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ABSTRACT

Epitaxial growth of phase-pure and high-quality spinel y-Ga,0O5-based semiconductor thin films has been a big challenge for fundamental
research on metastable defective inverse spinel y-Ga,Os; semiconductors in view of potential device application. We report experimental
results on epitaxial growth, microstructural, and electrical transport properties of (001)-oriented nominal y-(GaggGe,,),05 alloy semicon-
ductor single crystal thin films with a coherent interface on cubic spinel (001) MgAlL,O, substrates by pulsed laser deposition using a
Ge-rich target. Pristine films are found to be composed of about 2 nm thick insulating Ge-rich surface layers and the high-quality epitaxial n-
type semiconductor film layers consisting of partially subvalent Ge*>" and Ga'" cations as well as major components of normal Ge** and Ga*>"
cations. Epitaxial films exhibit a direct bandgap of about 5.2 + 0.1 eV and a valence band maximum of about 3.3 + 0.1 eV below the Fermi level
at room temperature. We further report a demonstration of y-(GaggGey,),0; thin film-based metal-semiconductor field-effect transistor
(MESFET) with the PtO,/Pt Schottky gate contact realized upon the surface pretreatment by Ar/O, plasma etching. The MESFET device
exhibits a clear field-effect with drain current modulation of about 10° orders of magnitude. This work not only significantly advances the fun-
damental and application-oriented research on epitaxial spinel y-Ga,0;-based semiconductor films for practical device application but also
offers new insight into microstructural characteristics of ultrawide bandgap spinel oxide semiconductor epitaxial thin films.
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I. INTRODUCTION Fd-3m, No. 227), there exist about one third of unoccupied octahe-
Metastable spinel y-Ga,05 is one of the five crystalline dral sites for catic/_nll: while the oxygen vacancies c?exist to compen-
polymorphs of ultrawide bandgap semiconductor gallium oxides St tl?e Ch:clrges. ’ I‘\Iorma.lly phase-pure ‘bulk single crystals and
(Ga,05)."” The thermodynamically stable phase 8-Ga,O3 has been epitaxial thin films with a high crystal quality are preferable for the
well-studied in the forms of single crystals and thin films due to its fundamental and application-oriented research for the purpose of
great potential in semiconductor power electronics."™ Recently, ~ Ppotential device application; however, experimental results in
metastable defective spinel structure y-Ga,O; has attracted increas- ~ growth and properties of bulk y-Ga,O; single crystals have not
ing research interest for its less clear microstructure and formations been reported yet.
from phase transformations’™"” and the high radiation tolerance Although undoped y-Ga,O; epitaxial thin films normally
for potential device application in harsh environments.''” In the  exhibit poor crystalline quality as well as impurity phase of
cubic defective inverse disordered spinel y-Ga,O; (space group B-Ga,0;, a relatively high doping content of about 7-8 cation %
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Mn was first reported to stabilize the phase-pure (111)-oriented
y-Ga, 05 thin films epitaxially grown on (00.1) sapphire substrates
by pulsed laser deposition (PLD),'””” and further found to give
rise to the high-quality pseudocubic (001) Mn-doped y-Ga,O; epi-
taxial thin films with a coherent interface on cubic spinel (001)
MgAlL,O, substrates by PLD.””* In addition, high-quality
(001)-oriented y-(Al,Ga;_,),O; alloy thin films (x>0.22) were
also epitaxially grown on (001) MgAL,O, substrates by
plasma-assisted molecular beam epitaxy.”> Whereas electrical prop-
erties of y-(Al,Ga,_,),0; and Mn-doped y-Ga,0; epitaxial films
were not reported. The first reported (to date the only available)
conducting phase-pure y-Ga,O; epitaxial thin films were the
(001)-oriented Si-doped y-Ga,O; thin films (with 0.24 cation % Si
doping) epitaxially grown on (001) MgAL,O, substrates by PLD.**
But these poor-quality films show broad rocking curves of (004)
reflection with large values of full width at half maximum of
around 2.4°-3.0° and exhibit the degenerate n-type transport prop-
erties with temperature-independent Hall carrier concentration of
1.8-2.0x 10" cm™ and mobility of 1.6-0.9 cm? V7171 To date,
the experimental results on field-effect transistors (FETs) of phase-
pure y-Ga,O;-based epitaxial thin films are not available.

A relatively high concentration of cationic doping or alloying
combined with (001)-oriented MgAl,O, single crystal substrates
seems to be the key required for growing high-quality y-Ga,O; epi-
taxial thin films through a formation of atomic lattice matched
coherent interface.”' > Ge is commonly considered a good dopant
for n-type doping in Ga,0s;.”>”° In the cubic spinel hetero-
structural system of y-Ga,O; epitaxial thin films with MgAl,O,
substrates, the lattice mismatch is about 2.0% according to the
reported bulk lattice constants of 8.24 A (y-Ga,05) and 8.08 A
(MgA1204).3’27 The empirical radii of four-coordinated and six-
coordinated Ga®>" cations are 0.47 and 0.62 A, respectively, in the
tetrahedral and octahedral sites, which are a little greater than that
of Ge*" cations (0.39 and 0.53 A).”* Doping with the smaller Ge**
cations would reduce the lattice mismatch between the films and
substrates to easily form a lattice matched coherent interface. A
major challenge in vapor deposition of epitaxial Ga,O; thin films
with high-concentration Ge doping or alloying to overcome is
probably the large difference in vapor pressure between Ga and
volatile Ge at high temperatures.””*” Recently, we found that using
Zn-rich targets in PLD growth of epitaxial Zn-containing complex
oxide thin films could compensate the serious loss of volatile
Zn.”>’" In this work, we report the heteroepitaxial growth, micro-
structural characteristics, and electrical transport properties of
nominal y-(Gag 3Gey )05 alloy semiconductor thin films on cubic
(001) MgAlLO, substrates by PLD using a Ge-rich target made of
5wt. % B-Ga,O3 and 95 wt. % GeO, raw powders (Ga: Ge atomic
ratio of about 1:17).

