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The fabrication and transfer via spontaneous delamination of
large-area, high-quality B-Ga,Os; nanoscale thin films with
centimeter-scale dimensions is demonstrated via thermal
oxidation of reusable GaAs substrates. The films are
characterized by using X-ray diffraction, energy dispersive
spectroscopy, Raman spectroscopy, and scanning electron
microscopy. The film demonstrates good mechanical flexibil-
ity facilitating reliable transfer. The (3-Ga,O; film’s optical
band gap and Schottky barrier height with gold are 4.8 and

1 Introduction Wide-bandgap semiconductors in-
cluding GaN and SiC have made tremendous progress in
replacing silicon-based electronics in applications that call
for low reverse leakage current, high breakdown voltage, or
UV light selectivity. Beta-gallium oxide (3-Ga,0O3), despite
its relative technological immaturity, has demonstrated the
potential to exceed the performance of GaN or SiC devices,
thanks to its high breakdown field [1] and large figure of
merit for high-frequency applications [2] both arising from
its wide band gap of 4.8eV [3]. Transistors with high
breakdown voltage [2, 4-7] and high temperature handling
capability have been demonstrated at the single-device
scale. Applications of such transistors include conversion,
distribution and management of electrical power in the grid
and in heavy-duty electric motor drives for automotive
engines and industrial plants. There has additionally been
substantial recent interest in [3-Ga,0O3 for solar-blind UV
detectors [8—11], gas sensors, [12] photocatalysts, [13, 14]
substrates for the epitaxial growth of GaN and related
[I-nitride LEDs [15], and other applications.
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1.03 eV, respectively. Electrical and optical properties of the
transferable (3-Ga,O; thin films exhibit a potential for
application in solar-blind photodetectors. The scale of the
3-Ga,03 films transferred herein exceeds what the research
community has reported to-date by more than four orders of
magnitude. The macroscopic dimensions of the transferred
films may offer a remedy for the low thermal conductance of
B-Ga,O3 via transfer onto substrates with high thermal
conductivity.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The primary shortcoming of 3-Ga,Oj is its low thermal
conductivity, approximately an order of magnitude lower
than that of GaN or SiC [5, 7, 16]. This can be overcome by
limiting the $-Ga,0;5 film thickness to the nanoscale, and
B-Ga,O; film growth on or transfer to a thermally
conductive substrate such as silicon carbide (Table 1).

Several growth methods for [-Ga,O; have been
demonstrated, including molecular beam epitaxy
(MBE) [16, 17], laser molecular beam epitaxy (LMBE) [18],
pulsed laser deposition (PLD) [19], magnetron sputter
deposition [20], laser ablation electron beam evapora-
tion [21], plasma enhanced atomic layer deposition
(PEALD) [22], vapor phase epitaxy [23], ultrasonic
spray [24], MOCVD [25], float zone (FZ) [4], and
sol-gel processing [26]. The straightforward growth of
B-Ga,0; on a substrate is hampered by its relative structural
complexity versus the wurzitic, zincblende, or A4 structures
typical of commonly used II-V and group IV semi-
conductors. In contrast 3-Ga,O3 is monoclinic, belonging to
the low-symmetry space group C2/m, making single-crystal

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Thermal conductivities of semiconductor materials and
common substrates.

material thermal conductivity /W-m~'- K™
B-Ga203 13 [5]

GaAs 55 [4]

GaN 150-200 [5]

SiC 360-400 [5]

Si 150 [5]

Al,O4 36 [45]

304 stainless steel 15 [46]

diamond 1000 [4]

