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ABSTRACT: Nanoelectronic devices integrated with functional complex oxides have drawn much
attention in recent years. However, due to material and processing compatibility issues, integrating
functional complex oxides with Si-based devices is challenging, and success has been limited. As an
example, the Bi3Fe2Mn2Ox (BFMO) supercell system, a single-phase layered oxide made by compositing
BiFeO3 and BiMnO3, has been studied for much of the past decade for its unusual layered Aurivillius
structure and magnetic and ferroelectric properties. However, most of the BFMO thin film growth has
been demonstrated on single-crystal oxide substrates such as SrTiO3 and LaAlO3. In this work, we
demonstrate that the BFMO layered supercell phase can be integrated on Si with high epitaxial quality
using a buffer stack of TiN/SrTiO3/CeO2. Further understanding of the strain-controlled growth of the
BFMO supercell phase has allowed such Si integration. Microstructure, magnetic, ferroelectric, and optical
properties of the BFMO films on Si have been characterized and compared with those of BFMO on
SrTiO3 single-crystal substrates, demonstrating comparable epitaxial quality and physical properties. Integrating multiferroic BFMO
oxides on Si demonstrates the potential of layered supercell oxides in practical device applications such as ferroelectric field effect
transistors.

■ INTRODUCTION
Functional complex oxides with unique functionalities have
drawn much attention in recent years in the development of
nanoelectronic devices.1−3 Multiferroic oxide materials, those
possessing multiple ferroic orders, e.g., exhibiting simultaneous
ferromagnetism and ferroelectricity, have been an area of
research for many decades.4−7 The particular interest in these
materials stems from their use in memory storage, such as
spintronic tunnel junction devices,8 magnetoelectric random
access memory,9,10 four-state memory,11 and spin filters.12

Among the known single-phase multiferroic materials, the
BiFeO3 (BFO) and BiMnO3 (BMO) perovskite oxides are well
explored systems. The BFO system presents ferroelectric
properties with a high Curie temperature of 1103 K and weak
antiferromagnetic properties, with a Neél temperature of 640
K.13 The BMO system, conversely, displays strong ferromag-
netic properties with a Curie temperature of 105 K but lacks
robust ferroelectricity, with a Curie temperature of 760 K.13

The fact that these systems do not present simultaneous
ferroelectric and magnetic properties is due to the converse
physical requirements for the two orders. Namely, ferroelec-
tricity typically requires empty d-orbitals, while ferromagnet-
ism is produced by partially filled d-orbitals.14 However, this
contradicting requirement can be satisfied in nanocomposites
by forming a segregated material using two immiscible
phases.15

Since the time that the theoretically predicted single-phase
multiferroic system of BiFeMnO (BFMO) with ordered Fe

and Mn ions was proposed, multiple experimental demon-
strations have been performed.13,16−21 Choi et al. attempted
the growth of the nanocheckerboard structure, resulting in the
BiFe0.5Mn0.5O3 tetragonal phase.20 This phase was strongly
ferromagnetic but lacked ferroelectricity.20 Chen et al.
discovered the proposed multiferroic Bi3Fe2Mn2Ox
(BFMO322) supercell (SC) phase with a superlattice structure
on LaAlO3 (LAO) substrates (a = 3.793 Å) via substrate
strain.22,23 This new layered oxide is an Aurivillius phase,
where Bi2O3 layers separate out from the other cation layers, in
this case FeO6/MnO6 octahedra.