To show the potential of y-(GaysGey,),0; alloy semiconduc-
tor epitaxial thin films for practical FETs device application, we
further report the first demonstration of y-Ga,0; film-based metal-
semiconductor field-effect transistors (MESFETs) by using the
n-type y-(GagsGey,),0; alloy semiconductor thin film as a
channel layer. It is worth mentioning that the first demonstration
of single-crystal Ga,O; transistors for practical power device appli-
cations was the n-channel $-Ga,0; MESFETs reported in early
2012.°% In this study, we fabricate and characterize n-channel
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7-(Gay sGey,),05 film-based MESFETs. The oxidized Pt (PtO,)
layer is selected as the Schottky gate contact for MESFETs consid-
ering the increase in work function by about 1.0 £ 0.1 eV and con-
sequently the increase in Schottky barrier height on 3-Ga,0O; by
about 0.8eV compared to the plain Pt.””~*° The active oxygen
plasma during the formation of PtO, by reactive sputtering could
introduce additional oxygen to reduce interfacial oxygen vacancies
and passivate the interface, consequently increasing the Schottky
barrier height of PtO, on the surface of oxides.””” In addition, a
top Pt layer sputtered on the PtO, contact layer could work as a
capping layer to ensure an equipotential surface,”” while our group
has demonstrated that the sputter deposition of PtO,/Pt bilayer on
B-Ga,03, x-Ga,03, and a-Ga,0; epitaxial thin films exhibited
good performance in Schottky barrier diodes (SBDs)."’”** Hence,
the bilayer PtO,/Pt Schottky gate contact is made by sputter depo-
sition for fabricating MESFETS in this work.

Il. EXPERIMENTAL DETAILS

A. Preparation of PLD targets and deposition of thin
films

The homogeneous bulk targets for PLD were fabricated
through a two-step sintering process: the pressed pellets of a
mixture of GeO, (purity 99.999%, ChemPUR) and 5-Ga,Oj3 (purity
99.99%, Alfa Aesar) raw powders in various weight ratios (40 wt. %
Ga,03 and 60 wt. % GeO,, 20 wt. % Ga,0O; and 80 wt. % GeO,,
10 wt. % Ga,O3 and 90 wt. % GeO,, 5wt. % Ga,O; and 95 wt. %
GeO,, 2.5 wt. % Ga,03 and 97.5 wt. % GeQ,) were first sintered at
1050 °C for 12 h in air, the resulting pellet was crushed and ground
into fine powders for the sintering at 1090°C for 12h in air to
obtain the PLD targets. The Ga:Ge atomic ratio of the target made
of 5wt. % Ga,O3 and 95 wt. % GeO, raw powders is calculated to
be approximately 1:17. A 248 nm KrF excimer laser (Coherent LPX
Pro 305) with a 5Hz repetition was used for PLD with a laser
fluence of about 3.5 J/cm? on the target surface.

B. Microstructural characterizations

A PANalytical X’Pert PRO MRD high-resolution x-ray diffrac-
tion (XRD) system with hybrid 2-bounce Ge (220) monochromator
(Cu Ka;, A =1.5406 A) was used to perform the out-of-plane and
tilted-angle 2theta-omega scans, skew-symmetric phi-scan, rocking
curves, and asymmetric reciprocal space mapping (RSM) for inves-
tigating the microstructure of films. The film thickness was cali-
brated using x-ray reflectometry without the monochromator.

The Ga and Ge atomic contents in films deposited by using
the five different Ge-rich targets made of different Ga,O; vs GeO,
weight ratios were determined by scanning electron microscopy
(SEM) with energy-dispersive x-ray spectroscopy (EDS) using an
FEI Nova 200 NanoLab microscope equipped with a Bruker
Quantax 200 EDS detector. The K-series signals of EDS spectra
were used while the average value of three results measured on
three different areas of each film surface was taken.

A Park System XE-150 atomic force microscopy (AFM) was
used to study the surface morphology of films.

The cross-sectional microstructures of an epitaxial thin film
layer were investigated by transmission electron microscopy (TEM)
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operating at 300 kV and the scanning transmission electron micros-
copy with energy-dispersive x-ray spectroscopy (STEM-EDS) using
a FEI TITAN3 G2 80-300 microscope equipped with a Thermo
Fisher FEI Super-X EDS detector. The cross-sectional TEM lamella
was prepared by focused ion beam (FIB) machining employing a
Zeiss Crossbeam-Auriga 40 FIB-SEM equipped with a gas injection
system (Pt, C). Before the site-specific lift-out, the film surface was
protected with a thin carbon bar, which was deposited with the
help of the electron beam before the actual platinum protection bar
was deposited by cracking the precursor gas with the ion beam.
After uncovering the lamella, it was transferred in situ with a
needle manipulator to a Cu grid and thinned to electron
transparency.