and large-area growth difficult on many commonly used
substrates. While [-Ga,0O; single-crystal substrates are
available, they are cost-prohibitive for many applications
and have poor thermal conductivity. The ability to grow and
delaminate large scale (3-Ga,Oj films from their growth
substrate would allow for the transfer of the film onto an
inexpensive and thermally conductive substrate of choice
for device formation, and the reuse of the growth template.
Thus, in a growing market for 3-Ga,0O5 electronics [1] with
a lack of affordable, high quality, large, native substrates,
critical to the implementation of such devices is the ability to
grow and transfer large-area crystalline 3-Ga,O5 films.
Graphene is the model material in which large-area thin
films may be achieved by mechanical exfoliation from the
bulk [27, 28]. Here, however, the peel-off of graphene layers
from bulk graphite is eased by weak inter-plane van der
Waals bonding [29, 30], whereas (-Ga,O; is strongly
bonded in all three dimensions. Nonetheless, moderate
success in the exfoliation of B-Ga,03 sheets from the bulk
has been achieved [5, 31, 32], with Mitdank et al. [31]
demonstrating the fabrication of thin 3-Ga,O5 flakes 4 um
wide and 14 um long exfoliated from bulk crystals grown
using the Czochralski method. Even so, this method is not
transferable to larger areas, and can only be used for
fabricating one or a few devices at one time. For any
fabrication technique to be feasible at the commercial scale,
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it must be low-cost, scalable to areas of millimeter
dimensions or greater, and produce films of sufficient
material quality for the fabrication of electronic devices.
Film stress is a major source of defects and failure in
thin film technology. One source of stress commonly
present in films grown at elevated temperatures is that
induced by differential thermal expansion, given by Eq. (1):

()

or =

where o is the thermally induced stress, E is the Young’s
modulus of the film, v is the Poisson’s ratio, A& is the
average differential coefficient of thermal expansion
between the film and substrate material over the relevant
temperature range, and AT is the change in temperature.
Over large temperature ranges or large differences in themal
expansion coefficients, extremely large stresses may be
imposed on the film, resulting in the case of compressive
stresses in buckling, cracking, or delamination. It is
generally sought to avoid these stresses and effects
whenever high film-substrate adhesion is desired. These
forces may nonetheless be exploited in cases where
delamination is desired to achieve film liftoff or the
fabrication of complex 3-dimensional structures [33, 34]. In
the case of B-Ga,O3 on GaAs, the coefficients of thermal
expansion differ by a factor between 2 and 4.3 [35, 36],
allowing considerable compressive stresses to come to bear
on the B-Ga,0; film even when the system is cooled over a
relatively limited temperature range. Careful control over
the growth temperature, duration, and cooling rate may
therefore be used to control the stresses present in the system
and the subsequent ease of oxide film delamination upon
cooling.

In this study, we demonstrate a new method of growing
very large-area (3-Ga,O; films via thermal oxidation of
(111) n-GaAs. We have successfully grown films with more
than four orders of magnitude larger size than those
previously reported in the research community, transferred

GaAs Figure 1 Process flow for the fabrication of
B 8-Ga0; B-Ga,05 films and devices via three methods.
Al Top: GaAs is oxidized in a furnace at 830 °C to form
B Polyimide a film of B-Ga,0O;, and the film spontaneously
Au delaminates upon cooling. Middle: GaAs is oxidized

in a furnace at 730 °C to form a film of 8-Ga,Os3, and
a polyimide film is deposited and cured under UV
light. The film is used to mechanically delaminate
the B-Ga,O5 from the surface, and Au contacts are
deposited to form a MSM device. Bottom: GaAs is
oxidized in a furnace at 730 °C to form a film of
B-Ga,03, and a film of Al is deposited to form an
ohmic contact. The film stack is delaminated using
polyimide tape with a hole to facilitate electrical
connection to the Al contact, and an Au contact is
deposited on the back side of the 3-Ga,05 to form a
Schottky diode.
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Figure 2 a) B-Ga,0O; film on GaAs grown at 830°C and
spontaneously delaminated. b) Backside of film grown at 830 °C,
showing well-defined grain structure. c¢) The top surface of
B-Ga,03/GaAs grown at 730 °C without Ar carrier gas, showing
circular structures resulting from Ga puddle formation and
subsequent oxidation. d) The surface of 3-Ga,O3; grown on GaAs
at 730 °C, and mechanically delaminated via the deposition and
curing of a polyimide film. Films grown under these conditions are
nanocrystalline and relatively defect-free.

5 oy
S
Figure 3 a) SEM micrograph of film surfaces grown at a) 670 °C,

b) 700°C (inset: closeup of surface texture), c) 800 °C and d)
830°C.
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these films via spontaneous or mechanical delamination, and
characterized them structurally, spectroscopically, electri-
cally, and optically. This new method of thermal stress-
assisted delamination allows for the low-cost fabrication
and transfer of centimeter-scale B-Ga,O5 films to arbitrary
substrates, preferably onto substrates with high thermal
conductance.

