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Abstract BiFeOj; thin films were processed on platinized
silicon substrate via chemical solution deposition. Short
wave UV assisted pyrolysis was conducted in oxygen at-
mosphere in order to obtain a fine and homogeneous grain
structure. Phase pure thin films with a pronounced (100)
texture were obtained at a fairly low annealing temperature
of 600°C. For comparison specimens processed without UV
assisted pyrolysis were also investigated. It is shown that UV
assisted pyrolysis leads to a substantial improvement of leak-
age resistance properties. Polarization switching could also
be obtained using capacitance-voltage (C-V) curves. The
leakage current was investigated as a function of temperature.
Interpretation in terms of Frenkel-Poole mechanism leads to
a high trap depth in the range of 2.4 eV which is attributed
to the creation of Fe?* centres. For both microstructures in-
vestigated well saturated magnetization loops were obtained
with a remnant magnetization of 2Mr = 5.4 emu/cm? and a
coercive fields in the range of 2Hc = 200 Oe. Slightly higher
saturation magnetization 2Ms of 55.4 emu/cm? was obtained
for UV assisted pyrolysis in comparison to 45.8 emu/cm? for
the thin films processed without UV.
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1 Introduction

BiFeOs; (BFO) is a perovskite type material with a rhom-
bohedrally distorted cell which belongs to the polar R3¢
space group. This material is known to be ferroelectric with
a high Curie transition temperature 7, of 810°C and anti-
ferromagnetic with a Neel temperature of 380°C [1-3]. The
coupling between magnetic and electrical order parameters
and the high transition temperatures involved make this ma-
terial promising for technological applications including new
memory devices and lead-free piezoelectrics [4]. During the
last years, increasing attention has been devoted to BFO
thin films [4—12]. BFO heteroepitaxial films were processed
via pulsed laser ablation (PLD) [4] and metalorganic chemi-
cal vapor deposition [5] on SrTiO3-single crystal/StRuO; as
well as on platinized silicon buffered with a LaNiOj; layer us-
ing RF magnetron sputtering [6]. Polycrystalline films were
obtained on platinized silicon using sol-gel or PLD routes [7—
14]. While well saturated polarization hysteresis loops with
high remnant polarization and low leakage currents were
reported for PLD films, sol-gel films have been in contrast
found to have a large scatter in the polarization properties.
Hysteresis loops which rather resemble those of a leaky di-
electric [11, 12] and well saturated ones [8—10] were reported
on platinized silicon, depending on testing temperature and
stoichiometry. It seems that the processing conditions like an-
nealing temperature and annealing atmospheres [9] as well
as doping, particularly using lanthanide elements [8], play
a prominent role in controlling the polarization properties.
Furthermore the films are generally characterized by low
break down fields and poor leakage current properties [11]
at room temperature, and this might be a concern, partic-
ularly as to the relevance of the high remnant polarization
properties reported for BFO films [4-6, 8—10]. Although
chemical solution deposition (CSD) is a well established
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processing method for ceramic thin films, offering many ad-
vantages, e.g. easy control of microstructure and stoichiome-
try, more work is needed to establish appropriate processing
routes for high quality BFO films, including precursor solu-
tion, pyrolysis and annealing conditions as well as substrate
choice.

In the present work a new processing route for BFO thin
films using UV short wave light is presented. The method
is inspired from a previous work by Chang et al. [15], who
used it to process barium strontium titanate thin films at
lower annealing temperatures and reduced the leakage cur-
rent. This method has also been used by Calzadaet al. [16] for
UV assisted sol-gel processing of PbTiO; based ferroelec-
tric thin films to improve the crystallinity at lower processing
temperatures as required by silicon integrated circuit tech-
nology. The results obtained in this paper show that the use
of UV light to aid pyrolysis results in a substantial improve-
ment of the ferroelectric properties and reduction of leakage
current.

