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Abstract; The Bi FeO, films (0.80<x< 1.20) were prepared by sol-gel technique on Si substrates. Effects of x variation
on microstructures and optical properties of the Bi FeO, films are reported. It is shown that in the films with both insuffi-
cient and excess bismuth dosage, impurity phases such as Bi,Fe,O, and iron oxide appeared. Raman spectra of the films

'. The refractive index (n) of the films decreases with increasing x at

were presented in the spectral range of 50 ~800 ¢cm ™
wavelength lower than 600 nm, the extinction coefficients (k) of all films were comparable. The bandgaps of the films
changed from 2. 65 eV to 2.76 eV.
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1 Introduction

Multiferroic materials possessing both ferromagnet-
ic and ferroelectric properties simultaneously have at-
tracted enormous attention for their potential applica-
tions in multifunctional devices'') BiFeO,is a unique

multiferroic material for exhibiting both anti-magnetism
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(Ty ~ 640 K) and strong ferroelectricity ( T, ~
1100 K) at room temperature. Therefore a new type of
memory device can be expected based on these proper-
ties 1.

Nevertheless, researchers have been prevented
from obtaining further achievements in application of

BiFeO, by some barriers such as difficulties in produ-
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cing samples with high quality and serious leakage cur-
rents of the material >/, As we all know that the “sol-
gel” technique is widely adopted in preparation of
BiFeO, thin films for its high efficiency and practicabil-
ity. However, experimental environment factors like
ambient humidity and annealing atmosphere have great
impacts on precursor compounds. A possible solution is
to prepare precursors under inert atmospheres which
are unlikely to be obtained in most investigations *’
Besides, the volatility of bismuth may also lead to an
uncertain proportion among the Bi-Fe-O system in the
precursor compounds and further produce a mixture of
BiFeO, and a number of other impurity phases"**’. To
our knowledge, no bismuth dosage varying precursor
solutions have been reported for production of BiFeO,
thin films by sol-gel technique. Hence, we began an
extensive study of Bi_FeO, thin films with different val-
ue of x to examine its influences on crystallization, mi-
crostructure and optical properties of the films.

In this paper, several Bi FeO, films were pre-
pared via sol-gel technique. The index x in Bi FeO,
thin films varies from 0. 80 to 1. 20 by changing the
5H,0 and

Fe(NO;), * 9H,0 while preparing the precursors. The

molar ratio between Bi ( NO, ),

microstructures and properties of multiferroic Bi FeO,

thin films were examined.
2 Experiment

In order to obtain Bi FeO, thin films with x from

0.80 to 1. 20, we adopted Bi (NO,), + 5H,0 and
Fe(NO,), - 9H,0 as raw materials. These two chemi-
cals were dissolved separately in the mixtures of ethyl-
ene glycol and acetic acid and stirred at room tempera-
ture for 30 minutes. Then the transparent solutions
were mixed together and stirred at room temperature for
another hour. The resultant solutions were transparent
blackish red and clear. The process was repeated sev-
eral times with different Bi(NO;); + SH,0 dosages to
get Bi_FeO, solutions with different Bi compositions.
The Bi, FeOj, thin films were grown by spin coating
the obtained precursor solutions on silicon substrates at
a low rotating speed of 600 rpm for 5 s, and then high
speed of 4 000 rpm for 20 s. Films were pre-fired at
350 °C for 3 minutes and annealed at 650 °C for 4 mi-

nutes in air to be well crystallized. These processes
were repeated six times for each sample to obtain the
film of desired thickness.

The structural properties of the samples were ex-
amined by x-ray diffraction ( XRD). Raman spectra
were exploited by a micro-Raman spectrometer with the
wavelength ranging from 50 cm ™' to 800 cm ~'. The in-
fluences of the different Bi composition on the extinc-
tion coefficient and refractive index were investigated

using spectroscopic ellipsometry.
3 Results and discussion

The effects of Bi cation ratio variation on the crys-
talline phase and structure of the Bi FeO, thin films
were identified by XRD analysis. Figure 1 shows the
XRD patterns of Bi FeO, thin films. The results repre-
sent that only when x = 1. 00, the sample consists of
pure perovskite BFO phase without any peaks indica-
ting secondary phases. For all the rest stoichiometries,
peaks for orthorhombic Bi,Fe,O, appeared. Even for
the widely used stoichiometry of 1. 057), there is a
weak peak at around 29.3 degree representing Bi, Fe, O,
phase. This demonstrates the difficulty of forming sin-
gle phase Bi,Fe,O, thin films. When Bi cation ratios
fall below 1, these samples appear to be a mixture of at
least three phases, which are BFO, orthorhombic
Bi,Fe,O, and a third phase believed to be the iron ox-
ide of Fey o0, O, as shown in Figure 1. This indicates

the phase formation towards the Bi-deficient phases
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Fig.1 XRD patterns of the Bi, FeO, films on Si sub-
strates
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with the Bi content decreasing. Especially, the intensi-
ty ratio of the doubly split peaks (104) to (011) in
the ranges of 31 ~33° tends toward one with the value
of index x deviating away from 1.00. Similar changes
were also observed in the XRD patterns of Nd-doped
BiFeO, ceramics'®’ and mutiferroic BiFeO, bulk ceram-
ics with various sintering temperatures[g] . It can be at-
tributed to a phase transformation towards a nonrhom-
bohedral symmetry or a change in the rhombohedral
distortion with bismuth content reaching towards both
extremes.

