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ABSTRACT

Hexagonal LuFeO3 exhibiting ferroelectricity and weak ferromagnetism is grown on metal-polar GaN by molecular-beam epitaxy. The oxide
films exhibit smooth surface morphologies and are found to be single crystalline with an epitaxial relationship related by a 30� in-plane rota-
tion relative to the GaN crystal structure. The LuFeO3 layers grown on GaN exhibit room-temperature ferroelectricity and low-temperature
magnetic ordering. This epitaxial integration creates a heterostructure platform to explore and exploit the coupling of the ferroelectricity and
magnetism of oxides with the strong spontaneous and piezoelectric polarization and the unique electronic and photonic properties of nitride
semiconductors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143322

Oxide crystals demonstrate a rich range of physical phenomena
such as piezoelectricity, ferroelectricity, multiferroicity, colossal magne-
toresistance, superconductivity, and metal/insulator transitions.1,2 The
polar nitride crystals, GaN, AlN, and InN, and their corresponding
semiconducting alloys exhibit strong spontaneous and piezoelectric
polarization and have now become a platform for high-performance
optical and electronic devices. Epitaxially combining oxides and
nitrides can offer unique dielectric heterostructures to enable, for exam-
ple, ferroelectric gate transistors with applications in RF communica-
tions, low-power logic, and integrated memories.3,4

Significant advances have occurred in the understanding of non-
epitaxial (e.g., atomic-layer deposited) ferroelectric/non-polar semi-
conductors, for example, HfZrO–Si structures5 and the effect of defects
on their properties. Although epitaxial heterostructures offer the possi-
bility of controlling chemical and electronic defects, efforts to integrate
such structures lag far behind. Previous efforts include the growth of
epitaxial ferroelectrics such as Pb(Zr,Ti)O3 and multiferroics such as
YMnO3 and BiFeO3 on GaN by sputtering and by oxide molecular-
beam epitaxy (MBE).6–11 For example, growing BiFeO3, a known
room-temperature multiferroic, epitaxially on GaN necessitates buffer

layers and results in twin-domains.11 LuFeO3 is a weaker ferroelectric
than BiFeO3: for example, its lower ferroelectric polarization of
�5lC/cm2 (compared to �100 lC/cm2 of BiFeO3) is better matched
to typical polarization-induced two-dimensional electron gas densities
seen in nitride heterostructures.

In this work, we present the epitaxial growth of LuFeO3 on the
(0001) surface of metal polar GaN. Bulk LuFeO3 has an orthorhombic
crystal structure and is not ferroelectric. As a thin film, LuFeO3 can be
epitaxially stabilized with a hexagonal crystal structure,12 making it
appealing for integration with hexagonal III-nitride semiconductors.
LuFeO3 offers a viable path toward room-temperature multiferroicity.13

Thin-film hexagonal LuFeO3 is a geometric ferroelectric with a Curie
temperature of TC �1020K;14 the polarization dipoles are formed by
the broken inversion symmetry in the ordering of Lu atoms. Due to its
improper ferroelectricity, where spontaneous polarization is not the pri-
mary order parameter, LuFeO3 is expected to retain its ferroelectric
properties down to two unit cells.15 Such scalability to nanoscale dimen-
sions is fundamentally interesting for high-density logic and memory
applications. Owing to interacting spins of the Fe sublattice, LuFeO3

also shows canted antiferromagnetic ordering below 147K,14,16,17
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making it a low-temperature multiferroic. This multiferroic coupling
can be tuned near room temperature by forming superlattices with
ferrimagnetic LuFe2O4 layers.13 Accordingly, epitaxial LuFeO3 and
LuFeO3-based superlattices present an exciting opportunity for integra-
tion with the nitride family, which itself is currently expanding into
magnetic, superconducting, and ferroelectric research domains.18

The oxide MBE growth in this study was performed using a VeecoVR

GEN10 system. KSA Instruments reflection high-energy electron diffrac-
tion (RHEED) apparatus with a Staib electron gun operating at 14kV and
1.4A was used for in situ monitoring of film growth. After growths, the
film orientation was characterized using a Rigaku SmartLab x-ray diffrac-
tion (XRD) and a PANalytical X’Pert Pro setup at 45kV, 40mA with Cu
Ka1 radiation (1.54057 Å). Piezoresponse force microscopy (PFM) mea-
surements were performed using an Asylum Research Cypher ES AFM
system with conductive Nanosensors PointProbe Plus (PPP)-Electrostatic
ForceMicroscopy (EFM) tips to apply bias to the sample surface.