Depth profiling of thin film by the time-of-flight secondary
ion mass spectrometry (TOF-SIMS) was carried out using a
TOF-SIMS M6 instrument (IONTOF GmbH, Germany). A
primary ion source of Bi-cluster LMIS was used for TOF-SIMS
analysis. The depth profiling in negative polarity was performed by
using a sputter gun of Cs ion beam for ion etching and a flood gun
of low energy electrons for charge compensation. The area sizes are
300 x 300 um> and 100 x 100um* for sputtering and analysis,
respectively.

A Thermo Scientific Nexsa G2 x-ray photoelectron
spectrometer with a hemispherical analyzer was used for x-ray
photoelectron spectroscopy (XPS) analysis. The survey spectra,
core-level spectra, and valence band spectra of the sample
were acquired using a monochromatic Al Ka x-ray source
(E=1486.6¢eV) and a flood gun of low energy electrons for
charge compensation. Survey spectra were acquired with a 1 eV
step size, a 200eV pass energy, and the 100 ms dwell time.
High-resolution XPS (HR-XPS) core-level spectra and valence
band spectra were acquired with a 0.1 eV step size, a 40 eV pass
energy, and the 500 ms dwell time. Binding energy shifts due to
the surface charging effect were corrected by using the C 1s level of
adventitious carbon at 284.8eV as a reference. The Shirley back-
ground was used for data fitting.*’

All the above measurements were performed at room
temperature.

C. Device fabrication of SBDs and MESFET

The two lateral Schottky barrier diodes (SBDs) were fabricated
through sputter deposition of PtO,/Pt(28 nm) bilayer Schottky
contacts (SCs) on the surface-etched y-(GagsGe,),0; epitaxial
thin films after the surface pretreatment by 45s Ar/O, plasma
etching and 30 s Ar plasma etching, respectively, using a PlasmaPro
NGP80 ICP system (Oxford Instruments). The 45s Ar/O, plasma
etching treatment (25/25SCCM Ar/O,, p =20 mTorr, HF =250 W,
ICP =300 W) could etch to a depth of about 4 nm, while the 30s
Ar plasma etching (50 SCCM Ar, p=20mTorr, HF=250W,
ICP =300 W) could etch to a depth of about 3 nm. The SCs were
structured into circular contacts by photolithography. SCs were
deposited by reactive DC sputtering of Pt in pure O, (100 SCCM)
and subsequently mixed with Ar/O, (50/50 SCCM) using a 30 W
sputtering power. Afterward, a metallic Pt capping layer was in situ
sputtered in inert Ar (100 SCCM) atmosphere at the same sputter-
ing power, and this Pt layer works as capping to ensure an
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equipotential surface.’”” In the second process of Ohmic contact
formation, plasma etching treatment with 50 SCCM Ar for 30 s was
performed on the region of Ohmic contact layer stacks defined by
photolithography to reduce the contact resistance. Mo(30 nm)/Au
(100 nm) bilayer was deposited in pure Ar atmosphere by DC sputter-
ing and the final step of lift-off was carried out.

In the first step of MESFET device fabrication, the surface pre-
treatment by Ar/O, plasma etching was performed for 45 s (etched
depth of about 4 nm). For Ohmic contact formation, the source
and drain patterns of ring-gate FET were made by a photolithogra-
phy process, followed by Ar plasma etching for 30 s. Then Ohmic
contacts were fabricated by sputter deposition of Mo(30 nm)/Au
(100 nm) bilayer and lift-off. After the ring-gate patterning
achieved by a photolithography process, Schottky gate was finally
formed by sputter deposition of PtO,/Pt (28 nm) and lift-off.

D. Measurements on electrical properties

A Physical Property Measurement System (PPMS, Quantum
Design) was used to perform the temperature-dependent Hall
effect measurements at a 6 T magnetic field by using the four-
electrode van der Pauw method. The current-voltage (I-V) mea-
surements were carried out in a Siiss Waferprober system P200
using an Agilent 4155C Semiconductor Parameter Analyzer at
room temperature.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows XRD 26-w scans of the films deposited with
18000 pulses (5Hz repetition) under 0.0005 mbar oxygen partial
pressure at different temperatures. The 26-@ scans were calibrated
according to the MgAL,O, (004) reflex at 44.830° (a=8.08 A).
There is no apparent crystalline film obtained at 600 °C. The film
thickness is determined to be about 154 and 180 nm for the thin
film grown at 650 and 680 °C, respectively, by x-ray reflectivity
(XRR).*** From the rocking curves of (004) peaks shown in
Fig. 1(b), the optimal deposition temperature is 650 °C to grow a
high-quality (001)-oriented y-(Ga;_,Ge,),05; (GGO) film with a
full width at half maximum (FWHM) of the rocking curve of (004)
peak of about 0.03°. Figure 1(c) exhibits the tilted-angle XRD
pattern of (111) MgAlL,O, plane, revealing the orientation relation-
ship of [111] GGO//[111] MgAl,O,. The phi scan results shown in
Fig. 1(d) demonstrate that the four peaks of (226) reflection of
(001) GGO film are placed on those of (001) MgAl,O, substrates,
revealing the in-plane epitaxial relationships of [010] GGO//[010]
MgAl,O, and [110] GGO//[110] MgAl,O,, and indicating a
cube-on-cube epitaxy. The (004) reflection peak of 154 nm thick
epitaxial film deposited at 650 °C located at about 43.628°, indicat-
ing an out-of-plane lattice constant of about 8.29 A that is close to
the reported y-Ga,O; lattice constant of 8.24 A.