24,25

Following this discovery of the SC phase, Zhu et al.
examined the role of strain in the SC growth, confirming that
misfit strain was a vital factor.26 Li et al. further revealed that a
thin buffer layer of CeO2 could be used to generate sufficient
strain to promote growth of the desired SC phase on both
SrTiO3 (STO) and LAO substrates.25 It is noted that previous
reported studies on the BFMO322 SC have been performed
mostly on single-crystal oxide substrates, such as STO and
LAO substrates.27−29 Due to material and processing
compatibility issues, integrating these functional complex
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oxides with Si-based devices is challenging, and very limited
success has been achieved.30 On the other hand, practical
device applications and cost effectiveness for fabrication mean
that the integration of these new multiferroic oxides on Si is of
great technological importance.31

In this work, we propose to integrate the multiferroic BFMO
SC structure on Si for its potential as the ferroelectric layer for
ferroelectric field effect transistors (FeFETs) and the
ferromagnetic layer for magnetic memory devices. One of
the major challenges for oxide−Si integration is the large lattice
mismatch between Si and the oxide, as Si has a lattice
parameter of 5.431 Å,31 which is significantly larger than that
of common single-crystal oxide substrates (e.g., aSTO = 3.905
Å).32 Since BFMO with a buffer layer of CeO2 is known to
grow on STO, it could be ideal to grow STO directly on Si
before depositing the BFMO/CeO2 layer stack. The lattice
parameters appear to have reasonable matching with a 45° in-
p l a n e r o t a t i o n b e t w e e n S i a n d STO ( i . e . ,

= =a a2 5.523 Å, 5.431 ÅSTO Si ). However, there are chal-
lenges with this approach. First, STO has been reported to
demonstrate mixed orientation matching on Si, rather than the
preferred orientation growth needed for high-quality films.33,34

Second, the etched Si surface could rapidly oxidize under the
oxygen atmosphere required to grow high-quality oxides such
as STO. To address these challenges, a unique buffer layer
stack of TiN/SrTiO3/CeO2 has been proposed to integrate the
BFMO SC phase on Si and to effectively mitigate the large
mismatch, as shown in Figure 1a. TiN is selected here to
reduce the lattice mismatch from Si, considering the unique
domain matching epitaxy of 4:3 between TiN(200) and
Si(400), and to prevent oxidation of the Si surface as it can be
grown under vacuum conditions.30,31,35 A further reduction of
the lattice parameter is accomplished by STO. Finally, CeO2 is
selected to establish the SC growth on STO as previously
demonstrated.22 While CeO2 has a significantly larger lattice
parameter (a = 5.411 Å), the 45° in-plane rotation (see Figure
S1 for the XRD Phi scan) leads to a similar effective lattice
parameter ( =a/ 2 3.826 Å) to STO, as illustrated in Figure
1b. In this study, the microstructure, magnetic, ferroelectric,
and optical properties of the BFMO films on Si are
characterized and compared with those of the BFMO on
STO single-crystal substrates. This work could pave the way
for other Aurivillius phases to be integrated onto Si utilizing
this buffer layer technique.

■ EXPERIMENTAL SECTION
Thin Film Growth. Pulsed laser deposition (PLD) was used to

deposit the epitaxial BFMO films and the buffer layers onto
LaAlO3(001), SrTiO3(001), and Si(001) single-crystal substrates.
The BFMO target was created by pressing a mixture of the Bi2O3,
MnO2, and Fe2O3 powders and sintering at 800 °C for 3 h. The Si
substrates were etched prior to deposition using hydrofluoric acid
(HF) to remove the SiO2 native oxide. A KrF excimer laser (λ = 248
nm) was used in the PLD process with an incidence angle of 45°.
Growths of the TiN, SrTiO3, and CeO2 buffer layers were performed
sequentially before the BFMO deposition. The target substrate
distance was held constant at 4.5 cm for all depositions. The specific
growth parameters are shown in Table S1. Following the deposition,
all samples were annealed in 200 Torr O2 during cooling (10 °C·
min−1).
Microstructure Characterization. The films were examined

using X-ray diffraction (XRD, PANalytical Empyrean) and trans-
mission electron microscopy (TEM) and scanning TEM (STEM)
combined with energy-dispersive X-ray spectroscopy (EDS) mapping,
all conducted using the Thermo Fisher TALOS F200X. TEM samples
were prepared by the conventional grinding−dimpling method and
precision ion milling polishing using the Gatan PIPS 695.
Property Characterization. The magnetic properties of the