2 Experimental methods

For the preparation of BFO precursor solution bismuth (IIT)
acetate (CgHy9OgBi, Strem Chemicals, USA) and iron (III)
acetylacetonate (CisH,FeOg, Fluka, Germany) were dis-
solved in deionized water and acetic acid mixed in 1:2
volume ratio. The final concentration of the precursor was
0.25 mol/l. No Bi-excess was used in contrast to earlier work
[13, 17]. The precursor solution was spin-coated on a pla-
tinized silicon substrate ((111)Pt/Ti/SiO,/Si, Inostek, South
Korea) at 5000 rpm. For pyrolysis a UV chamber with in-
and outlet valves for oxygen, and comprising a UV lamp
(150 W, wavelength A between 350 and 400 nm) and a small
hot plate was used. Each layer was pyrolysed in the UV
chamber under an oxygen atmosphere at 300°C for 10 min
and then annealed under oxygen atmosphere in a pre-heated
tube furnace at 600°C for 6 min before the second layer was
processed. After these deposition cycles the film was fired
for 60 min in the furnace at 600°C. Thin BFO films of ellip-
sometric thicknesses of 80 and 250 nm were obtained after
deposition of 2 and 6 layers, respectively (complex refraction
index: n* =2.82 4+ 0.06j). For comparison specimens were
processed without UV assisted pyrolysis, keeping otherwise
the same conditions. The specimens are designated UVP
and NP respectively for UV assisted pyrolysis and hot-plate
pyrolysis in air.

Microstructure was analysed using X-ray diffraction
(XRD). Atomic force microscopy (AFM) investigations
were conducted in non-contact mode on a commercial AFM
(SIS GmbH, Herzogenrath, Germany).

For electrical measurements, round platinum front elec-
trodes of 0.6 mm diameter (area 2.8 x 10~ cm?) were sput-
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tered and subsequently annealed for 15 min at 400°C in
order to heal out eventual defects due to sputtering. The
polarization hysteresis properties were investigated at room
temperature by Radiant Technology RT6000S. The dielectric
properties were obtained using a computer-controlled Agi-
lent 4192A impedance analyzer at driving signal amplitude
of 25 mV.

Voltage- and temperature-dependent leakage currents
were measured using a computer controlled set-up including
a high-precision electrometer (Keithley 6517A) and a heat-
ing stage which allows the temperature to be controlled with
an accuracy of 0.2 K. Current density-voltage (/-V) charac-
teristics were acquired in the step mode with a delay time of
30 s to allow for sample discharging. The signal was applied
to the bottom electrode in all cases and the voltage step was
0.2 V. The temperature was measured with a thermocouple
placed on the sample surface. Heating was performed using
a computer controlled heating stage.

The magnetic properties were characterized by means of
a vibrating sample magnetometer (VSM, ADE, Pittsburgh,
PE). The magnetization was obtained for each field value
from an average of 100 measurements.

3 Experimental results and discussion
3.1 Microstructure

Figure 1 shows the XRD patterns of both microstructures
processed. In both cases pure perovskite phase films with
polycrystalline structures were obtained. However, the XRD
patterns of UVP suggest better crystallinity, as can be in-
ferred from the high peak intensities obtained. The degree
of the (100) orientation, F, was estimated by the Lotger-
ing’s [18] method: Diffraction peaks that do not coincide
with those of the Pt-substrate and in the range of 20 < 26

*
5
S,
>
= .
=
Q
11 |
B A, NP
A SN A %
20 30 40 50 60
20 [deg.]

Fig. 1 XRD patterns of the BFO thin films pyrolysed with (UVP) and
without UV (NP). The stars are for BFO, and the circles for substrate
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Fig. 2 Back-scattered scanning electron micrographs (a,b) and AFM micrographs (c,d) of the surface topography of the BFO films. UVP (a,c)

and NP (b,d)

< 65° were used for the calculation. The degrees of (100)
orientation F are 0.95 for the sample UVP and 0.55 for the
sample NP. The specimen UVP shows a very strong pre-
ferred (100) orientation. This is rather surprising since (111)
oriented films are normally expected if one would consider
(111)- BFO plane matching with (111)-Pt (d;;; =0.227 nm
for Pt and d;;; =0.228 nm for BFO) where mismatching
is very small in contrast to(100)-BFO on the (111)-Pt ter-
minated substrate (djoo = 0.132 nm for BFO). It seems that
UV assisted pyrolysis favours the formation of a template
layer which then entails the texture of the film. This strong
effect on the orientation is very much similar to that found in
Pb(Zr,, Ti;_,)Oj3 thin films processed on the same substrate
heterostructure using the same conditions of UV-assisted
pyrolysis as above [19]. Reports on microstructure devel-
opment of PZT attribute the formation of specific textures
to incipient template layers, the stoichiometry and struc-
ture of which are still the subject of controversy [19-21].
Intermetallics, PbO [20] and oxygen deficient pyrochlores

[21] have all been accepted responsible for the formation
either of (111) or (100) textures. Studies concerned with
microstructure development of sol-gel BFO films are not
yet available, and we can only speculate that the nucleation
of the perovskite phase is not governed by interfacial ki-
netics, i.e. lowering of the interfacial energy, since none
of the possible template layers (Bi-Pt, Fe-Pt intermetallics,
Bi-oxides) would match (100)-BFO. Rather nucleation and
growth along planes involving lower lattice distortions [4],
e.g. (100), may control microstructure. But more studies
dealing with different pyrolysis temperatures and conditions
and their effects on microstructure control are needed in order
to understand the microstructure development of sol-gel BFO
films.

