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In this presentation, we will discuss some of our recent efforts in developing flexible 
functional oxides, which might of potential applications in spintronics and multiferroic 
composites. Four representative functional oxides, namely the highly conductive MoO2 layers 
suitable for the base layer in forming heterostructure with other oxides, the fully spin 
polarized Fe3O4, magnetostrictive CoFe2O4 (CFO) and multiferroic nanocomposite consisting 
of ferroelectric BiFeO3 (BFO) and ferrimagnetic CoFe2O4 (CFO), have been deposited on 
flexible muscovite (mica) substrates via van der Waals epitaxy using pulsed laser deposition 
technique. The quality of the films grown on mica has been carefully characterized using 
various analytical tools to demonstrate the viability of preserving their respective intrinsic 
properties using the present processes. Moreover, the mechanical stability and robustness 
were tested by cyclic bending test to over 1000 cycles to evaluate their potential usage in 
flexible oxide electronics.   
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transparent electronics if integrated functional devices can be
implemented on it. The key challenge is to deposit a 3D func-
tional oxide epitaxially on 2D layered muscovite. Devices
made of epitaxial material systems typically show a better per-
formance compared with amorphous or polycrystalline.36,37 In
order to obtain high performance devices based on functional
oxides deposited on muscovite substrates for flexible electron-
ics, a good metallic layer for electrical contacts is necessary.
MoO2 has high conductivity and also provides a suitable base
layer for heteroepitaxy of other functional oxides. In this
manuscript, we demonstrate the integration of 3D functional
MoO2 on muscovite as a model system. Van der Waals epitaxy
of MoO2 films on muscovite is studied by a combination of in-
situ reflective high energy electron diffraction (RHEED),
XRD, and transmission electron microscopy (TEM) measure-
ments. To demonstrate its functionalities, a p-type metallic sys-
tem is realized in the MoO2/muscovite heterostructure.
Flexible MoO2 films on muscovite or free-standing MoO2 thin
films can be fabricated by this approach. Our results represent
an important step to establish flexible electronics based on the
conventional 3D functional oxides.

Van der Waals epitaxial MoO2 thin films were grown on
a (001) native muscovite substrate by pulsed laser deposition
(PLD), using a KrF excimer laser (k¼ 248 nm, Lambda
Physik) operated at 10 Hz repetition rate and 200 mJ output
laser power. In order to obtain pure MoO2 phase, the deposi-
tion was carried out in the oxygen pressure range of
"10#6 Torr with the substrate temperature of 400 $C. Pure
MoO3 phase can also be acquired when an oxygen pressure
higher than 10#2 Torr was used. In the pressure range of 10#4

to 10#2 Torr, a mixture of MoO2 and MoO3 could be gener-
ated. Reflective high-energy electron diffraction was used to
monitor the growth mode on the sample surface during the
growth process. High-resolution X-ray diffraction experiments
were performed at the BL17A at the National Synchrotron
Radiation Research Center in Hsinchu. Cross-sectional sam-
ples for TEM studies were prepared by a standard ion milling
technique. Microstructural investigations were done on a FEI
Tecnai G2 F20 with an information limit of 1.4 Å. Chemical
composition analysis was achieved by electron spectroscopy.
X-ray photoelectron spectroscopy (XPS) spectra were
obtained by ULVAC-PHI PHI 5000 Versaprobe II. The

electrical characterization was performed in a physical proper-
ties measurement system (Quantum Design).

In this study, epitaxial MoO2 thin films (Figure 1(a))
were grown on (001) native muscovite by pulsed laser deposi-
tion (PLD). In-situ RHEED was employed to investigate the
growth mode during the deposition. Before the deposition, a
typical RHEED pattern of the cleaved muscovite substrate
was recorded along the [010] crystal orientation as shown in
Figure 1(b). The image shows strong Laue diffraction spots
and an array of vertical straight streaks, indicating that the
cleaved surface is nearly atomically smooth which we also
confirmed by atomic force microscopy. When the deposition
of MoO2 begins, the RHEED pattern of the muscovite sub-
strate disappears rapidly and a spot-like pattern (Figure 1(c))
emerges indicative of an island growth mode of the epitaxial
MoO2. Analyzing the RHEED pattern carefully, by calculat-
ing the distances between the diffraction spots, we can easily
identify that the MoO2 h001i direction is aligned parallel with
muscovite h100i direction. Interestingly, as the deposition
continues, a quasi-2D pattern re-emerges, which is reflected
by the diffraction spots becoming weak and gradually trans-
forming into vertical straight streaks (Figure 1(d)), an indica-
tion of the formation of a smooth surface and high crystalline
quality of the deposited MoO2 thin film. The growth mecha-
nism is illustrated in Figure 1(e). The ablated MoO2 clusters
initially favor the formation of nanocrystals because of their
weak bonding (van der Waals force) to the muscovite sub-
strate. However, the structural similarities between MoO2 and
muscovite substrate (both are monoclinic oxides) favor epi-
taxial growth. When more clusters accumulate on the sub-
strate, these nanocrystals prefer to grow in lateral direction
and then merge together to form a continuous film.

The structural characteristics were further examined by
high-resolution X-ray diffraction. Figure 2(a) shows a typical
out-of-plane h-2h scan of the MoO2/muscovite heterostructure.
Only muscovite (00L) and MoO2 (0K0) diffraction peaks can
be detected, indicating high crystalline quality of thin film with-
out secondary phases. In addition, it clearly confirms the crystal-
line orientation derived from the RHEED pattern to be h010i
MoO2jjh001i muscovite. The lattice constant of MoO2 deter-
mined from the XRD result is 4.87 Å, which is very close to the
bulk value. Thus, the film is almost fully relaxed as expected for
van der Waals epitaxy. Furthermore, U-scans of the MoO2

(022) and muscovite (202) reflections were used to determine
the in-plane structural relationship, as shown in Figure 2(b). The
muscovite (202) plane originally presents a two-fold symmetry
due to its monoclinic tilting angle between a- and c- axes
(b¼ 100$). Therefore, the observation of three muscovite (202)
peaks at 120$ intervals indicates that there are three different
configurations corresponding to an alternating stacking
sequence of muscovite.38 A similar result can be observed in
the MoO2 (022) plane as well. Monoclinic MoO2 has a two-fold
symmetry, and therefore the presence of six peaks in the U-scan
of the (022) plane at 60$ intervals reveals the co-existence of
three sets of domains in the MoO2 thin film. The good align-
ment of muscovite (202) and MoO2 (022) peaks at 0$, 120$, and
240$ confirms the in-plane epitaxial relationship as h100i
muscovitejjh001i MoO2, in an excellent agreement with the
RHEED results. Measurements of the rocking curve were con-
ducted to obtain more information about the crystalline quality.

FIG. 1. (a) Schematic representation of van der Waals epitaxial MoO2 (top,
Mo in blue and O in red) on muscovite (bottom, Si in yellow and O in red).
RHEED patterns recorded (b) before the deposition, (c) in the early stage of
growth, and (d) after the deposition process. (e) Schematic of growth
mechanism.
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