samples were measured using the Quantum Design MPMS-3 SQUID
magnetometer in the VSM mode. The magnetic field was applied in
the in-plane and out-of-plane directions. Ferroelectric hysteresis loops
(P−E) were analyzed using the Radiant Technologies Precision LC II
ferroelectric tester. The magnetoelectric coupling coefficient was
measured using the Radiant Technologies magnetoelectric bundle.
The piezoelectric force microscopy (PFM) measurements were
completed using a Bruker Dimension Icon with SCM-PIT probes.
The optical properties of the films were measured with a J.A. Woollam
RC2 spectroscopic ellipsometer. The psi and delta data was first fit to
the B-spline model before constructing an oscillator using the Lorentz
model. The mean square error (MSE) was less than 5 for all models.
Device Fabrication. Atomic laser deposition (ALD) was used to

deposit 4 nm of Al2O3 at 175 °C using (CH3)3Al (TMA) and H2O as
Al and O precursors and to deposit 2.5 nm of In2O3 at 225 °C with
(CH3)3In (TMIn) and H2O as Al and O precursors. Thickness was
confirmed by ellipsometry (Gaertner L116A), TEM, and atomic force
microscopy. The TMIn precursor was heated to 60 °C to provide
sufficient vapor pressure, and N2 with a flow rate of 40 sccm was used
as the carrier gas. In2O3 channel isolation was done by plasma dry
etching (BCl3: 15 sccm, Ar: 60 sccm; pressure: 0.6 Pa, RF source
power: 100 W; RF bias power: 50 W; time: 30 s). E-beam evaporation
was used to deposit 60 nm of Ni as source/drain contacts, pattered by
direct write laser lithography. Annealing under O2 was carried out at
300 °C (RTA furnace).

Figure 1. Film structure shown in (a) layer stack used to grow the film, (b) lattice matching between each layer, and (c) XRD θ−2θ scan of the film
on STO and Si substrates.
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■ RESULTS AND DISCUSSION
To better evaluate the growth of BFMO on Si using the
proposed buffer layer stack, LAO and STO substrate samples
were deposited as references. The BFMO SC phase is known
to grow on both LAO and STO substrates when a buffer layer
of CeO2 is utilized.25 XRD analysis was first performed to
evaluate the crystalline quality of the films. Figure 1c shows the
results for the BFMO films grown on the Si and STO
substrates, confirming obvious SC peaks, marked as SC (00l),
and high-quality crystal growth on both substrates. Several
minor peaks marked with the “*” symbol were considered
unidentified phases. Figure S2 in the Supporting Information
contains the XRD data for the growth on the LAO substrate,
showing comparable results to those on STO. The BFMO SC
phase is reported to grow well under compressive strain.26 The
BFMO peaks on Si have shifted up by 0.3° for peaks with
higher indices, indicating a lower compressive strain in the Si-
based sample compared to that in the samples grown on single
crystalline oxide substrates.22 This can be explained by the fact
that the STO grown on TiN will be under tensile strain due to
the smaller lattice parameter of STO. This peak shift indicates
that the STO is unable to fully relax this tensile strain, and it
has passed on to the subsequent layers, resulting in less
compressive strain in the BFMO film on Si. It is calculated that
the difference in strain between the two BFMO films is 0.2%.
The film quality of the BFMO film on the Si substrate,
identified by the sharpness and intensity of the XRD peaks, is
comparable to that of the samples using STO and LAO
substrates, confirming that the buffer layer stack was successful
in initiating the SC growth on Si.
Further characterization of the epitaxial quality of the

BFMO SC on Si was performed by TEM. It was found that the
films had grown uniformly in the layered SC structure, as
shown in Figure 2a. The high-resolution TEM image shown in