In addition, the influences of oxygen partial pressures and
targets’ compositions on the film samples deposited at 650 °C were
investigated by XRD and SEM-EDS analysis, see the results in
Figs. S1 and S2 and Table S1 of the supplementary material, and it
is suggested that the optimal oxygen pressure is 0.0005 mbar while
the suitable target is made of 5wt. % £-Ga,O3 and 95 wt. % GeO,
for growing the high-quality epitaxial thin films with the evaluated
cationic content of Ga and Ge by SEM-EDS of about
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FIG. 1. (a) XRD 26-w scans and (b) rocking curves of (004) reflexes of thin
films deposited at the indicated temperatures. (c) Tilted-angle XRD pattern of
(111) MgAl,O4 plane of the film sample deposited at 650 °C. (d) Phi scans of
(226) reflections for the (001)-oriented thin film deposited at 650 °C and the
(001) MgAl,O, substrate, respectively.

78.9 + 6.4 at. % and 21.1 + 1.7 at. %, respectively. The (001)-oriented
epitaxial thin films would be nominal y-(GaGey,),05 alloy thin
films.

To study the thickness-dependent microstructural properties,
we grew the epitaxial (001) y-(GagsGey,),O;5 thin films with
various thicknesses in a range of around 40-210nm under
0.0005 mbar oxygen partial pressure at 650 °C. Figure 2 presents
the experimental XRR patterns (hollow circles) of four film
samples, exhibiting clear XRR fringes (Kiessig fringes). The thick-
ness of the four films is determined to be about 44, 69, 154, and
213 nm, respectively, according to the position and spacing of
intensity minima of XRR fringes without a model fitting."**” The
experimental XRR data of films are used to further investigate the
film surface structure by the model fitting using a GenX 3 soft-
ware.”® The single layer model could not give a reasonable fit
result; thus, a two-layer stack model composed of a main film layer
and a top surface layer is used to construct the film structure and
achieve good simulation results, which show a good fit to the
experimental XRR results, as depicted in Fig. 2. The simulation
parameters are shown in Table S2 of the supplementary material. It
is suggested that there exists a relatively denser surface layer with a
thickness of about 2 nm covering the epitaxial film layers, whose
thickness is evaluated to be about 42.1, 66.9, 152.4, and 211.2 nm,
respectively.

Figure 3(a) presents the selected (004) peaks of epitaxial films
exhibiting clear Laue interference fringes, which were simulated by
using the Laue interference function to evaluate the thickness of
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X-ray reflectivity

211.2+2.0nm
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Intensity (arb. units)
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2Theta (degrees)

FIG. 2. Simulation (solid lines) and experiment (hollow circles) of x-ray reflectiv-
ity (XRR) of epitaxial thin films with different in-total thicknesses of about 44, 69,
154, and 213 nm, estimated by XRR.

high-quality epitaxial film layers of about 42.3, 67.2, 152.6, and
211.3nm as labeled, respectively. The (004) peaks are around
43.628° for the 42.3-152.6 nm thick epitaxial layers while the
211.3nm thick epitaxial layer shows a slightly right-shift (004)
peak at 43.650° (probably a slight deviation in composition result-
ing from the non-uniformity of Ge-rich target), representing the
out-of-plane lattice constant ¢ of about 8.29 A, which is a little bit
greater than the bulk y-Ga,O; lattice constant value of 8.24 A.
Considering the variable integral number (N) of coherently diffract-
ing unit cells with a lattice constant (c) of about 829 A in the
out-of-plane direction, the expression of Laue interference function
(scattered intensity I as a function of angle 8) is given by*>*’

1(0) oc [sin(27Nc sin 6/4)/sin(27c sin /)], (1)

where 1 (1.5406 A) is the wavelength of Cu Ka; x-ray source.

