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Abstract—BiFeOj3 thin films have been deposited on (001)
SrTiO3, (101) DyScOj3, (011) DyScOj3, (0001) AlGaN/GaN,
and (0001) 6H-SiC single crystal substrates by reactive mo-
lecular beam epitaxy in an adsorption-controlled growth re-
gime. This is achieved by supplying a bismuth over-pressure
and utilizing the differential vapor pressures between bismuth
oxides and BiFeOj; to control stoichiometry in accordance with
thermodynamic calculations. Four-circle x-ray diffraction and
transmission electron microscopy reveal phase-pure, epitaxial
films with rocking curve full width at half maximum values as
narrow as 7.2 arc seconds (0.002°). Epitaxial growth of
(0001)-oriented BiFeOj3 thin films on (0001) GaNN, including
AlGaN HEMT structures, and (0001) SiC has been realized
using intervening epitaxial (111) SrTiO3 / (100) TiO. buffer
layers. The epitaxial BiFeOg thin films have 2 in-plane orienta-
tions: [1120] BiFeO; || [1120] GaN (SiC) plus a twin variant
related by a 180° in-plane rotation. This epitaxial integration
of the ferroelectric with the highest known polarization,
BiFeO3, with high bandgap semiconductors is an important
step toward novel field-effect devices.

I. INTRODUCTION

RECENTLY there has been increased interest in the
integration of complex oxides with semiconductors
for a variety of applications including “smart” transistors
[1] and dielectrics for high-current, high-power transistor
gates [2]. While complex oxide dielectrics are now rou-
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tinely integrated with silicon-based technology, examples
of the marriage of complex oxide properties, including
ferroelectricity, pyroelectricity, and piezoelectricity, with
wide bandgap semiconductors remain rare. In this manu-
script we will discuss a method to integrate the multifer-
roic BiFeO3 by molecular beam epitaxy (MBE) with 2
wide bandgap semiconductors: SiC and AlGaN/GaN. In
doing so, we will identify the necessary processing condi-
tions and resulting crystalline properties for these exciting
new device platforms.

BiFeOg3 has garnered tremendous recent interest due to
its unique standing as the only known material possessing
both ferroelectric and magnetic (antiferromagnetic) order
at room temperature. Owing to its ultrahigh spontaneous
polarization (~100 pC-cm~1) [3], [4] and high ferroelectric
transition temperature (7, ~ 1083 K) [5], BiFeOg3 is a
promising material for high-temperature and high-power
transistor gate applications. The high polarization pro-
vides a promising avenue to alter the carrier concentration
of the 2-dimensional (2-D) electron gas channel in high
electron mobility transistor (HEMT) AlGaN/GaN het-
erostructures. In these structures a 2-D electron gas with
a ~2 x 1013 cm~2 sheet carrier concentration exists at
the AlGaN/GaN interface [6]. To fully deplete the chan-
nel, a dielectric capable of maintaining a surface charge of
~3.2 nC-cm~2 is necessary. This value does not take into
account dielectric/semiconductor interface charge trap-
ping. This consideration suggests that a higher dielectric
surface charge density is necessary. The 100 pC-cm~2 po-
larization of BiFeOg corresponds to a surface charge of
~6 x 10 electrons-cm~2, making BiFeO3 an excellent
candidate.

Unlike the deposition of refractory materials by MBE
where individual monolayers can be dosed to grow the
crystal lattice in a layer-by-layer approach (see, for ex-
ample, [7], demonstrating growth of SrTiO3 by reactive
MBE), the deposition of materials with volatile compo-
nents requires a technique where the desorption of the
volatile species is compensated by an increased partial va-
por pressure of that species directly above the growth sur-
face. By examination of the vapor pressures of the volatile
gaseous species, the desired condensed phase, and the con-
densed volatile species, growth conditions can be identi-
fied that allow for phase-pure film growth by supplying an
overpressure of the volatile components. This adsorption-
controlled growth regime for MBE was first demonstrated
for the III-V semiconductor GaAs where an overpressure

0885-3010/$25.00 © 2009 IEEE
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Fig. 1. Mass accumulation rate of (a) Fe,O, and (b) Bi,O, as a function
of Oy + 10% O3 chamber background pressure.

of Asy or As, gas is supplied and the film growth is con-
trolled by the impingement rate of gallium [8]. In addi-
tion to being demonstrated for III-V semiconductors, an
adsorption-controlled growth technique has been demon-
strated for bismuth- [9]-[11] and lead-containing [11]-[13]
ferroelectrics including, most recently, BiFeOs [14]-[16].