LuFeO3 thin films of �30nm thickness were deposited on
10mm � 10mm (0001)-oriented Ga-polar GaN/Al2O3 template sub-
strates in an ozone MBE system. Before growth, GaN/Al2O3 template
substrates were cleaned in acetone, isopropyl alcohol, methanol, and
hydrochloric acid (HCl). High purity (99.99%) elemental Lu and Fe
were supplied from effusion cells at fluxes of�1.5� 1013 atoms/cm2 s.
A mixture of oxygen and �10% ozone at a background partial pres-
sure of 10�6Torr was supplied. Three growth temperatures: 700, 800,
and 900 �C (as measured by the substrate heater thermocouple) were
investigated. Figures 1(a)–1(c) show the in situ RHEED patterns of the
LuFeO3 after growth at the three temperatures. For samples grown at
700 �C and 900 �C, the RHEED streaks broaden and lose intensity rel-
ative to those grown at 800 �C. The sample grown at 800 �C shows a
sharp streak pattern, indicating the epitaxial nature of the LuFeO3 epi-
layer. The RHEED pattern for growth at 700 �C is broad and an
almost diffuse streak, potentially due to low surface adatom mobility
at this lower temperature. Figures 1(d) and 1(e) show the correspond-
ing AFM images of samples grown at 800 �C and 900 �C. The surface
morphologies are smooth, with RMS of 1.5nm for 10lm� 10lm
scans for the 800 �C sample. The higher roughness for samples grown
at 700 �C (1.9 nm, not shown) and 900 �C (1.8 nm) is related to their
deviation from an optimal growth temperature. No indication of addi-
tional phases or Fe3O4 precipitates that were reported in Ref. 17 are

seen. LuFeO3 can tolerate non-stoichiometry in the form of excess
and/or deficient Lu or Fe and still appear phase pure by XRD.17

XRD symmetric �-2� scans are shown in Fig. 2 for LuFeO3

grown at the three temperatures. The presence of 0002 and 0004 peaks
of LuFeO3 indicates that all as-grown thin films are hexagonal. The
highest film quality is seen for the sample grown at 800 �C; it has a
more intense 0002 peak compared to those grown at 700 and 900 �C.
Furthermore, this sample exhibits fully developed thickness fringes. A
clear 0002 peak is seen for films grown at 700 �C, but the film quality
may be reduced at that temperature due to insufficient mobility of ada-
toms on the surface. Film quality may be reduced for growth at 900 �C
due to thermal decomposition of GaN prior to deposition although no
direct evidence of this was seen as the substrate was heated up quickly
at a ramp rate 150 �C/min to 900 �C and no change in RHEED was
observed before the growth started. The GaN and sapphire peaks are
visible: the XRD peak seen near 2� ¼ 17.1� matches that for a GaN
0001 peak19 and no impurity phases related to excess Fe or Lu are evi-
dent. The obtained LuFeO3 lattice parameters for films grown at 800
and 900 �C were a¼ 5.979 Å and c¼ 11.81 Å 6 0.001 Å.

To determine the epitaxial relationship of LuFeO3 and GaN, off-
axis phi (/) scans were performed on asymmetric GaN 1016 and
LuFeO3 1014 peaks for the sample grown at 800 �C. The / scans
shown in Fig. 3 indicate sixfold symmetry for both GaN and LuFeO3,
with the peaks offset by 30� relative to each other. This is indicative of
a 30� in-plane rotation of the LuFeO3 with respect to the underlying

FIG. 1. RHEED images post-growth along h1120i azimuth at substrate tempera-
tures of 700 �C, 800 �C, and 900 �C with schematic underneath. Corresponding
AFM images with schematic on left for growths at 900 �C (e) and 800 �C (d), with a
coarser morphology seen for growths at 900 �C.

FIG. 2. XRD �-2� scans for LuFeO3 epitaxial layers grown on GaN-Al2O3 sub-
strates at temperatures of 700, 800, and 900 �C. The arrows for the 800 �C sample
indicate the thickness fringes.

FIG. 3. Left: XRD phi (/) scans showing the sixfold symmetry of LuFeO3 and GaN,
with a 30� offset indicating a 30� in-plane rotation relationship. Right: CrystalMaker
images of LuFeO3 and GaN crystals looking down the c plane, with shown unit cells
and [1120] directions to illustrate the 30� in-plane rotation.
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GaN. A similar epitaxial relationship has been seen previously10 in a
structural analog: YMnO3 grown on GaN (0001). Because the GaN is
metal-polar, oxygen atoms sit at “f.c.c” sites, namely, in the center of
the threefold cavity between Ga and N atoms. Accordingly, the Ga–O
chemical bond energetics leads to a similar 30� rotation in the LuFeO3

layer stabilizing its hexagonal phase as indicated by the plan-view crys-
tal structures shown in Fig. 3. This 30� in-plane rotation causes the lat-
tice mismatch between LuFeO3 and GaN to be�7.6%.