The pristine 213 nm thick film (with the 211.3 nm thick epi-
taxial film layer) was etched by Ar plasma to be the thinner film
layers with a thickness of about 167.4 and 116.9 nm, respectively,
estimated by the simulation of Laue interference fringes, for investi-
gating the film layer thickness-dependent FWHM of rocking
curves. From Fig. 3(b), there is no apparent peak shift observed for
the film layers before and after the Ar plasma etching treatments.
The simulation and experimental results of Laue interference
fringes of total 44 and 213 nm thick pristine epitaxial films with
the evaluated film layer thickness of about 42.3 and 211.3 nm are
shown as a representative illustration in Figs. 3(c) and 3(d), respec-
tively. The simulation results of Laue interference fringes around
the (004) reflections of 67.2, 116.9, 152.6, and 167.4 nm thick epi-
taxial film layers are shown in Fig. S4 of the supplementary
material. The remarkably good agreement between the simulation

-
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FIG. 3. Selected (004) peaks of XRD patterns of (a) the four samples of high-quality epitaxial films and (b) the pristine 213 nm thick film before and after Ar plasma
etching treatments with the indicated thicknesses of epitaxial film layers evaluated by simulation of Laue interference fringes around (004) reflections. (c) and (d)
Simulation results (red plots) of Laue interference fringes around the (004) reflections of epitaxial thin films with the indicated film layer thicknesses estimated by simulation
using the Laue interference function. (e) Rocking curves of (004) reflexes, and (f) double logarithmic plot of the rocking curve FWHM vs the film layer thickness for epitax-
ial film layers with the thicknesses as labeled. (g) and (h) Reciprocal space mapping of (226) diffraction spots of the 44 nm (~42.3 nm epitaxial layer) and 213 nm

Thickness (nm)

q, (nm-")

(~211.3 nm epitaxial layer) thick pristine (001) y-(GapgGeo2)203 (GGO) films and the (001) MgAl,04 (MAO) substrates.

and experiment is obtained considering that the Laue fringes arise
from the out-of-plane stacking of 51 unit cells (c=8.290 A), 81
unit cells (c=8.292 A), 141 unit cells (c=8.289 A), 184 unit cells
(c=8293A), 202 unit cells (c=8.287A), and 255 unit cells
(c=8.288 A), respectively, which result in the total thickness of
about 42.3, 67.2, 116.9, 152.6, 167.4, and 211.3 nm for the epitaxial
film layers. Those thickness values are very close to the above
results evaluated by XRR model fittings.

Figure 3(e) shows the rocking curves of (004) reflections of
the film layers with various thicknesses. The value of FWHM of
rocking curves decreases from 0.100° to 0.022° as the thickness of
epitaxial film layers increases from 42.3 to 211.3 nm. In the double
logarithmic plot of FWHM vs thickness shown in Fig. 3(f), a
nearly inverse linear relationship is observed,”® suggesting that the
broadening rocking curve for the thinner epitaxial (001)
¥-(Gay3Gey,),0; films probably results from the large number of
crystal defects formed at the initial growth stage of epitaxial thin
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FIG. 4. AFM surface morphologies of pristine thin films (composed of top
surface layer and epitaxial film layer) with the evaluated in-total thickness of
about (a) 44 and (b) 213 nm, respectively.
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FIG. 5. (a) Cross-sectional TEM brightfield image with inserted SAED patterns of a 116.9 nm thick film sample. (b) High-resolution image of interface with an inset of FFT
patterns for the selected film region. (c) High-resolution atomic lattice image for the selected interface region (with red dot line frame) on image (b). (d) HAADF-STEM

image and EDS mappings of Ga, Ge, and Al elements.

films, while defect’s concentration significantly decreases as the
high-quality epitaxial thin films grow with increasing thickness. A
similar scenario was found previously in the lattice-match hetero-
structure of high-quality GalnAs alloy layers grown on (001) GaAs
single crystal substrates."® Figures 3(g) and 3(h) present the recip-
rocal space mapping of (226) diffraction spots of the 44 and
213 nm thick pristine films, and the substrates. It is obvious that
the films and substrates have nearly the same in-plane reciprocal
coordinates, indicating their similar in-plane lattice constants of
about 8.08 A, which is a little smaller than the out-of-plane lattice
constant of films of about 8.29 A (tetragonality of 1.026). In the
in-plane direction, the narrow (226) diffraction spots demonstrate
that the films are constrained by the substrates throughout the
films, and epitaxial films are almost fully strained.

The introduction of Ge into y-Ga,O5 through alloying reduces
the unit cell volume while increasing the molar mass due to the
smaller ionic radius of Ge*' and the larger atomic mass of Ge and

subsequently increases the density of alloy thin films. The calcu-
lated density of nominal y-(GaygGey»),O3 epitaxial thin film layers
is about 6.17 g/cm?, which is larger than the experimentally evalu-
ated density of y-(GaggGey,),0;3 epitaxial thin film layers of about
592 g/cm’® through the model fitting of XRR data as shown in
Table S2 of the supplementary material. Similarly, the calculated
density of y-Ga,O; is about 5.94 g/cm® whereas the experimentally
measured density of y-Ga,Oj is about 5.76 g/cm>.” The hypothesis
on change in density of y-Ga,0;-based alloy thin films after alloy-
ing with Ge agrees well with the calculated and experimental
results in this study. In addition, the out-of-plane lattice expansion
of fully strained alloy thin films, leading to a little bit greater lattice
constant of about 8.29 A compared to y-Ga,O; lattice constant of
8.24 A, is apparently due to the in-plane compressive strain of the
alloy films. Also, the presence of Ge** cations, revealed by XPS
later, is likely to increase the out-of-plane lattice constant due to a
general increase in the lattice constant because the ionic radius of
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FIG. 6. TOF-SIMS depth profile of the pristine 154 nm thick epitaxial (001)
7-(Gag gGeg 2)203 film grown on (001) MgAl,O, substrates.