II. EXPERIMENTAL DETAILS AND RESULTS

Films were grown within a Veeco 930 molecular beam
epitaxy instrument described elsewhere [12]. To increase
the local activity of oxygen without increasing the cham-
ber pressure to an undesirable level (i.e., a level where the
chamber gas limits the mean free path of the molecular
beams), a gas mixture of ~10% O3 in a balance of O, is
supplied as the oxidizing species. Prior to film growth,
boundary conditions for maximum chamber pressure were
established by depositing the metallic species on a quartz
crystal microbalance (QCM) inserted into the growth po-
sition [17]. The mass accumulation rate on the QCM is
monitored as the Oy/0O3 mixture is introduced into the
chamber and the pressure increased. An increase in the
mass accumulation rate corresponds to the deposition of
metal oxide species and a decrease in rate with increasing

1529

pressure corresponds to molecular-beam source oxidation
or mean free path limitation. The results for depositing
Fe,O, and Bi,O, are shown in Fig. 1. Upon the introduc-
tion of Oy + O3 into the chamber, even at the starting
background Oy + O pressure of 5 x 108 Torr, the depos-
iting iron immediately oxidizes to FesO3. As the pressure
is increased to greater than 1 x 10~6 Torr, the mass ac-
cumulation rate decreases. This corresponds to oxidation
of the iron source material and indicates that the highest
useable background pressure for growth of BiFeO5 in our
MBE system is 106 Torr.

For the adsorption-controlled growth of the ferroelec-
tric oxides Bi;Ti3Oq9 and PbTiOs3, the necessary compo-
nent thermodynamic data are readily available and have
allowed for direct calculation of the adsorption-controlled
growth window for phase-pure material [11], [13]. The free
energy of formation of BiFeOgs has yet to be experimen-
tally determined and must be calculated to identify the
necessary conditions for phase-pure deposition. As out-
lined in [16], the parameter space for phase-pure growth
of BiFeO3 was calculated using the CALPHAD method
[18]. Fig. 2 shows a calculated Ellingham-type diagram
representing the phase stability regions of (I) BiFeO3 +
~-FeyOs, (II) single-phase BiFeOgs, and (III) BiFeO3 +
BisOs 5 as a function of substrate temperature and O,
overpressure. The boundaries between regions I, II, and
IIT were calculated with the Gibbs energy functions of the
gas phase containing various bismuth and Bi—O species
and the stable and metastable iron and bismuth oxides,
all taken from the SGTE database [19]. As the enthalp-
ies of formation are not known, we consider 2 scenarios
for BisOs 5 and BiFeOs. The enthalpy of formation of
BigOs 5 is assumed to be +100 or +4500 J/mol of BiyOs
with respect to the Bi-BiyOjz tie line. The enthalpy of
formation of BiFeOj3 is assumed to be —1000 or —5000
J/mol of BiFeO3 with respect to the BisOs-FeoOg tie line.
The phase stability region was calculated using Thermo-
Calc [20] with the partial pressure of bismuth fixed at
6.7 x 10719 atm. This value corresponds to the pressure
at the plane of the substrate for an incident bismuth flux
of 1.4 x 10 Bi/(cm?sec) [21]. The solid lines in Fig.
2 represent the BiFeOj phase stability region, with for-
mation enthalpies of +100 and —1000 J/mol for BiyOs 5
and BiFeOg, respectively, specifying the narrowest growth
window possible, whereas the dashed lines represent the
stability for +4500 and —5000 J/mol, indicating the ap-
proximate uncertainty in the growth window due to the
lack of relevant free energy data [16].