Preliminary observation of surface topography using the
back scattered electrons imaging mode of the scanning
electron microscope (SEM) revealed crack-free films with
smooth topography. Figure 2(a) shows an almost featureless
surface for UVP whereas Fig. 2(b) illustrates the somewhat
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coarse and bimodal grain microstructure of NP. Figure 2(c—
d) shows AFM micrographs of the surface morphologies
of both specimens, and confirms the SEM observations. A
fine grained structure with a smooth surface topography is
obtained for the UVP, in contrast to the coarse and some-
what rougher grain morphology exhibited by NP. The root
mean square (rms) roughness obtained is 4 and 6 nm for
UVP and NP, respectively. As discussed by Calzada et al.
[16] the early cracking of the C—H bonds and the resulting
efficient pyrolysis due to the existence of highly activated
oxygen species, are supposed to lead to incipient nuclei for-
mation and crystallization, probably via the formation of a
metastable precursor phase. It is beyond the scope of this
work to discuss possible effects of UV radiation on thin film
crystallization. This needs more investigations using appro-
priate techniques such as transmission electron microscopy
and XPS analysis in order to elucidate the mechanisms of
early film formation.

3.2 Dielectric and ferroelectric properties

The frequency dependence of the dielectric constant and di-
electric loss are shown in Fig. 3. The values lie in the range
of those reported in previous work [8, 13, 17, 22].The dielec-
tric properties, i.e. the dielectric constant and the dielectric
loss, are somewhat lower for UVP in comparison to NP.
But this can be attributed to the lower conductivity of UVP
specimens (see below), and the values obtained probably
reflects more the real one in comparison to that of NP. In
fact the higher conductivity of NP may lead to an apparently
higher dielectric constant, as may be found in ref. [23, 24].
Also it is seen that the frequency dispersion of the dielectric
constant is quite low, and suggests homogeneous thin film
stoichiometry.

The dependence of the dielectric constant on DC bias
field (dielectric constant-electric field (¢'-E) or capacitance-
voltage (C-V) curves) could only be measured for UVP, and
is displayed in Fig. 4. The high leakage current found for
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Fig. 3 Frequency dependence of the dielectric constant and the di-
electric loss of the Pt/BFO/Pt capacitors. Film thickness was 250 nm
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Fig.4 DC bias field dependence of the dielectric constant of a 80 nm
UVP thin film. The curve was obtained at 30 kHz and an oscillation
voltage amplitude of 25 mV. Film thickness was 80 nm
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Fig. 5 Polarization hysteresis curve of a UVP film, obtained at room
temperature and triangular voltage pulses of 0.2 ms. Film thickness was
250 nm

NP (see Fig. 6(a)) prevented any meaningful measurement
of the C-V-curve. There is a clear evidence for ferroelectric
switching as may be inferred from the shape of the curve for
UVP. The dielectric constant is highest at the coercive field
which points to a strong contribution to the dielectric con-
stant from the dynamics of ferroelectric domains. At higher
applied fields the dielectric constant decreases due the do-
main growth. This behaviour is very much similar to that
found for PZT thin films [25, 26]. However, it can be noticed
that there is a strong field asymmetry of the curves which are
shifted towards negative voltages. This is supposed to be due
to the existence of an internal bias field, the origin of which
is unclear at this stage.

The ferroelectric hysteresis curve for a 250 nm thick UVP
film is shown in Fig. 5. Unfortunately poor polarization
properties are obtained under the measuring conditions of
the commercial ferroelectric tester, and the curve rather
resembles that of a leaky dielectric. We suppose that such a
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Fig. 6 (a) Comparison of leakage current densities of UVP and NP
specimens at room temperature. (b) Temperature dependence of the
leakage current density of UVP. Film thickness was 250 nm
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result is the consequence of the measuring method, which
uses triangular voltage pulses of 0.2 ms, and could lead to
electrical deterioration of the thin film.