Ge?* preferably occupying the octahedral site is 0.73 A and greater
than that of Ga>* cations.”

AFM surface morphologies shown in Fig. 4 demonstrate a
smooth surface of the 44 and 213 nm thick pristine films with the
RMS roughness of about 0.23 and 0.14 nm, respectively. Combining
with the AFM images of the 154 nm thick pristine film shown in
Fig. S3 of the supplementary material, it is noteworthy that the high-
quality epitaxial (001) y-(GagsGey2),05 pristine films do not show
any apparent crystalline grains and clear grain boundaries.

The 116.9 nm thick y-(GaysGey,),0; (GGO) epitaxial film
(original 213 nm thick film) after Ar plasma etching was further
investigated by TEM. The cross-sectional brightfield image shown
in Fig. 5(a), combined with the images with various magnifications
shown in Fig. S5 of the supplementary material, indicates a single
crystal film structure without any crystalline grains and grain
boundaries observed, which is consistent with the above AFM
observation. The three insets in Fig. 5(a) display selected area elec-
tron diffraction (SAED) patterns corresponding to marked A (epi-
taxial film layer), B (interface), and C (substrate) areas, confirming
the in-plane orientation relationships of [010] GGO//[010]
MgAlL,O, and [110] GGO//[110] MgAL,O,. Figure 5(b) exhibits a
very sharp interface without any transition layers and impurity
phases. Figure 5(c) presents a high-resolution image of an atomic
lattice matched coherent interface. The evaluated cationic content
of Ga and Ge by STEM-EDS is about 78.5 +2.4% and 21.5 + 0.6%,
respectively, see the analysis result in Fig. S6 of the supplementary
material. The nominal composition of epitaxial alloy thin films is
further verified to be y-(GagGey,),05 with an inverse disordered
spinel structure. The introduced Ge cations should randomly dis-
tribute at both octahedral and tetrahedral sites of the defective
inverse disordered spinel structure y-Ga,0O3, which could be attrib-
uted to the probably preferential occupation of vacant cation sites
as well as the substitution of Ga®* cations that randomly occupy
octahedral and tetrahedral sites in the y-Ga,05.” It is noteworthy

ARTICLE pubs.aip.org/aip/jap

that the diffraction spots belonging to {022} and {026} plane fami-
lies unexpectedly vanished into the SAED pattern of epitaxial layer,
which probably resulted from the likely short-range disorder of
sublattices caused by introducing high-concentration Ge cations
into the y-Ga,0j crystal lattice."” The formation of single crystal
structure of heteroepitaxial binary alloy oxide thin films grown by
PLD probably corelates to the intrinsic feature of high lattice distor-
tion tolerance of the defective disordered inverse spinel y-Ga,0;
structure.”'>*’ The EDS mappings of Ga and Ge elements shown
in Fig. 5(d) indicate the uniform elemental distribution over the
entire film thickness. Figure 6 shows the TOF-SIMS depth profiling
of 154 nm thick pristine films, also confirming the uniform chemi-
cal composition throughout the film.

Figure 7(a) shows the XPS survey spectra of the pristine film
surface and Ar plasma sputtered (etched depth is about 10 nm)
surface of a pristine ~210 nm thick epitaxial film, indicating that
no additional impurity elements are detected. The selected Ge 2p
and Ga 2p peaks of XPS survey spectra are presented in Fig. 7(b).
The 2p electrons with the relatively low kinetic energy have a shal-
lower sampling depth and a better surface sensitivity compared to
the high kinetic energy 3d electrons. It is apparently observed that
the pristine film surface shows much more Ge content than that of
the Ar-plasma sputtered film surface. It is suggested that the pris-
tine surfaces of epitaxial (001) y-(GagsGey,),05 alloy thin films
are covered by a thin Ge-rich top surface layer, which corresponds
to the about 2 nm thick surface layer estimated by the XRR model
fitting. This Ge-rich surface layer probably results from the surface
segregation of Ge as well as the surface adsorption of gas-phase
GeOy plasmas by laser evaporation of the Ge-rich target surface.

The composition and chemical states of Ga and Ge of the
pristine 154nm thick epitaxial film were analyzed by high-
resolution XPS after the surface cleaning by Ar plasma etching to a
depth of about 20 nm. It is normally believed that, compared to 2p
electrons with low kinetic energy, the relatively high kinetic energy
3d electrons have a deeper sampling depth. Figure 7(c) demon-
strates the valence band spectrum together with the core-level
spectra of Ga 3d and Ge 3d whose spin-orbit splitting (into 3ds,,
and 3ds,,) has been ignored for curve fittings due to their relatively
small splitting (peak separation) of only about 0.46 and 0.58 eV,
respectively. The valence band maximum (VBM) is determined to
be about 3.3 £0.1 eV below the Fermi level. The relative sensitivity
factor (areal factor for the system setup) of Ga 3d and Ge 3d is
1.412 and 1.294, respectively, for calculating the cationic concentra-
tion of Ga and Ge in the thin film. The Ga 3d peak shows two
components of Ga>" (90.5 at. %) and Ga'* (9.5 at. %) in oxide states
with an FWHM of 149eV centering at 20.5 and 19.1eV,
respectively.””" While Ge 3d core-level spectrum exhibits two
oxide states of Ge?* (13.0at. %) and Ge** (87.0at. %) with an
FWHM of 1.58 eV centering at 31.0 and 32.5 eV, respectively.” >
The calculated cationic content of Ga and Ge is about 78.4% and
21.6%, respectively, which are consistent with the analysis result by
STEM-EDS. According to the energy loss feature of O 1s core-level
spectrum exhibited in the inset of Fig. 7(d), the direct bandgap is
determined to be about 52+0.1¢eV, which is very close to the
direct optical bandgap of 5.17 eV evaluated by Tauc plot from
transmission spectrum shown in Fig. S7 of the supplementary
material.
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film and (b) the selected Ge 2p and Ga 2p peaks. HR-XPS core-level spectra with fittings of (c) Ga 3d and Ge 3d components together with the valence band spectrum
as an inset and (d) O 1s component with inserted energy loss feature of the pristine 154 nm thick film after surface cleaning by Ar plasma etching.

