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Abstract
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The BiFeOs (BFO) thin film was deposited by pulsed-laser deposition on SrRuOs (SRO)-buffered (111) SrTiO5 (STO)
substrate. X-ray diffraction pattern reveals a well-grown epitaxial BFO thin film. Atomic force microscopy study
indicates that the BFO film is rather dense with a smooth surface. The ellipsometric spectra of the STO substrate, the
SRO buffer layer, and the BFO thin film were measured, respectively, in the photon energy range 1.55 to 540 eV.
Following the dielectric functions of STO and SRO, the ones of BFO described by the Lorentz model are received by
fitting the spectra data to a five-medium optical model consisting of a semi-infinite STO substrate/SRO layer/BFO
film/surface roughness/air ambient structure. The thickness and the optical constants of the BFO film are obtained.
Then a direct bandgap is calculated at 2.68 eV, which is believed to be influenced by near-bandgap transitions.
Compared to BFO films on other substrates, the dependence of the bandgap for the BFO thin film on in-plane
compressive strain from epitaxial structure is received. Moreover, the bandgap and the transition revealed by the Lorentz
model also provide a ground for the assessment of the bandgap for BFO single crystals.
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Background

BiFeO3; (BFO) has attracted extensive research activities
as an excellent multiferroic material. It simultaneously
exhibits ferroelectricity with Curie temperature (7¢=
1,103 K) as well as antiferromagnetism with Neel
temperature (T = 643 K), and the properties make BFO
potential for applications in electronics, data storage,
and spintronics [1,2]. Especially, the BFO thin film is
paid much attention due to its large spontaneous
polarization, which is an order higher than its bulk
counterpart [3], and then the BFO thin film combined
with nanostructures could be a promising candidate in
the above applications [4]. In addition to its structural
and electronic properties, optical properties of BFO
thin films are focused on [5-9]. However, in the pub-
lished literatures on optical studies, the BFO thin film is
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usually directly deposited on perovskite oxide SrTiOj
(STO) and DyScOs; (DSO) substrate for epitaxial
growth. So far, there is no report on optical properties of
the BFO thin film with an electrode structure in spite of
the fact that the lower electrode is necessary for the study
on electronic and ferroelectric properties of the BFO thin
film as well as for its applications including nonvolatile
memory devices [10]. Since SrRuOj3 (SRO) is often chosen
as the lower electrode for the BFO thin film as well as for
the buffer layer to control its nanoscale domain architec-
ture [11], it is desirable to investigate the optical properties
of the BFO thin film grown on SRO.

Spectroscopic ellipsometry (SE) is a widely used op-
tical characterization method for materials and related
systems at the nanoscale. It is based on the measuring
the change in the polarization state of a linearly polar-
ized light reflected from a sample surface which consists
of ¥ the amplitude ratio of reflected p-polarized light to
s-polarized light and A, the phase shift difference be-
tween the both [12]. The obtained ellipsometry spectra
(¥ and A at measured wavelength range) are fitted to
the optical model for thin film nanostructure, and thus, rich
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information including surface roughness, film thickness,
and optical constants of nanomaterials are revealed [13,14].
Since SE allows various characterizations of the material,
our group has studied some thin-film nanostructure using
SE methods [15-18].

In this paper, we report the optical properties of epitax-
ial BFO thin film grown on SRO-buffered STO substrate
prepared by pulsed-laser deposition (PLD) and measured
by SE. The dielectric functions of STO, SRO, and BFO are
extracted from the ellipsometric spectra, respectively. And
the optical constants of the BFO thin film are obtained.
The bandgap of 2.68 eV for the BFO thin film is also re-
ceived and is compared to that for BFO thin film depos-
ited on different substrate as well as BFO single crystals.