Figure 2b confirms the expected phase and epitaxial growth of
each buffer layer as labeled. The BFMO was identified as the
expected Aurivillius phase, easily recognized by the clear
layered structure. Although the contrast varies across the film,
the epitaxial quality of the phase is excellent throughout the
film thickness, as confirmed by the cross-section TEM image
over the entire film thickness (∼95 nm) shown in Figure S3.
The variation in contrast is due to minor differences in foil
thickness of the TEM sample. EDS confirms sharp interfaces
between each buffer layer and the BFMO film without any
obvious diffusion between layers as seen in Figure 2c. The
selected area electron diffraction (SAED) pattern shown in
Figure 2d contains the distinctive satellite diffraction patterns
confirming that the SC layered structure is the primary phase
of BFMO present in the sample. While these images are
limited in resolution by the TEM used to image the sample,
previous work of high-resolution STEM analysis has been
conducted on the BFMO SC structure using an aberration-
corrected instrument.22

Considering the multiferroic nature of the BFMO films,
magnetic hysteresis (M−H) measurements were first con-
ducted by measuring the magnetization (M) of the films by
sweeping the applied magnetic field (H). Both in-plane and
out-of-plane field conditions were measured to explore any
easy axis (anisotropic) effects rising from the layered structure
of the film.
The M−H loops of the BFMO SC are shown in Figure 3. A

clear hysteresis is present with strong saturation and
remanence, indicating the presence of a magnetic order.
Previous work on the BFMO SC phase, including the use of
density functional theory to understand the material’s
behavior, has concluded that the magnetic order present in
this phase is ferrimagnetism.22,25,27,29 In this unique layered
structure, the Mn and Fe cations are arranged in a zigzag-

Figure 2. Microstructural characterization through TEM. (a) HR-TEM image of the layer stack on the Si substrate. (b) Higher magnification
showing atomic-level epitaxy between layers. (c) EDS results confirming the composition of each layer. (d) SAED pattern showing epitaxial growth
quality with expected orientation between layers.
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shaped pattern, which is thought to give rise to a spin canting
effect.22 There is also a lower crystal symmetry in the phase,
possibly resulting in the anisotropic magnetic properties
observed in the STO-based sample.22 It is noted that the
large difference between the two sample orientations shown in
Figure 3b is likely due to sample mounting changes and is
within our measurement reproducibility error for these
samples. While the coercivity of the two samples is similar,
the remanence and saturation magnetization are significantly
reduced in the Si-based sample. A possible explanation for the
difference between the STO- and Si-based samples is the
different strain states for the two cases, as calculated and
discussed in the XRD section. STO single-crystal samples have
a more rigid substrate for BFMO growth and thus a higher
compressive strain for the BFMO film.22

It is also noted that the coercivity and saturation
magnetization increase at lower temperature, a possible
indication of a transition in one of the magnetic orders. An
additional study of the dependence of magnetization on
temperature was performed, yielding a weak transition at 32 K,
as shown in Figure S4. The small magnitude of this transition
indicates that a decrease in thermal action at low temperature
is primarily responsible for the increased saturation magnet-
ization.

The ferroelectric order in this phase is generated by the Bi
atoms and the biaxial compressive strain in the out-of-plane
direction, leading to a weak polarization axis.27 In order to
characterize the ferroelectric properties of the BFMO film,
polarization−field (P−E) hysteresis measurements were
performed. The results are shown in Figure 4a,c. The BFMO
films on STO and Si show relatively weak polarization
magnitude and some leakage. Such weak polarization proper-
ties are attributed to multiple causes. First, a high density of
point defects in oxides could lead to the leakage and weak
polarization in ferroelectric oxide thin films.36−38 Approaches
such as post-deposition oxygen annealing along with tuned
growth temperature and pressure conditions could minimize
point defects and thus improve the overall switching
properties.39,40 Second, it has been discovered that Aurivillius
phases tend to exhibit stronger polarization along the in-plane
direction.41 Thus, improving the growth and texture could also
improve the overall properties. Our efforts focused on reducing
the oxygen vacancy and grain boundary density and improving
film epitaxial quality are currently ongoing. Some of the initial
successes are shown in this section. Third, the BFMO films in
this work are relatively thin (∼95 nm), while thicker films tend
to have improved polarization properties. However, the strain-
controlled BFMO SC phase cannot grow beyond 100 nm,