In contrast to only the noise signal (too small current over the
range of current meter) observed in current-voltage (I-V) test on
the top surface of pristine thin films, an almost Ohmic behavior is
observed for the films etched by Ar plasma for 30s (about 3 nm
etched depth) in the two-terminal I-V characteristic shown in
Fig. 8(a). The highly insulating top surface of pristine films proba-
bly correlates to about 2 nm Ge-rich oxide surface layer, which also
likely results in a great contact resistance with Mo/Au electrodes.””
Normally surface treatment of oxides by Ar plasma etching could
induce large-density surface defects including oxygen vacancies
that enhance surface conductivity and reduce contact resistance,
causing a better Ohmic contact. For temperature-dependent Hall

effect measurements, Mo(30 nm)/Au(150 nm) electrodes were
deposited on the etched surface of films for the four-electrode van
der Pauw method. Figure 8(b) presents a typical semiconductor
behavior with a dramatic decrease in resistivity with increasing
temperature from 175 to 350 K. The films with different thicknesses
show very similar resistivity of around 30 Q cm at 350 K while a rel-
atively high resistivity of about 10000 £ cm below 200 K. From
Fig. 8(c), the Hall electron carrier concentration of films increases
from about 10'>cm™ at 200K to about 10" cm™ at 350 K with
about 180 meV activation energy.”® The Hall electron carrier
mobility, as shown in Fig. 8(d), rises gradually from about 1 to
3cm®V~'s7! as the temperature increases from 200 to 350 K.
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FIG. 8. (a) -V characteristic measured between two Mo/Au electrodes. Hall
effect measurements from 175 to 350 K: (b) resistivity, (c) electron carrier con-
centrations, and (d) Hall electron carrier mobility of epitaxial films with the indi-
cated thicknesses after Ar plasma etching.

In principle, doping of lat.% Ge*" to substitute Ga’" in
7-Ga,O; could contribute a high electron concentration much over
1.0x10*cm™ (nominal Ga atomic density of about
3.8x102 cm™ in a y-Ga,O; unit cell with a 8.24 A lattice cons-
tant).” The presence of Ga'* and Ge>* cations in films to substitute
Ga’" could generate holes to neutralize the electrons resulting from
the substitution of Ga>* by Ge*". The calculated concentration of
additional electrons is about 1 at. % of cations in y-(GaggGey),03
alloy thin films, which might supply major electron carriers with a
high concentration of more than 10°°cm™ that is 1000 times of
magnitude higher than the measured Hall electron carrier concen-
tration of about 10'7 at 350 K, implying that the Ge alloying and
self-doping antisite cations in the inverse spinel structure alloy thin
films do not provide effective free carriers. Considering that the
Ge** cation is a shallow-level donor dopant in 8-Ga,Q3,” it is sup-
posed that the n-type conductivity in y-(Gag gGey,),05 alloy thin
films results from the minor effective doping of Ge*" to substitute
Ga® in a small number of specific sites, at which the Ge** dopants
could supply free electron carriers. The partially subvalent Ge**
and Ga'' cations co-exist with mainly normal Ge*' and Ga>*
cations in the disordered inverse spinel alloy thin films, suggesting
the presence of a certain amount of various antisite cationic defects
in films, which undoubtedly complicates the ionic state and local
charge state as well as the electronic band structure of alloy thin
films. The ionized and charged impurities correlated to high-
concentration Ge** as well as subvalent Ge®* and Ga'® cations
probably cause serious scattering to remarkably limit the electron
mobility in the epitaxial film layers. An understanding of the
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mechanism of free carrier generation and transport requires further
study in the future.