The thermodynamic predictions were empirically veri-
fied by growing a film while altering the growth tempera-
ture, thereby sampling a horizontal slice of the Ellingham
diagram. In situ reflection high-energy electron diffraction
(RHEED) and ez situ x-ray diffraction (XRD) of films
grown on (001)-oriented TiOo-terminated [22] SrTiO3 sub-
strates were used to monitor phase assemblage. A bis-
muth flux of 1.4 x 10 Bi-cm 2sec™!, an 8:1 Bi:Fe flux
ratio, and a 1 x 1076 Torr (Oy + ~10% O3) background
pressure were used. Growth was initiated by supplying
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Fig. 2. (a) Calculated Ellingham diagram and reflection high-energy electron diffraction (RHEED) patterns collected along the (110) azimuth of
SrTiO3 during Bi-Fe-O deposition at different temperatures and O, gas overpressures. Solid lines represent phase boundaries using +100 and —1000
J/mole formula unit free energies for BisO, 5 and BiFeOg, respectively, specifying the narrowest growth window possible; dashed lines represent phase
boundaries for 44500 and ~5000 J/mole formula unit free energies, indicating the approximate uncertainty in width of the growth window. Region I
represents the phase stability region of a mixture of Bi,O, gases and BilFeO3 and -Fe,O3 condensed phases. Region II represents the phase stability
region of a mixture of Bi,O, gases and a BiFeO3 condensed phase. Region II is the region in which phase-pure BiFeO3 can be grown. Region III rep-
resents the phase stability region of a mixture of Bi, O, gases and BiFeO3 and BiyO, 5 condensed phases. Arrows on the RHEED patterns in regions
I and IIT indicate the diffraction spots from -FesO3 and BisOs 5 phases, respectively. (b) X-ray diffraction patterns of films grown on (001) SrTiOg
in regions I, II, and III. The asterisks (*) indicate the XRD peaks due to the (001) SrTiO3 substrate. (Diagram (a) was reprinted from Ihlefeld et al.

[16], with permission, ©2008 American Institute of Physics).

monolayer doses of the nonvolatile component iron, while
oxygen/ozone and bismuth were continually supplied. In
agreement with the thermodynamic calculations, at low
substrate temperatures or high bismuth overpressures, a
secondary BiyOs 5 phase was observed to form in equilib-
rium with BiFeOs. This secondary phase can be identi-
fied in RHEED images along a (110) substrate azimuth
as 2 sets of 3 spots superimposed on the 01, 00, and 10
BiFeO3 RHEED streaks [see arrows on the RHEED im-
age in region IIT of Fig. 2(a)]. For high substrate tem-
peratures and/or low bismuth overpressures, a secondary
~v-Fe;O3 phase is identified as a diamond-shaped trans-
mission RHEED pattern with 2 spots superimposed on
the BiFeOj3 half-order streaks and single spots on the 01
and 10 BiFeOj streaks [see arrows on the RHEED im-
age in region I of Fig. 2(a)]. The corresponding substrate
temperatures for the appearance of BiyOg 5 and ~-FeyOq
for the given growth conditions were approximately 415°C
and 460°C, respectively, as measured via band-edge spec-
troscopy [23], [24]. Phase-pure BiFeOj films can be grown
at intermediate temperatures. Fig. 2 shows the RHEED
and XRD patterns for films grown in each of the 3 growth
regimes, with the RHEED data superimposed on the cor-
responding growth regimes. Note that hexagonal indices
are used throughout this manuscript to index the BiFeOj
XRD spectra [25].

With the parameters for phase-pure growth established,
a 75-nm-thick film was deposited on (101)-oriented
DyScO3 under conditions allowing for single-phase BiFeOq
(the standard crystallographic setting of DyScOg, space
group #62 (Pnma), are used in this manuscript). XRD
patterns for this film are shown in Fig. 3. No diffraction
features attributed to secondary phases are identified in

the 6-20 scans. High-resolution w-rocking curves were col-
lected for the BiFeOs 2024 and DyScOs3 202 diffraction
peaks, as shown in Fig. 3(b). Full width at half maximum
(FWHM) values of 7.2 arc sec (0.002 degrees) were ob-
tained for both, indicating that the film crystallinity is
substrate limited. This value represents a fourfold im-
provement over the narrowest reported value in the litera-
ture for BiFeOs films grown by MBE [15], and a 160-fold
improvement over the narrowest reported by other tech-
niques [26]; it is among the narrowest recorded for any
complex oxide thin film [27], [28]. These narrow rocking
curve values suggest low dislocation concentrations, which
may lead to improved electrical response [29]-[32].

It is known that many perovskites [33]-[36] and cubic
symmetry oxides with similar lattice parameters [37]-[41]
grow in a (111), orientation (where the p subscript de-
notes pseudocubic notation) on the basal plane of many
hexagonal wide bandgap semiconductors, including GaN
and SiC. Therefore, we have investigated the growth of
BiFeO3 in this orientation by depositing a 75-nm-thick
film on (011)-oriented DyScOj [note that this orientation is
(111),-type]. Fig. 4 shows the XRD data for the as-grown
film. As with the (001)-oriented films, phase-pure material
is identified. Similar to films grown on (111) SrTiO; [15], a
(0001) orientation is identifed. This is significant because
the ferroelectric polar axis is perpendicular to the (0001)
planes in BiFeO5 and suggests that the ~100 xC-cm~2 po-
larization is oriented normal to the substrate plane. X-ray
w-rocking curves again reveal substrate-limited crystall-
linity.