Methods

The epitaxial BFO thin film was deposited by PLD on
SRO-buffered (111) STO single-crystal substrate. The
SRO buffer layer was directly deposited on the STO sub-
strate by PLD in advance. More details about the depos-
ition process can be taken elsewhere [19]. The crystal
phases in the as-grown BFO thin film were identified by
X-ray diffraction (XRD, Bruker X-ray Diffractometer D8,
Madison, WI, USA). The surface morphologies of the
BFO thin film were investigated by atomic force micros-
copy (AFM, Veeco Instruments Inc, Atomic Force
Microscope System VT-1000, Plainview, NY, USA). Both
XRD and AFM investigation are employed to show
growth quality of the BFO thin film for further optical
measurement and analysis.
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SE measurements were taken to investigate the optical
properties of the BFO film. Considering the optical investi-
gation with respect to a substrate/buffer layer/film struc-
ture, we should firstly obtain the optical response of the
STO substrate and SRO buffer layer and then research the
optical properties of the BFO thin film. The ellipsometric
spectra (¥ and A) were collected for the STO substrate, the
SRO buffer layer, and the BFO film, respectively, at an inci-
dence angle of 75° in the photon energy range of 1.55 to
540 eV by a SOPRA GES5E spectroscopic ellipsometer
(Paris, France), as shown in Figure 1. Afterwards, the ellip-
sometric data, which are functions of optical constants and
layer or film thickness, were fitted to the corresponding op-
tical model depicted in the inset of Figure 1. By varying the
parameters of the models in the fitting procedure, the root
mean square error (RMSE) is expressed by [17]

_ 1 - cal \yexp)2 cal_ pexp)\2
RMSE_\/Zn_m_I;[(‘Pi —¥e?)” o+ (art-ap?)’]

(1)

is minimized. Here, n is the number of data points in
the spectrums, m is the number of variable parameters
in the model, and ‘exp’ and ‘cal’ represent the experi-
mental and the calculated data, respectively.

Results and discussion

The XRD pattern of the BFO film is displayed in Figure 2
and shows that a strong (111) peak of the BFO matches
the closely spaced (111) ones of the SRO and STO, which
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Figure 1 The schematic of SE measurements on BFO thin film with SRO buffer layer structure. (a) STO substrate, (b) SRO buffer layer, and
(c) BFO film. The inset is the optical model of the BFO thin film on the SRO-buffered STO substrate.
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Figure 2 The XRD pattern of BFO thin film deposited on SRO-
buffered STO substrate. The inset shows its AFM image.
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demonstrates a well-heteroepitaxial-grown film that con-
tains a single phase. As given in the inset of Figure 2, the
epitaxial thin film deposited on the SRO/STO substrate is
rather dense with Rq roughness of 0.71 nm. The XRD and
AFM results together reveal a smooth epitaxial BFO thin
film which is beneficial for the optical measurements.

The optical response of the STO substrate is calculated
by the pseudo-dielectric function [20], and the obtained di-
electric functions are shown in Figure 3a, which agrees well
with the published literature [21]. The dielectric functions
of SRO were extracted by minimizing the RMSE value
to fit the ellipsometric data of the SRO buffer layer to a
three-medium optical model consisting of a semi-
infinite STO substrate/SRO film/air ambient structure.
With the dielectric functions calculated for the sub-
strate, the free parameters correspond to the SRO-layer
thicknesses and a parameterization of its dielectric func-
tions. The SRO dielectric functions are described in the
Lorentz model expressed by [22].

4 A2
E=ce. |1+ — ‘ ) (2)
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The model parameterization consists of four Lorentz
oscillators sharing a high-frequency lattice dielectric con-
stant (e.,). The parameters corresponding to each oscil-
lator include oscillator center energy Eceneer Oscillator
amplitude A; (eV) and broadening parameter v; (eV).
This model yields thickness 105.15 nm for the SRO
layer and the dielectric spectra displayed in Figure 3b.
The center energy of the four oscillators is 0.95, 1.71,
3.18, and 9.89 eV, respectively, and is comparable to the
reported optical transition for SRO at 1.0, 1.7, 3.0, and
10.0 eV [23,24], which indicates that the extracted dielec-
tric functions are reliable.