2 Experimental

2.1 Oxide film growth N-type GaAs substrates with
(111) orientation were placed in a horizontal quartz tube
furnace, which was continuously pumped down to 640 torr.
Argon gas was used at a flow rate of 100 sccm, while the
residual O, in the system acted as the reaction gas. Films
were grown at temperatures between 685-830°C. The
furnace temperature was ramped up from room temperature
over a 150-min period, held at the growth temperature for
50 min, and then ramped down to room temperature over a
150-min period.

2.2 Oxide film delamination Films grown at
830°C were observed to naturally delaminate from the
surface (Fig. 1, top) while films grown at 700 or 730 °C were
mechanically delaminated via the drop-casting and curing of
a polyimide film (Fig. 1, middle) or removal using
polyimide tape. Polyimide resin (Fujifilm, Japan) was drop
casted onto the as-grown -Ga,O; layer, then the sample
was spincoated on a Laurell WS-650 spin processor (Laurell
Technologies Corporation, USA) for 25 s at 3000 rpm. The
polyimide layer was then cured under UV illumination from
a Dymax Bluewave75 UV curing lamp (Dymax Corpora-
tion, USA). The films were then mechanically delaminated
from the GaAs substrates.

2.3 Characterization Films and film stacks were
characterized in their free-standing form without being
transferred to a wafer substrate. Scanning electron
microscopy (SEM) and EDS were performed with a
Philips/FEI XL30 microscope (FEI, USA) and EDAX
detector (EDAX Inc., USA) and analyzed using EDAX
Genesis software. XRD was performed with a Bruker D8
Discover diffractometer (Bruker, USA) on B-Ga,O; films
grown at 800 °C on GaAs prior to delamination in order to
maintain film-substrate orientation information. Raman
spectra were collected using an Andor spectrometer (Andor
Technology Ltd, UK). Optical characterizations were
performed using an Ocean Optics USB 2000+ spectrometer
(Ocean Optics, USA) in transmission geometry; these
measurements were performed on the spontaneously
delaminated film sample grown at 830 °C so as to measure
only the absorbance of the 3-Ga,O; film rather than the
polyimide or aluminum. For electrical characterizations, Au
contacts with 1 mm diameter and a thickness of 150 nm and
Al films with a thickness of 100 nm were deposited in a
CHA Autotech II electron beam evaporator (CHA Indus-
tries, Inc., USA) on the films grown at 730 °C. Electrical and
optoelectronic characterizations were performed using an

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 a) 6-20 x-ray diffraction (XRD)
pattern, indexed in comparison to PDF
00-041-1103, for p-Ga,O; grown at
800°Cona(111) GaAs substrate. b) glancing
angle 0.6° XRD pattern for 3-Ga,O3 grown at
800 °C on a (111) GaAs substrate, indexed in
comparison to PDF 00-041-1103. c¢) energy
dispersive spectroscopy (EDS) measurement
of for B-Ga,O3 grown at 800°C on GaAs

o
==
AsLa AsLl

5 10
X-Ray EnergylkeV

500

(ahv)¥/a.u.

5

2 3

hviev 4
Figure 5 a) Optical absorbance of the free-standing B-Ga,O5 film
grown at 830 °C, plotted as (ahv)? versus photon energy hv. The
red line is a linear extrapolation of the linear portion of the
absorbance plot, indicating a direct band gap energy of 4.8 eV.
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Raman Shiftlcm-!

indicating the presence of Ga, O, and As in the
sample, and d) Raman spectrum for 3-Ga,0;
grown at 800 °C.

700

HP4155B Semiconductor Parameter Analyzer (Hewlett-
Packard, USA) at ambient temperature in dark conditions
and under UV illumination from a Dymax Bluewave75 UV
lamp.