To minimize surface contaminants [42], AlGaN/GaN
heterostructure substrates were prepared by exposure to
1:1 HCLI:H50O and 1:99 HyO:HF pretreatments followed by
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Fig. 3. (a) 6-20 x-ray diffraction pattern of a 75-nm-thick epitaxial
BiFeOy film deposited on (101) DyScOs; (b) w-rocking curves of BiFeOg
2024 and DyScOs 202 diffraction peaks.

H50 rinses before introduction into the growth chamber.
On these subsrates, SrTiO3/TiOy films were formed by
depositing 5 monolayers of (100)-oriented TiO, [43] and
subsequently capping with 4 monolayers of SrO at 600°C
and in a 1 x 1076 Torr Oy background pressure. These
layers react to form (111)-oriented SrTiOs, as shown in
the reflection high-energy electron diffraction patterns col-
lected along the AlGaN <11§0> azimuthal direction in Fig.
5. Films were allowed to cool to approximately 420°C, and
the background atmosphere was altered to include 10%
ozone before BiFeO3 growth. Fig. 6 shows #-26 and azi-
muthal ¢ XRD scans for 75-nm BiFeO3/2-nm SrTiOgz/
<l-nm TiO,/(0001) AlGaN/GaN grown by MBE. Only
diffraction peaks attributed to the substrate and dielectric
heterostructure stacks are present, with no secondary
phases. The BiFeOjs film is predominantly (0001)-oriented.
The presence of the 2202 peak indicates approximately 3%
out-of-plane twinning, as calculated by peak intensity ra-
tios. It is important to note that the 2202 peak is of the
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Fig. 4. (a) 6-20 x-ray diffraction pattern of a 75-nm-thick epitaxial
BiFeO3 deposited on (011) DyScOs; (b) w-rocking curves of BiFeO3 0006
and DyScOj3 022 diffraction peaks.

Fig. 5. Reflection high-energy electron diffraction (RHEED) patterns
collected along the (1120} AlGaN/GaN direction of (a) AlGaN, (b)
2-nm SrTiO3, and (c) 75-nm BiFeOs.

same 111-pseudocubic family as the 0006 peak; however,
only the (0001) plane is perpendicular to the ferroelectric
polar axis and the substrate surface. These (1101) BiFeO4
twins have also been observed in strain-relaxed BiFeOsg
grown on (111) SrTiOg [44]. As was observed in films de-
posited by chemical vapor deposition, an in-plane orienta-
tion relationship of [1150] BiFeOs || [1150] AlGaN plus an
additional 180° twin variant is present [33]. The 180° vari-
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Fig. 7. Reflection high-energy electron diffraction (RHEED) patterns
collected along the <1120> SiC direction of (a) SiC, (b) 2-nm SrTiOg,
and (c¢) 30-nm BiFeOs.

ant forms during the reaction to form SrTiO3 and is inher-
ited by the epitaxial BiFeOg3 overlayer.

Intervening SrTiO3/TiO, layers have also allowed suc-
cessful integration of BiFeO3 with (0001) 6H-SiC. The di-
electric heterostructure layers were deposited in the same
manner as the films on GaN. Fig. 7 shows the RHEED
patterns collected along the <11§0> azimuth of SiC
throughout the growth sequence from bare SiC to 2-nm
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Fig. 8. 0-20 x-ray diffraction pattern of a 30-nm-thick epitaxial BiFeOg
film deposited on (0001) SiC.

SrTiO3 and 30-nm BiFeOs. As evident in the XRD pat-
terns in Fig. 8, the (0001)-BiFeO3 orientation dominates,
indicating that the polar axis is perpendicular to the sub-
strate surface. The presence of the 2202 BiFeO5 peak indi-
cates approximately 3% out-of-plane twinning, as calcu-
lated by peak intensity ratios. RHEED patterns collected
along the <11§0> and <1OTO> substrate azimuths indicate
that the 180° in-plane twin variant is present in these
BiFeO3/SiC films, just as it was present in BiFeO3/GaN
films [33].

III. CONCLUSIONS

We have demonstrated the growth of BiFeOg3 on several
oxide and wide bandgap semiconductor substrates using
reactive molecular beam epitaxy in an adsorption-con-
trolled growth regime. This work represents an important
step in the successful preparation of high-power, high-tem-
perature electronic devices where transistor channel char-
acteristics can be altered by a ferroelectric gate. Ongoing
work is being conducted on device fabrication including
the incorporation of wide-bandgap perovskite oxides in
the dielectric stack to reduce leakage currents due to elec-
tron tunneling [45].
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