The inset of Figure 1 sketches a five-medium optical
model consisting of a semi-infinite STO substrate/SRO
layer/BFO film/surface roughness/air ambient structure
employed to investigate the BFO thin film where the
roughness layer is employed to simulate the effect of
surface roughness of the BFO film on SE measurement.
Since the dielectric functions for the STO substrate and
the SRO buffer layer as well as the thickness of SRO
layer have been obtained, the free parameters corres-
pond to the BFO film and surface roughness thicknesses
and a parameterization of the BFO dielectric functions.
The BFO dielectric functions are described by the same
four-oscillator Lorentz model as the SRO layer. And the
surface roughness layer is modeled on a Bruggeman ef-
fective medium approximation mixed by 50% BFO and
50% voids [25]. The fitted ellipsometric spectra (¥ and A)
with RMSE value of 0.26 show a good agreement with the
measured ones, as presented in Figure 4. A BFO film of
99.19 nm and a roughness layer of 0.71 nm are yielded by
fitting the ellipsometric data to the optical response from
the above five-medium model. The roughness layer thick-
ness is exactly consistent with the Rq roughness from the
AFM measurement.

The obtained dielectric functions of the BFO thin film
are given in Figure 5. In the Lorentz model describing
the dielectric functions, the center energy of four oscilla-
tors are 3.08, 4.05, 4.61, and 5.95 eV, respectively, which
matches well with the 3.09, 4.12, 4.45, and 6.03 eV re-
ported from the first-principles calculation study on
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Figure 3 The dielectric functions for the STO substrate and SRO buffer layer. (a) STO substrate and (b) SRO buffer layer.
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Figure 4 The measured and fitted ellipsometric spectra for the BFO film. (a) ¥ and (b) A.

BFO [26]. The smallest oscillator energy 3.08 eV is ex-
plained either from the occupied O 2p to unoccupied Fe
3d states or the d-d transition between Fe 3d valence
and conduction bands while the other energies can be
attributed to transitions from O 2p valance band to Fe
3d or Bi 6p high-energy conduction bands [26]. The op-
tical constants refractive index » and extinction coef-
ficient k are calculated through [27]

n={[o+ (e +e)) 2} " o)

k — {[_81 T (812 +€22)1/2} /2}1/2

and shown in Figure 6.

Plotting (a=E)* vs E where a is the absorption coeffi-
cient (a = 4mk/)) and E is the photon energy, a linear ex-
trapolation to (a*E)*=0 at the BFO absorption edge
indicates a direct gap of 2.68 eV according to Tauc's
principle, as shown in Figure 7a. In the plot of (a=E)"/>
vs E displayed in Figure 7b, no typical indirect transi-
tions are observed in the spectra range [28], suggesting
that BFO has a direct bandgap. The bandgap 2.68 eV

(4)
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Figure 5 The real and imaginary parts of the dielectric function
of the BFO thin film.

obtained from the Lorentz model to describe dielectric
functions of the BFO thin film is less than the reported
2.80 eV from the Tauc-Lorentz (TL) model [6]. Since the
TL model only includes interband transitions [29], intra-
band transitions and defect absorption taken account
into the Lorentz model could impact the received band-
gap. In addition, it is reported that there is photolu-
minescence emission peak at 2.65 eV for the BFO film
ascribed to Bi**-related emission [30]. Thus, it is reason-
able to believe that the near-band-edge transition con-
tributes to our shrunk bandgap.

