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A B S T R A C T

Multiferroic BiFeO3 thin films have been widely studied for their intriguing fundamental physics and exotic
functional properties. Integration of the BiFeO3 thin films with semiconductor Si is crucial for the practical
development of novel electronic and photosensitive devices. Here, we report the fabrication and physical
properties of BiFeO3 thin films grown directly on bare Si substrate by laser-molecular beam epitaxy. It was found
that a predeposition process performed at room temperature and high vacuum conditions is effective and ne-
cessary for obtaining the pure-phase BiFeO3 thin films. X-ray diffraction measurements indicate that the ob-
tained BiFeO3 thin films are in a single-phase polycrystalline state and show improved crystallinity with in-
creasing thickness, and a transmission electronic microscopy image illustrates an interface layer around 3 nm in
thickness existing between the BiFeO3 thin films and Si substrate. Electrical measurements show that the BiFeO3

thin films have good ferroelectricity and low leakage current. Moreover, optical properties investigated by
spectroscopic ellipsometry demonstrate that the direct band gap of the thin films increases with decreasing
thickness.

1. Introduction

Complex transition metal oxides have tantalizing functional prop-
erties due to the existence of spin, charge, orbital and lattice degrees of
freedom and the coupling among them [1–3]. The growth of complex
transition metal oxides on Si substrates has attracted much attention
due to the requirements of integrating multifunctional materials with
advanced semiconductor technology. Typically, researchers predicted,
in early times, that ferroelectric oxide materials can be used to replace
SiO2 in metal-oxide-semiconductor field-effect transistors (MOSFET) in
order to create innovative devices, such as ferroelectric FET. This can
take advantage of the character of nonvolatile polarization of ferro-
electrics, enabling transistor to still keep either on or off in the absence
of applied electric fields [4]. Among these compound oxides systems,
multiferroic BiFeO3 (BFO) has the coupling of magnetic and electric
orders, showing the single-phase magnetoelectric characteristics at
room temperature [5,6]. It possesses a rhombohedrally distorted per-
ovskite structure (space group R3c) with lattice constant

= = °a 5.634 Å, 59.348 and can be represented as pseudo-cubic
structure with unit cell parameters =a 3.965 Åand an inner angle of

89.46° [7–9]. As a rare multiferroic material at room temperature, BFO
thin films have been the focus in the research fields of ferroelectric and
multiferroic [10–15]. For the growth of BFO thin films on Si substrate,
many kinds of oxides have been used as the buffer layer between BFO
and Si substrates, in order to reduce the lattice mismatch and mutual
diffusion [8,16–19]. Up to now, there are very few reports about BFO
thin films grown directly on the bare silicon, and the reported BFO thin
films almost have no detectable ferroelectricity [20,21].

In this work, BFO thin films having a single-phase polycrystalline
structure with good ferroelectricity were grown directly on conducting
silicon by using laser-molecular beam epitaxy (Laser-MBE).
Ferroelectric hysteresis loops (P-E loops), I-V characteristics (expressed
by leakage current density versus electric filed curves) and optical
properties of the BFO thin films with different thickness were in-
vestigated.

2. Experimental section

As-received p-type conducting Si substrates were cleaned separately
about 10min using alcohol, acetone, and deionized water in sequence,
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and then dipped into buffered hydrofluoric acid solution for 40 s to
remove the native oxide on the surface and to form a hydrogen-ter-
minated surface. Then the Si substrate was transferred immediately into
the Laser-MBE deposition chamber with a load lock. A focused pulsed
308 nm excimer laser beam was used to ablate the Bi-rich ceramic
target (Bi1.3FeO3) with an energy density of about 1.5 J/cm2 at a re-
petition rate of 4 Hz. Firstly, as a predeposition process, an initial BFO
thin layer in about 2 nm thickness was deposited on the Si surface at
room temperature in the base pressure of around 5× 10−6 Pa. The aim
of the predeposition was to reduce the formation of the amorphous SiO2

layer at the Si surface. After the predeposition, the substrate was heated
up to 600 °C and then flowing oxygen was introduced into the chamber
and kept at around 10 Pa. BFO was continuously deposited on the initial
BFO thin layer to the final anticipated thickness. All the thin films were
annealed in situ for 10min and then cooled down to room temperature
at a rate of 10 °C/min.