To test for ferroelectric behavior, �30nm thick films of LuFeO3

were grown on�150nm thick n-type doped GaN with ND�1019/cm3

Si donor doping. The underlying nGaN layers were grown in a sepa-
rate plasma MBE system on the Si face of 6H-SiC substrates at a sub-
strate temperature of 750 �C as measured by a thermocouple. The
nGaN layer served as the bottom electrode for PFM measurements.
Conductive Nanosensors PPP EFM tips were used to apply combined
ac and dc biases to the bare LuFeO3 surface to track contact resonance
frequency and bias the sample, respectively. The contact resonance fre-
quency was tracked during scanning using a dual ac resonance track-
ing (DART) mode. Contact to the underlying nGaN layer was made
by applying silver paste along the edge of the sample to electrically
ground it to an underlying metal disk. During the PFMmeasurements,
positive and negative 5V dc biases were applied in square regions on
the sample. The bias was then removed and subsequent scans at 0V
dc biases were utilized to determine if the regions retained their poled
state. In addition, the same region was observed three days later, sug-
gesting the source of the pattern is not due to just electrostatics.

Figure 4 shows that a square pattern is formed by electrical pol-
ing. This is indicative of 180� polarization switching (e.g., up to down),
which is expected for the symmetry allowed polarization directions of
a hexagonal crystal. Retention and switching of polarization are the
characteristics of a ferroelectric material. In the PFM scans, no signifi-
cant phase contrast is seen before applying a dc bias, indicating the fer-
roelectric domain size in LuFeO3 is likely much smaller than the
�100nm resolution of the current scans. From the PFM measure-
ments, the coercive field for switching determined by the applied dc
bias over the film thickness is estimated to be<2MV/cm, much lower
than the �3.8MV/cm breakdown field of GaN.20 At this stage, several
properties of LuFeO3 such as its permittivity and its band offsets with
GaN are unknown, which prevents further quantitative analysis of the
ferroelectricity in this heterostructure, but it will be the subject of sub-
sequent studies.

Interacting spins of the Fe sublattice of the crystal are known to
make hexagonal LuFeO3 magnetic below a N�eel temperature of
�147K.17 The magnetic ground state of LuFeO3 is stabilized by an A2

spin configuration with 120� ordering of spins in-plane. There also exists
spin canting, which causes a weak out-of-plane magnetic moment.21 We
investigated the LuFeO3 films grown on GaN for magnetism by per-
forming out-of-plane vibrating sample magnetometry (VSM) measure-
ments on diced 3mm � 3mm samples. In VSM, a sample is oscillated
about a magnetometer in a magnetic field and the generated AC voltage
is proportional to the magnetic moment of the material. Although rela-
tively weak magnetization strength is difficult to detect in VSMmeasure-
ments of thin films (�30nm), Fig. 4 shows a hysteresis loop indicative
of canted-antiferromagnetic behavior at 50K, lower than the reported
N�eel temperature for LuFeO3. Off-stoichiometric (e.g., Fe deficient)
films have exhibited lower N�eel temperatures in previous studies.17 The
out-of-plane magnetic moment of LuFeO3 right below the N�eel temper-
ature is on the order of 0.005 lB/Fe atom. The magnetization increases
as temperature decreases and reaches�0.02 lB/Fe atom around 50K.17

This is likely why VSM measurements at higher temperatures (e.g.,
100K, 150K) were not able to clearly resolve the magnetization in our
thin films. Nevertheless, weak ferromagnetism and ferroelectricity are
confirmed in the epitaxial LuFeO3 layer.

In conclusion, the epitaxial growth of the multiferroic LuFeO3 is
achieved on GaN. The resulting films are single crystalline with a 30�

in-plane epitaxial relationship, as evidenced by in situ RHEED and
post-growth XRD. Room-temperature PFM measurements suggest
that LuFeO3 grown on GaN (0001) is ferroelectric. In addition, the
films show evidence of low-temperature canted-antiferromagnetic
behavior. Future work will need to evaluate the permittivity and fur-
ther ferroelectric properties of LuFeO3 grown on GaN, the density of
interface electronic states, its band offsets with the nitride semiconduc-
tors, and the coupling of its ferroelectric order parameter with the
polarization of GaN in especially designed heterostructures. This will
enable its integration with GaN based electronic and photonic devices.
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