Figure 3.Magnetic characterization of the BFMO SC film on STO and Si substrates at temperatures of (a,c) 300 and (b,d) 10 K. The plotted field
range is selected to highlight coercivity and remanence, while the actual maximum applied field to ensure saturation is listed in each case.
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where a pseudo-cubic phase becomes preferred.22 The study of
the growth of thicker BFMO SC films is currently ongoing in
the laboratory.
Further characterization was performed using PFM to probe

the surface with an AC signal superimposed on a DC bias. The
DC bias is used to “write” the polarization of the surface, while
the AC signal can be used to “read” the polarization. After a
pattern was written on the surface, the remnant surface
polarization could be measured to determine the ferroelectric
properties of the material. The polarization phase results are
shown in Figure 4b,d, suggesting a switchable ferroelectric
domain structure for both the STO and Si samples. The PFM
magnitude data corresponding to this phase data is shown in
Figure S5; however, the magnitude is small, as discussed.
Additional LAO substrate data can be found in Figure S6.
Additional measurements were performed on a single

surface point in PFM to demonstrate the switching behavior
of the material and a computed d33 piezoelectric coefficient,
provided in Figure S7. Although the ferroelectric polarization is
weak, the results of the measurements indicate that the
switching properties of the film grown on Si are slightly
stronger than those of the film grown on STO. A possible
explanation is again related to the strain difference between the
two samples due to the buffer layers. Ferroelectric polarization
arises from the asymmetric strain, so it can be concluded that a

larger misfit strain in the Si sample could lead to a stronger
polarization magnitude.27

The magnetoelectric coupling property of BFMO was also
explored. Linear magnetoelectric coupling was present in the
sample, shown in Figure S8, with a comparable magnitude to
other recently explored materials.30,42 While the magneto-
electric coupling effect in Bi-based nanocomposite thin films is
often attributed to the magnetoelastic and piezoelectric
properties, where strain can interact with the ferroic orders
and become the coupling mechanism, this cannot explain the
coupling in the single-phase BFMO films.43,44 The exact
coupling mechanism is currently unknown. However, this
coupling has particular applications in the memory storage
field, such as in magnetoelectric random access memory, where
an electric field, which is significantly more power-efficient, can
be used to set a magnetic state or where multiple data bits can
be saved simultaneously by utilizing both orders.9,10

The optical properties of the BFMO SC were explored using
spectroscopic ellipsometry, which measures the amplitude ratio
(Ψ) and phase difference (Δ) of the in-plane and out-of-plane
polarization components of the reflection.45 The raw optical
data values can be found in Figure S9. The data measured from
the samples was then used to fit the dielectric function of the
BFMO film using a Lorentz oscillator model. This model was
designed to only show the contributions of the BFMO film. In
order to do this, samples consisting of only the buffer layers on

Figure 4. Electrical characterization of the BFMO SC film on (a,b) STO and (c,d) Si substrates. (a,c) P−E hysteresis loops allow for basic
characterization of the ferroelectric properties of the film. (b,d) PFM phase maps show the ability of the film to hold the orientation of the
polarization in a 2D area.
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each substrate were deposited, and a series of models were fit
to the buffer layer optical properties. The saved models were
then used in the complete model of the full BFMO sample to
effectively remove the contributions of the substrate and buffer
layers from the data. Finally, an additional model was fit to
only the BFMO film and was used to generate the data. The
dielectric constants (i.e., permittivity, ε∥ and ε⊥) are shown in
Figure 5. The BFMO on both substrates is highly anisotropic,
which is expected considering the anisotropic structure of the

layered oxide. These types of responses are typically found in
highly anisotropic nanocomposite structures such as vertically
aligned nanocomposites (VANs), where two dissimilar phases
are integrated as composite materials. Thus, it is notable to
find such highly anisotropic optical properties in a single-phase
SC structure.46−48 Although the model has been adjusted to
remove contributions from buffer layers, there are still some
differences between the dielectric properties of the STO and Si
samples. These differences could be attributed to the varying