X-ray diffraction (XRD, Ultima VI) measurements were carried out
to analyze phase structure of thin films. Atomic force microscope (AFM,
Asylum Research Ryan’s MFP-3D™) was used to characterize the surface
topography and measure grain size of the thin films with different
thickness. Transmission electron microcopy (TEM, JEOL2010F) was
employed to characterize the cross-sectional image of the BFO/Si in-
terface. High-angle annular dark field scanning TEM (HAADF-STEM)
and energy-dispersive spectroscopy (EDS) were used to analyze the
structure and chemical constituent of the BFO/Si interface.
Piezoelectric force microscope (PFM) and ferroelectric tester (Radiant
ferroelectric tester Premier II) were used to measure the ferroelectric
domain states and the polarization hysteresis loops. Keithley 2400
Source Meter was employed to measure current density versus electric
field curves, and the photocurrent density was taken via vertical irra-
diation on the surface of BFO thin films using a 375 nm excimer laser.
Optical properties of BFO thin films were investigated by spectroscopic
ellipsometry (RC2-D).

3. Results and discussion

Fig. 1 shows the θ-2θ X-ray diffraction patterns for the BFO thin
films. The bottom black curve is for the BFO thin film grown without
the predeposition process, and the color curves are for the BFO thin
films grown with the predeposition process in thickness of 110 nm

(green), 270 nm (violet), and 460 nm (red), respectively. It can be seen
that the film grown without the predeposition shows diffraction peaks
from impurity phases marked by arrows, while the thin films grown
with the predeposition show a single-phase polycrystalline structure
and don’t have any impurity phases. It indicates that the predeposition
process is effective and necessary to avoid the formation of impurity
phase. The intensity of the diffraction peaks increases obviously with
film thickness, which may suggest a good crystallinity for the thicker
films. In general, an interface layer between oxide thin film and Si
substrate can be formed inevitably during the oxide film growth [22].
To reveal the interface between the BFO thin film and Si substrate, a
cross-sectional transmission electron microscopy image has been taken
from the interface of the BFO/Si, as shown in Fig. 2. The observed
amorphous interface layer is only around 3 nm in thickness, which
means the predeposition layer may have effectively prevented the fur-
ther increase of the interface layer at high temperature and oxygen
ambient.

To analyze chemical constituent of the amorphous interfacial layer,
we obtained HAADF-STEM image and EDS elemental map of the BFO/
Si interface. As shown in Fig. 3(a), HAADF-STEM image further con-
firms the presence of amorphous interfacial layer denoted by the area
between the two pink dotted lines. Fig. 3(c) shows EDS elemental map
of color mixture of various signals in Fig. 3(b), where Bi-M, O-K and Si-
K signals are shown in green, blue and red color, respectively. We ob-
served that interfacial layer denoted by the area between the two white
dotted lines mainly contains O-K and Si-K signals. Line profiles in
Fig. 3(d) for the BFO/Si interface illustrate that the O-K and Si-K signals
are stronger than the Bi-M and Fe-K signals at the amorphous interfacial
layer denoted by the pink semitransparent area. Therefore, the inter-
facial layer are mainly composed of O and Si elements, which would
arise from the oxidization of Si surface or the mutual diffusion and
reaction between the BFO thin film and Si substrate.

The surface morphology and piezoelectric response of the BFO thin
films with different thickness are shown in Fig. 4. The AFM images
shown in Fig. 4(a)–(c) were scanned in a square area of 2×2 μm2, and
the root-mean-square (RMS) roughness were measured to be about
0.89 nm, 0.98 nm, and 3.38 nm for the 110 nm, 270 nm, and 460 nm
thin films, respectively. The surface roughness of the BFO thin film
apparently increases with increasing thickness, arising from islandlike
growth mechanism. The out-of-plane PFM phase images of the BFO thin
films are shown in Fig. 4(d)–(f), indicating that the thin films have both
up and down polarization domains with a random distribution. Fig. 4(f)
shows an electrical written domain pattern for the 460 nm BFO thin
film by applied± 18 V voltage, which confirms the domain orientations
and the switchable polarization domains.

The schematic diagram of capacitance configuration for measuring
electrical properties is shown in Fig. 5(a). By using metallic mask, Au
dots of 100 μm in diameter and 50 nm in thickness were evaporated on