3 Results and discussion

3.1 Delamination and physical characteriz-
ation The B-Ga,0; films achieved via thermal oxidation
and transfer (Fig. 1) had dimensions in the centimeter scale
per side, which is substantially larger than demonstrated in
previous reports [5, 31]. The surface quality, thickness, and
grain structure of the 3-Ga,Oj; film as observed by scanning
electron microscopy (SEM) was found to change
with growth temperature (Fig. 2). Films grown at
830 °C (Fig. 2a and b) had a thickness of about 70 nm, as
estimated from cross-sectional SEM images of the partially
delaminated films, and polycrystalline texture with well-
defined grains as small as 50nm (Fig. 2b). Circular
formations (Fig. 2c) can be seen in some films grown
without Ar gas and lend insight into the film formation
process. These formations likely result from the formation
of Ga droplets via thermal decomposition of the GaAs,
[37-39] that are subsequently oxidized into (B-Ga,O3
concurrent with the evaporation of As [21]. Films grown

WwWWw.pss-a.com
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Figure 6 a) Schematic of Schottky diode (SD) structure, b) I-V behavior without (black) and with (purple) Xenon arc lamp UV
illumination of Au/B-Ga,O3/Al SDs fabricated from (-Ga,O5 grown at 730 °C, showing a substantial photoresponse, and c) dark I-V
curve of a SD fabricated from B-Ga,O3; grown at 730 °C, showing a reverse breakdown voltage of 18.4 V.

at lower temperatures 730°C (Fig. 2d) had a fine,
nanocrystalline grain structure and reduced thickness
proportional to growth temperature. Both film thickness
and the effects of thermal differential stress increased with
growth temperature (Fig. 3). B-Ga,O; Films grown at
670°C (Fig. 3a) did not fully coalesce into a single
continuous film. At 700 °C (Fig. 3b) the film completely
covered the GaAs substrate but did not spontaneously
delaminate; however, stress buckling (Fig. 3b, inset) was
visible at the microscale. At 800°C (Fig. 3c), the film
partially delaminated due to stress, demonstrating both
micro- and macro-scale buckling. Films grown at
830 °C (Fig. 3d) spontaneously delaminated from the GaAs
surface. Some films fractured as well during delamination;
after delamination and cooling all films were found to be
mechanically stable. Films grown at lower temperatures
700 °C and 730 °C buckled at the microscale but did not
fully delaminate. Such films were easily mechanically
delaminated via the drop-casting and curing of a polyimide
film on the surface to aid with peel-off (see Experimental
section). During cooling, the oxide film experiences
extremely high compressive strains due to the large

disparity in coefficient of thermal expansion between GaAs
and B-Ga,0O5 (an oy between 1.5 x 107 and 3.5 x 107°
K~! for B-Ga,O5 [35] and an oy of 6.5x 10 °K™"' for
GaAs) [36], which results in a similarly large stress due to
the high Young’s modulus of 230 GPa for 3-Ga,O5 [40].
This stress provides the energy necessary to delaminate the
film. In the case of high-temperature growth, and therefore a
large AT, these stresses are high enough to fully delaminate
the film, and in some cases fracture it as well. Growth at
lower temperatures reduces the differential stresses while
still maintaining large-area films in good mechanical
condition.

3.2 Structural and material characterization
Multiple material characterization techniques (Fig. 4)
positively identify the sample film grown at 800°C as
polycrystalline 3-Ga,O3;. XRD performed in the standard
6-26 geometry shows strong texturing in the 201 direction
(Fig. 4a), while glancing-angle XRD, which maximizes film
signal at the cost of orientation information, produced
results (Fig. 4b) which are clearly consistent with
polycrystalline [(3-Ga,O3 as referenced against the
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Figure 7 a) Schematic of Au/B-Ga,03/Au metal-
semiconductor metal (MSM) structure on polyimide
backing. b) I-V behavior without (black) and
with (purple) Xenon arc lamp UV illumination of
Au/B-Ga,05/Au MSM fabricated from {3-Ga,0;
grown at 730°C, showing a substantial
photoresponse.
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Table 2 Electrical parameters of an Au/B-Ga,0s/Al Schottky
diode fabricated from B-Ga,O5; grown at 730 °C, as determined
from I~V curves and the Norde method [42, 43].