Figure 5. Optical characterization of the BFMO SC films. The (a) real and (b) imaginary permittivity for the film on the STO substrate. The (c)
real and (d) imaginary permittivity for the film on the Si substrate.

Figure 6. Device testing of the FeFET. The (a) schematic and the output transfer characteristics (b) before and (c) after O2 annealing.
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film quality between the STO and Si samples and errors
introduced by the complex fitting process. However, the main
features (e.g., peak positions, overall trends) of both curves
indicate that the two samples have very similar optical
responses.
A FeFET was fabricated to show the possibility of device

applications with the BFMO SC integrated on Si. FeFET
devices have become an area of interest in recent years due to
the possibility of in-memory computing�a game changer for
neural networking applications.49 The BFMO demonstrates
excellent compatibility with the state-of-the-art ultrathin ALD
semiconductor In2O3 at the device level. A FeFET based on
BFMO is realized with the device schematic shown in Figure
6a and fabricated with a thermal budget below 300 °C. A
counterclockwise loop is clearly observed in Figure 6b, which
proves the ferroelectric control induced by the BFMO layer.
The on−off ratio is further improved by annealing the
transistor under O2 for 1 min to reduce the carrier density
of the In2O3 film, as shown in Figure 6c. It is notable that the
transfer output curve of the annealed device illustrates a minor
counterclockwise loop, which is contributed to by both
interface traps and ferroelectric polarization. Current results
indicate that BFMO is a promising candidate for next-
generation ferroelectric memory transistors, especially in
back-end-of-line applications. For an additional discussion on
the FeFET switching mechanism and partial switching states,
see the explanation in the Supporting Information and Figure
S10.
This work contains the first successful attempt to grow the

BFMO SC on silicon. The BFMO SC has not been used in
device fabrication in previous work. This demonstration of
FeFET devices using the BFMO SC on Si opens potential for
other layered multiferroic oxides, e.g., BiAlMnO50−52 and
BiMoMnO,53 in practical device applications. Future work on
integrating these new layered oxides and other multiferroic
oxides on Si will be necessary for such device demonstrations.
Challenges remain in the area of simplifying the buffer stack
structures required for the oxide−Si integration toward
practical device fabrication and preparing ultra-thin multi-
ferroic layered oxides54 toward low-power switching FeFET
devices. Ultra-thin film deposition presents unique challenges
for most of the perovskite oxides. Interestingly, layered
Aurivillius phases present novel opportunity in achieving
ultra-thin layer growth using techniques such as reflection
high-energy electron diffraction, which has been used to
identify the growth of individual layers in the Aurivillius
structure,55 in this case Bi2O2 and MnO6/FeO6.

■ CONCLUSIONS
The BFMO SC phase has been epitaxially grown on silicon in
this work utilizing a unique buffer layer stack of TiN/SrTiO3/
CeO2 to optimize the strain in the BFMO film, mitigate the
large lattice mismatch, and promote the growth of the layered
Aurivillius phase. The BFMO SC on Si retains the unique
layered structure and physical properties comparable to those
observed with STO and LAO substrates. This phase has been
shown to demonstrate strong optical anisotropy by ellipsom-
etry measurements. The preliminary FeFET device demon-
stration using the BFMO SC integrated on Si presents the
potential of multiferroic layered oxides for future FeFET
devices, spintronics, and memory devices. The growth of this
new BFMO layered SC phase on Si demonstrates the power of
strain-controlled growth using the buffer layer approach, which

can also be applied to other functional complex oxide systems
for Si-based devices.
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