Fig. 1. X-ray diffraction (XRD) patterns of the BFO thin films on p-type Si (1 0 0)
substrates. The film showing impurity phase (indicated by arrows in the black
curve) was grown without the predeposition and the others with different
thickness (110 nm in green, 270 nm in violet, and 460 nm in red) were grown
with a predeposition. The pseudo-cubic notation is used for the BFO thin films.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Cross-sectional TEM image of the BFO/Si interface. There is an amor-
phous interfacial layer around 3 nm in thickness between the BFO thin film and
Si substrate.
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the BFO surface to serve as top electrode, and the conducting Si sub-
strate served as bottom electrode. As shown in Fig. 5(b), ferroelectric
properties of the BFO thin films with different thickness were demon-
strated by the ferroelectric hysteresis loops (P-E loops), which were
measured with a frequency of 10 kHz and various applied bias at room
temperature. The remnant polarization (Pr) for the 110 nm, 270 nm,
and 460 nm BFO thin films are 4.3 μC/cm2, 9.8 μC/cm2, and 20.5 μC/
cm2, respectively. By comparison, the obtained remnant polarization is
smaller than the epitaxial BFO thin films grown on SrTiO3 substrates
reported by Li et al. [23]. The remnant polarization increases with the
increase of the film thickness, which should be relevant to the improved
crystallinity revealed by the XRD results and may also be a consequence
of the reduction of in-plane biaxial tensile strain [24,25]. The measured
coercive fields are roughly 1200 kV/cm for the 110 nm film, 800 kV/cm
for the 270 nm film, and 650 kV/cm for the 460 nm film, manifesting
that the coercive field decreases with the increase of thickness. The
change trend of coercive field is in agreement with the results reported
by Le Wang et al. [26], which can be attributed to the more difficult
motion of the domain walls with the decrease of BFO film thickness and
therefore larger electric fields are required to carry out the domain
reversal [27]. Fig. 5(c) shows the ferroelectric hysteresis loops with
applied maximum voltage ranging from 59 V to 99 V for 460 nm BFO
thin film, indicating that the BFO film exhibits good ferroelectricity.

Fig. 6(a) shows the current density versus electric field curves
measured under dark for the BFO thin films with different thickness.
The curves were measured in the sequence of voltage sweeping from 0
→−Vmax→ 0 →+Vmax→ 0 at room temperature and plotted in
semilogarithmic scales. The 460 nm film has the lowest leakage current,
which is in agreement with the consensus that the reduced leakage
current, in general, is companied with an improved ferroelectric po-
larization loop. With decreasing thickness, the 270 nm thin film rather
than the 110 nm thin films, however, has a larger leakage current. The
discrepancy of the leakage current evolution with the film thickness
may arise from a compromise between two factors. One is the worse
crystallinity in the thinner films which decreases the film resistivity and
another is the existence of the high insulating amorphous interface
layer which should play a more important role for the resistivity of the
thinner film according to the model of series resistance. Fig. 6(b) shows
the current density curves measured under illumination and dark for
the 460 nm thin film at room temperature. The current by illumination
increases obviously, owing to the increase of the concentration of
conductive carriers originated from the transition of the electrons in the
valence bands to the conduction bands when photons are absorbed. The
curves of current density versus electric field in different thickness with
or without laser irradiation apparently emerge linear relationship at
low electric filed, but begin to occur non-linear features at higher

Fig. 3. HAADF-STEM image and EDS elemental map across the BFO/Si interface. (a) HAADF-STEM image of the BFO/Si interface. (b) EDS elemental maps of Bi-M,
O-K, and Si-K signals. (c) EDS elemental map of color mixture of various signals. (d) Line profiles for the BFO/Si interface.
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electric field, because Ohmic conduction plays a leading role at low
electric filed, whereas non-linear conduction mechanisms, such as
space charge limited, Schottky emission or Poole-Frenkel emission,
start to become dominant conduction mechanism at higher electric field
[28]. Comparing with reported values [29], the observed smaller
leakage currents may result from the high insulating amorphous in-
terlayer, which can increase the barrier height due to higher band gap
[22].

Moreover, optical properties of the BFO thin films were investigated
by spectroscopic ellipsometry which is an optical technique to measure
the change of the polarization state of a polarized light beam after re-
flection from the sample. The ellipsometric parameters ψ and Δ are
related to the ratio of the Fresnel reflection coefficients rp and rs for
polarized light parallel (p) and perpendicular (s) to the incident plane,
respectively. This complex reflectance ratio is defined as ρ= rp/rs= tan
(ψ)exp(iΔ), where tan (ψ) represents the relative amplitude attenuation

and Δ gives the difference of phase displacement of these two electric
field components before and after reflection from the sample. The
measured ellipsometric data ψ and Δ for the 270 nm BFO thin films, as
shown in Fig. 7(a) and (b), were collected at three angles of incidence
(65°, 70°, and 75°) over a spectral range from 1.24 eV to 6.42 eV in
ambient condition. The corresponding dielectric function spectra (ε1,
ε2) in Fig. 7(c) were extracted by minimizing the mean square error
(MSE) [30] value to fit measured data (ψ, Δ) with a four-medium optical
model which consists of Si/interfacial layer/BFO film/surface rough-
ness of the BFO thin film, where the free parameters are surface
roughness thickness of BFO thin film, a parameterization of the BFO
dielectric function, and the thickness of BFO layer and interfacial layer,
respectively. The model parameterization of dielectric function (ε1, ε2)
consists of four Tauc-Lorentz sharing a common Tauc gap and light-
frequency lattice dielectric constant (ε∞) [31,32], and the optical
properties of the surface roughness layer are modeled by a Bruggeman