&g (Norde) oy (I-V) Rg (Norde) n

VB C

1.03eV 1.04eV 3IMQ 2.7 184V

International Center for Diffraction Data (ICDD) standard
PDF

00-041-1103 [41]. The (111) GaAs//(201) B-Ga,0;
epitaxial relationship is consistent with literature results;
further work would be useful in elucidating the in-plane
orientation relationship of the film when grown using this
method. Energy dispersive spectroscopy (EDS) measure-
ments (Fig. 4c) further confirm qualitatively the presence of
Ga, O, and As in the sample. Raman spectroscopy (Fig. 4d)
was also performed on the oxide film. Distinct features can
be seen at 350, 625, 644, and 699 cm ™!, The first two are
consistent with features seen in bulk 3-Ga,0O5 crystals [38]
while the latter two are in good agreement with blue-shifted
features reported by Rao et al. [39] in 3-Ga,03 nanowires.
Differences in the overall stress state versus that reported by
Rao et al. [39] would explain why certain peaks are blue-
shifted while others are not. Further research is warranted to
elucidate the specific origins and stress dependence of these
Raman features.

3.3 Optical and electrical device characteri-
zation The B-Ga,0; film on GaAs grown at 830 °C and
spontaneously delaminated was characterized optically
(Fig. 5), demonstrating visible-range transmission exceed-
ing 80%, which is critical for applications in solar-blind UV
detection. The direct band gap E, was determined to be
4.8eV by linear fitting of (ahv)” versus (hv), in good
agreement with literature values [8, 19].

Au/B-Ga,03/Al Schottky diodes (SDs) (Fig. 6) and
Au/B-Ga,03/Au  metal-semiconductor-metal (MSM)
photodetectors (Fig. 7) were fabricated to determine
the electronic quality of the films. The film grown at
730 °C was used for device fabrication, as it provided the
sufficient thickness and appropriate ease of handling.
The current-voltage (I-V) characteristics were measured
in dark conditions and under UV illumination for both
the MSM and SD devices (Figs. 6b and 7b, respectively).
The MSM diode under visible and near-visible mono-
chromatic illumination showed results comparable to the
dark current, wherein the B-Ga,Osz in is almost an
insulator, indicating good suitability for solar-blind
applications. Photocurrents were strongly excited by UV
light. The diode ideality factor n, barrier height ¢g, and
breakdown voltage Vpp (Fig. 6¢) for the Au/B-Ga,03/Al
SDs were obtained by analyzing the /-V characteristics
in dark conditions; additionally the ¢ and series
resistance R, values for the SDs with large R were
obtained using the method developed by Norde [42] and
modified by Lien et al. [43] (Table 2). The ¢g and Ry

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

results are very close to previously reported values for
Au/B-Ga,03 SDs [44]. The diode rectification factor, as
defined as the ratio of currents at +3.9 and —3.9V, was
found to be 10°.

4 Conclusions Large-scale, high quality B-Ga,03
thin films with dimensions in the centimeter scale were
grown via thermal oxidation on reusable GaAs and
mechanically delaminated for transfer onto alternative
substrates. The films were characterized using X-ray
diffraction, energy dispersive spectroscopy, Raman
spectroscopy, and scanning electron microscopy. The
transmittance of the films exceeded 80% in the visible
region and the optical band gap was calculated as 4.8 eV.
The films were then used to fabricate Au/B-Ga,03/Au
MSM photodetectors and Au/B-Ga,03/Al Schottky
diodes, and the electrical parameters of the thin film
devices were determined. A strong photocurrent under
UV illumination combined with high visible-range
transmittance of the transferable B-Ga,Os thin films
demonstrates these films’ potential for solar-blind
photodetectors. The barrier height and ideality factor
were measured as 1.04eV and 2.7, respectively, from the
forward bias I-V plot. The barrier height and series
resistance were found to be 1.03eV and 3 MQ,
respectively, using the Norde method. The ability to
transfer thin layers of B-Ga,0O; to a desirable substrate
and re-use the GaAs substrate holds potential for a
breakthrough in the drastic cost reduction of (-Ga,0O;
enabled devices. The greater than four orders of
magnitude larger size of these grown and delaminated
B-Ga,O; films vesrsus those previously reported in the
literature addresses the important scalability and cost-
performance ratio of the intended devices and systems.
This demonstration offers motivation for further
research toward the seamless transfer of 3-Ga,O; films
and subsequent material growth and processes for
high-power transistors, LEDs and solar-blind UV detector
fabrication.
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