free energy with respect to cluster size to zero, lead-
ing to a critical radius of

r* — _2(a17/cv +a2}/cs _a2}/sv)

, 3
3a,AG, ©)

where ay, a, and a; are constants depending on the shape of
the nuclei. In the present thin film and substrate system, the
critical cluster size mainly depends on AG, term, as just
little control is conducted over the surface and interface
term. So according to egs. (2) and (3), both increased atom
deposition rate and reduced substrate temperature will in-
creases the supersaturation, leaving a decrease in the critical
cluster size and in the total free energy barrier for cluster

nucleation. As indicated in Figure 2, much smaller grains
are formed at low substrate temperature.

The discussion on the Volmer-Weber growth is based on
the balance between growth and dissolution processes for a
given cluster. However, in PLD, the energy of the ejected
species in the plume is another factor that has a dominant
effect on the nucleation and growth of the thin films. In-
creasing the energy of the deposition flux has a similar ef-
fect with increasing the substrate temperature. As shown in
Figure 3, three thin films are deposited with various oxygen
pressures at 823 K. With the decreased oxygen pressure, the
average energy of ejected species in the plume is upgraded
significantly by fewer collisions with the ambient gas,
which provide extra energy for nucleation and results in
much larger grains. The effect of increased oxygen pressure
is similar to the decreased deposition temperature, except
that the surface roughness of the thin films barely affected
by variation of the ambient oxygen pressure. It is because
the increased substrate temperature has additional effect of
increasing the surface diffusion coefficient of the absorbed
vapor atoms. When the substrate temperature is as high as
923 K, strong surface diffusion is responsible for the obvi-
ous grain coarsen observed in Figure 2(c).

Further investigation shows that the impacts of the sub-
strate temperature and ambient oxygen pressure on the gr-
owth dynamics and surface morphologies of Ba(Fe,,Nb;,)O;
thin films are not independent with each other. Figure 4(a)

500 nm
L]

Figure 3 (Color online) Surface morphologies of Ba(Fe;,Nb,,)O5 thin films deposited at 823 K with various ambient oxygen pressure of (a) 1, (b) 5, and

(c) 10 Pa. The scan area is 1500 nmx1500 nm.
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Figure 4 (Color online) The comprehensive effects of the substrate tem-
perature and ambient oxygen pressure on the growth of Ba(Fe;,Nb;;,)O;
thin films. (a), (b) Deposited at 823 K with ambient oxygen of 1 and 10 Pa,
respectively; (c), (d) deposited at 923 K with ambient oxygen of 1 and 10
Pa, respectively. The scan area is 2000 nmx2000 nm.

and (c) shows the surface morphologies of thin films depos-
ited with ambient oxygen pressures of 1 Pa with the sub-
strate temperature of 823 and 923 K, respectively. No ob-
vious change in grain size is suggested, which suggests that
sufficient energy has been provided by the ejected species
as the ambient oxygen pressure is low. Oppositely, apparent
difference in grain size is exhibited in Figure 4(b) and (d),
which are deposited at 823 and 923 K with ambient oxygen
pressure of 10 Pa. As we discussed before, r increases as
the substrate temperature increases or ambient oxygen pres-
sure decreases. Meanwhile, the possibility for forming a
stable solid nucleus is decreasing as energy barrier AG™ in-
creases as well. So with high substrate temperature, the de-
creased ambient oxygen pressure has a weak impact on the
grain size of thin films and results in a less dense surface
morphology. For pulsed laser deposited Ba(Fe;,Nb;;)O;
thin films, the optimized ambient oxygen pressure is 10 Pa.
With low substrate temperature as 823 K, small grains could
be expected, while with high temperature, dense morphology
could be obtained.

Figure 5 shows the temperature dependence of the die-
lectric constant and loss of present thin films deposited with
various ambient oxygen pressures at 823 K. As temperature
below 150 K, the dielectric constant of Ba(Fe;,;Nb;,)O;
thin films increases with decreasing deposited oxygen pres-
sure. The result is consistent with the crystal structure dis-
tortion in the thin films that has been reported earlier [18].
Larger structure distortion in the thin films is expected with
lower deposited oxygen pressure as the existence of the oxy-
gen deficiencies, which could be the reason for the higher
dielectric constant. Meanwhile, the oxygen deficiencies
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Figure 5 The temperature dependence of the (a) dielectric constant and
(b) dielectric loss of Ba(Fe;,Nb;;)Os thin films deposited with various am-
bient oxygen pressure under the frequency of 10 kHz.

contribute to the leakage in the thin film greatly, which be-
comes more obvious with increasing temperature. As shown
in Figure 5(b), the dielectric loss of Ba(Fe;,;Nb;)O; thin
films deposited with oxygen pressure of 1 Pa is much higher
than those of the other two around the room temperature.
Besides, similar dielectric constant and loss are observed for
the thin films deposited with 5 and 10 Pa. The dielectric
constants for Ba(Fe,,Nb;;;,)O; thin films deposited at 823 K
are much lower than expected as the bulk ceramic exhibits
giant dielectric constant, which is closely related to poor
crystallization indicated by Figure 1.

Figure 6 shows the influence of deposited temperature on
the dielectric properties of Ba(Fe;,;Nb;,,)O; thin films with
the same deposited oxygen partial pressure of 10 Pa. A
great increase of dielectric constant over the whole temper-
ature range is observed when the deposited temperature
increased from 823 to 923 K. Meanwhile, the dielectric loss
is decreased about two thirds over the temperature range of
280 to 370 K. Much better dielectric properties of the thin
film deposited at elevated temperature is attributed to im-
proved crystallization, much larger grains and denser mor-
phology. The dielectric constant for Ba(Fe,;,;Nb;,;)O; thin
films deposited at elevated temperatures is 2495 at 298 K
(10 kHz), while the dielectric loss is around 0.084.

3 Conclusion

In summary, the substrate temperature and ambient oxygen
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Figure 6 The impact of the substrate temperature on the (a) dielectric
constant and (b) loss of Ba(Fe;,Nb;;;)O5 thin films. The typical frequency
is 10 kHz.

pressure exhibit the great impacts on the surface morphology
and nucleation and growth process of Ba(Fe;,Nb;,,)O; thin
films prepared on Pt/TiO,/SiO,/Si substrates by PLD. Gen-
erally, larger grains are favored by the decreased oxygen
pressure or increased substrate temperature. A dense surface
morphology could be obtained when the substrate tempera-
ture is 923 K and the ambient oxygen is 10 Pa. The dielec-
tric properties of the thin films are also shown direct de-
pendence on the substrate temperature and ambient oxygen
pressure. A great improvement is observed for the thin film
deposited by the optimized condition.
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