Microstructure and surface morphology of the
Bi FeO, thin films were characterized by AFM. Figure
2 shows the three dimensional and surface micrographs
of the Bi FeO, thin films with x at 0.95 and 1. 05, re-
spectively. As can been seen in figure 2, the surface
morphology presents different patterns with various val-
ues of the index x. The surface of the film with x at 1.
05 is denser, indicating few voids. The root mean
square roughnesses of different samples were calculat-
ed. The RMS roughness of x = 0. 95 sample is
9.48 nm. It dramatically falls down to 2. 58 nm with x
increasing to 1. 05. The large variation can obviously
affect the lattice vibrations and optical properties of the
films, such as second-order Raman-active frequencies,
high frequency dielectric constants, and optical band
gap, which will be discussed later.

Fig.2 AFM surfaces and three dimensional mi-
crographs of the Bi, FeO, films with x at 0. 95 and
1.05, respectively
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Figure 3 shows the room-temperature unpolarized
Raman spectra of Bi_ FeO, thin films on Si substrates.
The room-temperature crystal structure of Bi_FeO,is a
highly rhombohedrally distorted perovskite, which be-
longs to space group R3c. The selection rules for the
Raman active modes in rhombohedral R3¢ symmetry
predict only 13 active Raman phonons with A; and E
symmetries, according to the irreducible representa-
tion, 'y, x =4A;, + 9E. Most of the Raman studies

have focused in the frequency range below ~700 c¢m ™'

[10]

since all these modes fall in this region " . Herein,

we present Raman spectra in the 50 ~800 cm ™' spec-

tral range.
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Fig. 3 Room-temperature unpolarized Raman spectra of
the Bi, FeO, films on Si substrate
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The spectra show strong peaks at around 76, 84,
141, 172, 219, 302, 437 and 621 cm ™', and com-
paratively weak peaks at around 98, 261, 371, 473
and 675 cm ™', as shown in figure 3. By comparing
141 the strong peaks at
141,172, 219, and a weak peak at 473 cm ™' can be

assigned to the 4A; modes and the remaining peaks are

with previously reported data

assigned to the E modes. However, some additional
peaks, such as the one around 62 ¢cm ™' in x of 0. 8 and
1.20 samples and 293 em ™' in x of 0.9 sample, are
difficult to assign since their origins are not fully under-
stood, but it is possible that they are caused by scatter-
ing from the impurity phases or second-order scattering
feature.

A further observation of individual peaks exposits

that a significant difference in the peak intensity and
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width among the samples, all three A; modes in low-
frequency range become hardened as the index x in-
creases when x < 1. 0, and they become weakened
when x > 1. 0. It has been reported in previous work
that Bi atoms only participate in low-frequency modes
up to 167 em ™', while Fe atoms are mainly involved in
modes between 152 and 261 cm ™' but also contribute
to some higher-frequency modes''*). Thus the observed
variation of A; modes can be generally atiributed to the
changing of both Bi-O and Fe-O covalent bonds.
Additionally, the E, peak at 84 ¢cm ™' in the sam-
ple x of 1.00 and 1. 10 disappeared in other samples,
substituted by a new rising peak around 76 cm™',
which also represents an E mode for Bi FeO;. This
discrepancy can tentatively be correlated with the re-
sults obtained from the XRD result that a phase trans-
formation towards a nonrhombohedral symmetry or a
change in the rhombohedral distortion occurred.
Ellipsometric spectra are collected with a spectral
range from 400 to 1 000 nm. Figure 4 shows the refrac-
tive indexes n and the extinction coefficients & of the
films, respectively. As shown in the figure 4a, the
plots of the refractive index rise towards short wave-
length, showing the typical shape of a dispersion
curve. The refractive index decreases with x in wave-
length lower than 600 nm except for x of 0. 85. From
the figure 4b, it is found that the extinction coefficients
of all films were comparable, while £k is slightly higher

in x =1.15 sample at the wavelength around 500 nm.
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Fig.4 The refractive indexes n (a) and the extinction coeffi-
cients k (b) of the Bi FeO, films, respectively. Inset shows

the bandgaps of the Bi, FeO, films
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Moreover, we can obtain bandgaps of the Bi FeOj films

16 . .
116 as shown in the inset

of figure 4. With x increa sing from 0. 80 to 1.20, the
bandgaps first increase from 2. 65 €V to 2. 76 eV before

from the ellipsometric spectra

x reaches 1. 10, and then begin to fall down. This var-
iation is possibly caused by the impurity phases such as
orthorhombic Bi,Fe, 0, which appear in both samples

with insufficient and excess bismuth dosage
4 Conclusions

In summary, the Bi FeO,(0.80<x=<1.20) films

were grown on Si substrates. The effects of the varia-
tion of the Bi content on the microstructure and optical
properties of the Bi FeO, films were discussed. It is
clear that the impurity phases such as orthorhombic
Bi,Fe,O, is induced by both insufficient and excess
bismuth dosage and changes the properties of the
Bi FeO, films.
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As the ADN content decreases, the visible EL in-
tensity decreases largely. Compared with the 5: 1 de-
vice, the visible EL intensity for the 1: 1 device de-
creases by 60 times and that for the 1:5 device is too
weak to be detected and is referred as the background
line. The fact that ErQ reduces the visible EL of the
ADN indicates that the energy transfer from ADN to
ErQ occurs.

3 Conclusion

We demonstrated the 1. 54 pum EL from Si-
OLEDs with the ErQ/ADN bilayer, (ErQ/ADN) x 3
multilayer, and ErQ: ADN doped layer with varying
doping levels, among which the 1: 1 doped structure is
the most efficient one in 1.54 ym EL. High-efficiency
intersystem energy transfer between Er complex and
ADN is responsible for the efficient 1. 54 pm EL.
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