On the other hand, it deserves nothing that there is
controversy about bandgap sensitivity of the epitaxial
thin film to compressive strain from heteroepitaxial
structure [5,7]. Considering that the degree of compres-
sive stress imposed by the epitaxial lower layer progres-
sively decreases with increasing BFO thickness [3], our
result 2.68 eV from the BFO thin film prepared by PLD
with a 99.19-nm thickness is compared to the reported
ones of the BFO film on DSO or STO with comparable
thickness as well as that deposited by PLD, as listed in
Table 1.
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Figure 6 Refractive index n and extinction coefficient k of the
BFO film.
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Figure 7 Plot of (a=E)" vs photon energy E. (a) n=2 and (b) n=1/2. The plots suggest that the BFO has a direct bandgap of 2.68 eV.
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The bandgap of BFO on SRO is almost the same as
that on DSO and is smaller than that on Nb-doped
STO. It is noted that the in-plane (IP) pseudocubic lat-
tice parameter for SRO and DSO is 3.923 and 3.946 A
[11], respectively, while STO has a cubic lattice param-
eter of 3.905 A [7]. Considering the IP pseudocubic lat-
tice parameter 3.965 A for BFO [11], the compressive
strain for the BFO thin film deposited on STO substrate
is larger than that on SRO and DSO. Thus, the more
compressive strain imposed by the heteroepitaxial struc-
ture, the larger bandgap for the BFO thin film, which
agrees with the past report [7].

The obtained direct bandgap 2.68 eV of the epitaxial
BFO thin film is comparable to 2.74 eV reported in BFO
nanocrystals [31] but is larger than the reported 2.5 eV
for BFO single crystals [32]. This can be understood be-
cause even for the epitaxial thin film, the existence of
structural defect such as grain boundaries is evitable,
which will result in an internal electric field and then
widen the bandgap compared to single crystals. On the
other hand, a bandgap of 3 eV for BFO single crystals
through photoluminescence investigation is also re-
ported [33]. The broad and asymmetric emission peak at
3 eV in the photoluminescence spectra presented in [33]
is attributed to the bandgap together with the near-
bandgap transitions arising from oxygen vacancies in
BFO. However, the Lorentz model employed to depict
BFO optical response in our work reveals the existence
of a 3.08-eV transition, which is the transition from the
occupied O 2p to unoccupied Fe 3d states or the d-d
transition between Fe 3d valence and conduction bands
rather than the bandgap [26]. Therefore, the broad and

Table 1 Bandgap of BFO thin film (prepared by PLD) on
different substrate

Bandgap (eV) Substrate Film thickness (nm)
2.68 (this work) SRO-buffered STO 99.19

267 (8] DSO 100

2.80 [7] Nb-doped STO 106.5

asymmetric peak is more likely to be explained as the
overlap of the 3.08-eV transition and the bandgap transi-
tion with lower energy.

Conclusions

In summary, the optical properties of the epitaxial (111)
BFO thin film grown on SRO-buffered STO substrate by
PLD were investigated. The XRD and AFM analysis indi-
cated that the BFO thin film sample is grown well with
epitaxial structure and smooth surface. Then SE measure-
ments were taken to get the ellipsometric spectra of the
STO substrate, the SRO buffer layer and the BFO thin
film, respectively, in the photon energy range 1.55 to
5.40 eV. The dielectric functions of STO, SRO, and BFO
are obtained by fitting their spectra data to different
models in which BFO corresponds to a five-medium op-
tical model consisting of a semi-infinite STO substrate/
SRO film/BFO film/surface roughness/air ambient struc-
ture. The BFO film and surface roughness thickness are
identified as 99.19 and 0.71 nm, respectively. The optical
constants of the BFO film are determined through the Lo-
rentz model describing the optical response, and a direct
bandgap at 2.68 eV is obtained which near-bandgap tran-
sitions could contribute to. Moreover, the gap value is
compared to the BFO thin film with similar thickness de-
posited on various substrate prepared by PLD, indicating
the dependence of the bandgap for the epitaxial BFO thin
film on the in-plane compressive strain. In addition, the
transition at 3.08 eV disclosed by the Lorentz model in
our work suggests that the bandgap of BFO single crystals
is less than 3 eV as previously reported. The results given
in this work are helpful in understanding the optical pro-
perties of the BFO thin film and developing its application
in optical field.
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