3.3 Leakage current properties

A comparison of the leakage current densities for UVP and
NP is illustrated in Fig. 6(a). It is evident that UV assisted
processing improves the leakage current resistance of BFO
films by several orders of magnitude. The leakage currents
have been measured as function of temperature for UVP, and
are illustrated in Fig. 6(b). Conduction in ferroelectric thin
films may be analyzed in terms of different mechanisms, in-
cluding interface limited, e.g. Schottky, and bulk limited, e.g.
Frenkel-Poole. In general it is quite difficult to separate these
mechanisms as pointed out by Al-Shareef et al. [27], and in
our previous work [13]. However, due to the defect struc-
ture of BFO, which may include Fe?* and oxygen vacancies
[10, 28], it is more likely that a Frenkel-Poole mechanism of
conductivity may be operating. The data below were there-
fore analyzed in terms of the latter mechanism, which can
be described by Eq. (1) [24].
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Fig.7 (a)Plots of the leakage current density of UVP in Frenkel-Poole
coordinates (log J/E) vs. E'/? and (b) effective conduction activation
energy E, vs. E'/? showing the linear behaviour and the effective trap
depth obtained by extrapolation to £ =0

6]

7 [—Q(fl’B—qu/?TS)]
o« E exp )

kgT

where E is the electrical field, ¢ the elemental charge, T
the absolute temperature, gg the trap height, ¢ the optical
frequency dielectric constant and kg the Boltzmann constant.
According to Eq. (1), In(J/E) should be linear with E'/?,
which is true in a wide range of voltages, as displayed in
Fig. 7(a). Effective activation energies of conductivity, E,,
at various applied bias fields were found from linear fits of
In(J/E) vs. T~! (not shown). Figure 7(b) illustrates the nice
linear dependency of £, on E'/? which on extrapolation leads
to a trap depth of 2.4 eV. This value is much higher than that
obtained in a previous work [13 ] with aless optimized sol-gel
processing, resulting in coarser grained films. An estimation
of the ionization energy of Fe?* to Fe** using enthalpies of
formation of Fe,O3 and FeO yields a value of approximately
3 eV which takes a lower value upon considering entropy
contribution. Although qualitative these considerations give
a hint as to the conduction mechanisms of BFO, which might
involve creation of Fe?* deep traps.
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Fig.8 Magnetization vs. magnetic field at room temperature for both
UVP and NP BFO thin films

3.4 Magnetic properties

Finally the magnetic properties were characterized, and are
illustrated in Fig. 8 for both UVP and NP specimens. Well
saturated magnetization curves with a remnant magnetiza-
tion of 2Mr of 5.4 emu/cm® and fairly low coercive fields
2Hc in the range of 200 Oe were obtained. There is evi-
dence as to the beneficial effects of UV assisted pyrolysis
on the saturation magnetization, 2Ms, of BFO with values
of 55.4 emu/cm?, in comparison to 45.8 emu/cm® for NP.
These values of 2Mr and 2Hc agree to a large extent with
those reported for BFO thin films processed via PLD on
SrTiO3/StRuO3 [4], and are superior to those obtained on
platinized silicon substrates [14]. The present results consti-
tute a premiere for the magnetization properties of sol-gel
BFO films, and it is quite interesting to note that while the
ferroelectric polarization of sol-gel films remains poor, the
magnetization properties lie in the range of those of het-
eroepitaxial films. The polarization switching properties are
very sensitive to conductivity which still needs to be substan-
tially decreased for sol-gel films in order to obtain saturation
polarization, whereas the magnetic properties, which rely
on different switching mechanisms, seem to match those of
PLD films.

4 Concluding remarks

In conclusion the effects of processing conditions on mi-
crostructure, electric and magnetic properties are reported
for chemical solution deposited BiFeO; thin films on
(111)Pt/Ti/SiO,/Si substrate heterostructure. The results of
hot-plate pyrolysis in air and U V-assisted pyrolysis in oxygen
are compared. It is shown that UV-assisted pyrolysis leads
to a well crystallized, fine and homogenous grain structure
with pronounced (100) texture. The leakage current could be
reduced by several orders of magnitude in comparison to hot
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plate pyrolysed specimens. C-V-curves could be obtained
for UV pyrolysed specimens, and their shape suggests po-
larization switching. The leakage current mechanisms were
investigated as a function of temperature, and could be in-
terpreted in terms of Frenkel-Poole mechanism with a trap
depth of 2.4 eV. Finally, well shaped and saturated magne-
tization hysteresis loops were obtained for both processing
conditions, and it was shown that UV assisted pyrolysis leads
to slightly higher saturation magnetization.
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