Fig. 4. Surface morphology and PFM phase images of the as-grown BFO thin films. (a)–(c) are the AFM images for the BFO thin films with 110 nm, 270 nm, and
460 nm thickness, respectively. (d)–(f) are the out-of-plane PFM phase images acquired in the same area corresponding in (a)–(c) and in addition, (f) shows an
electrical written domain pattern on the 460 nm thin film with± 18 V voltage.

X. Yao, et al. Journal of Crystal Growth 522 (2019) 110–116

113



effective medium approximation consisting of a 50% BFO and 50% void
mixture [31,33,34]. It is obvious that the fitted ellipsometric spectra
sketched in Fig. 7(a) and (b) by black short dash lines fit well with the
measured ellipsometric spectra. Fig. 7(d) reveals the obtained relation
of refractive index n and extinction coefficient k versus photon energy
for the 270 nm BFO thin film, according to n = {[ 1 + ( 1

2 + 2
2)1/2]/

2}1/2, k = {[ 1 + ( 1
2 + 2

2)1/2]/2}1/2 [33]. The calculated optical
absorption coefficient α (α=4kπ/λ) versus photon energy of the BFO
thin films with various thicknesses are shown in Fig. 7(e) where k and λ
are extinction coefficient and the wavelength of incident light. The
results illustrate that as the thickness of thin film increases, the fun-
damental absorption edge shows a slight red shift trend. Furthermore,
we plotted (αE)2 versus photon energy shown in Fig. 7(f) where E is the
incident photon energy. We extracted band gap energy of 2.885 eV,

2.837 eV, 2.788 eV for 110 nm, 270 nm, 460 nm BFO thin films corre-
sponding to the absorption edges of 431 nm, 438 nm, 446 nm, respec-
tively. Our measured band gap values are similar to calculated band gap
of 2.8 eV for BiFeO3 by the density-functional based screened exchange
method [35]. As shown in the inset, there is a slight but conspicuous
increase in band gap energy with decreasing thickness of BFO thin
films. By using AFM, the in-plane grain size can be estimated to be
about 83 nm, 102 nm, 124 nm for the 110 nm, 270 nm, 460 nm BFO
thin films, respectively. Thus, the thicker film with relatively large
grain size exhibits smaller band gap, which can be related to the
quantum confinement effect [36]. In addition, the change of optical
band gap may also be relevant to strain arising from lattice mismatch
between BFO thin film and Si substrate. Because of the occurrence of
strain relaxation with the increase of thickness, the decreased strain

Fig. 5. Ferroelectric hysteresis loops of the BFO thin films measured at 10 kHz. (a) Schematic diagram of capacitance structure. (b) Ferroelectric hysteresis loops for
the 110 nm, 270 nm and 460 nm BFO thin films. (c) Ferroelectric hysteresis loops for 460 nm BFO thin film with various voltages (59–99 V).

Fig. 6. Current density versus electric field characteristics of the BFO thin films. (a) Current density-electric field curves of the BFO thin films in different thickness
without illumination. (b) The dark current and photocurrent density – electric field curves of the 460 nm BFO thin films.
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may induce the decrease of optical band gap [37,38]. Our data confirm
that there is no the presence of an indirect band gap possessed of two
distinct slopes in (αE)1/2 versus the photon energy characteristic curve.

4. Conclusions

In summary, single-phase BFO thin films have been grown directly
on Si (1 0 0) substrate, and the thin films show good ferroelectricity and
low leakage current. We found that a predeposition process performed
at room temperature and high vacuum conditions is effective and ne-
cessary for obtaining the pure-phase BiFeO3 thin films. By investigating
the optical properties of the BFO thin films, it was found that with in-
creasing thickness, the BFO thin films show a red shift in absorption
edge, and a decrease in optical band gap. This work sheds light on the
potential application of BFO thin films for the design of novel photo-
electric devices for information storage and sensing.
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