To ensure an effective Schottky gate contact for the
MESFETs based on (001) y-(GagsGey),0; epitaxial thin films,
the influence of surface pretreatment by the Ar plasma etching
and Ar/O, plasma etching on the Schottky contacts in SBDs
based on the epitaxial films was first investigated. The 45s Ar/O,
plasma etching and 30 s Ar plasma etching could etch to a depth
of about 4 and 3 nm, respectively. See the thickness evaluation by
XRR model fittings for epitaxial films before and after the plasma
etching treatments in Fig. S9 and Table S3 of the supplementary
material. Figure 9(a) presents the schematic of SBDs device design
and a top-view micrograph of the lateral SBDs based on the pris-
tine 154 nm thick epitaxial films. The SBD devices were fabricated
through sputter deposition of PtO,/Pt bilayer Schottky contacts
on the etched surface of films after the first step of plasma etching
surface pretreatment. From Fig. 9(b), the SBDs were realized after
a 45s Ar/O, plasma etching pretreatment. The surface treatment
by O, plasma etching normally could substantially reduce the
amount of oxygen vacancies on the oxide thin film surface,”® and
hence remarkably improve the Schottky contacts on oxide thin
films.”” In the case of this study, the 45s Ar/O, plasma etching
pretreatment could not only remove the 2nm thick insulating
Ge-rich surface layer of pristine films but also lead to a good
PtO,/Pt Schottky contact on the epitaxial (001) y-(GagsGep2),03
alloy thin films.

As the first demonstration of y-Ga,O; film-based FETs, we
used the pristine 44 nm thick y-(GagygGey,),03 film (about 40 nm
thickness after the surface pretreatment by 45s Ar/O, plasma
etching) as n-type channel layer to fabricate the MESFETs. The
thinner channel layer is normally easier to form the fully depleted
channel layer on insulator substrates to reduce the off-state leakage
of devices. A circular ring-gate FET pattern was employed for the
device demonstration due to a lack of device isolation technique.
The cross-sectional schematic of MESFET device design and
top-view micrograph of the fabricated MESFET device are shown
in Fig. 9(c). The lateral circular MESFET device with a diameter of
the ring-gate electrode of 750 um has a 10 um gate length (L) and
a 40um source-drain spacing (Lsp). Figure 9(d) presents DC
output characteristics, indicating a typical gate-modulated I-V
characteristic with a maximum drain current (Ips) of about 140 nA
at Vgs=2V. Figure 9(e) demonstrates the logarithmic plots of
transfer curves at different Vpg from 5 to 12.5V, together with the
linear plot of square root Ips vs Vgs at Vpg=12.5V, apparently
presenting a linear relationship region of Ing vs Vs for Vgs<2'V,
which is an ideal feature of MESFETs. The clockwise hysteresis of
transfer curves probably arises from electron trap states at the inter-
face between the Schottky gate contact and the n-type channel
layer. All of the transfer curves exhibit a complete pinch-off charac-
teristic for Vgg<—4V and an about 10° on/off ratio of drain
current with a small off-state drain leakage current of about 3 pA.
Figure 9(f) shows the three-terminal gate leakage current at
Vps =125V and the reverse off-state gate leakage current is about
6 pA which is double the drain leakage current, demonstrating a
very small leakage current of the device. All these characteristics
suggest a great potential for MESFETs based on inverse spinel
7-Ga,O3; semiconductor epitaxial thin films for future
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FIG. 9. (a) Cross-sectional schematic of SBDs design (top) and top-view micrograph of the fabricated SBDs (bottom). (b) Double sweep |-V curves of SBDs fabricated
after the surface treatment by Ar plasma etching for 30 s and Ar/O, plasma etching for 45s, respectively. (c) Cross-sectional schematic of MESFET device design (top)
and top-view micrograph of the fabricated device (bottom), (d) DC output characteristics, (e) transfer characteristics at various Vps as labeled and the square root of Ips vs
Vs curve at Vps =125V, and (f) three-terminal gate leakage current of lateral ring-gate MESFET based on the 40 nm film layer after Ar/O, plasma etching.

microelectronic device applications, especially in high irradiation
. 9
environments,' >*’

IV. CONCLUSIONS

In summary, we demonstrated the epitaxial growth of
(001)-oriented y-(Gag sGey )05 alloy semiconductor single crystal
thin films with a coherent interface on cubic (001) MgALO, sub-
strates by PLD. Combining the model fitting of XRR patterns with
the simulation of Laue interference fringes to study the thin film
structure, together with the electrical properties and XPS surface
analysis, it is found that the pristine epitaxial thin films are com-
posed of about 2 nm thick insulating Ge-rich surface layers and
high-quality epitaxial n-type semiconductor film layers consisting
of partially subvalent Ge** and Ga'* cations as well as mainly
normal Ge** and Ga®' cations. The direct bandgap of films was
determined to be about 52+0.1eV while the valence band
maximum was evaluated to be about 3.3+ 0.1 eV below the Fermi
level at room temperature. The temperature-dependent Hall effect
measurements indicate that the n-type semiconductor epitaxial
thin films have the electron carrier concentration increasing from

about 10" cm™ at 200 K to about 107 cm™ at 350 K with an esti-
mated activation energy of about 180 meV. The Hall electron
carrier mobility of films rises gradually from about 1 to
3cm?V~'s™! with increasing temperature from 200 to 350 K. We
further report a demonstration of epitaxial (001) y-(GagsGey)203
thin film-based MESFET, which was fabricated through the sputter
deposition of PtO,/Pt bilayer Schottky gate contact realized after
the surface pretreatment by 45s Ar/O, plasma etching to a depth
of about 4 nm. The MESFET exhibits good DC device characteris-
tics, such as a clear field-effect with the gate voltage-modulated
drain current of about 10° orders of magnitude for a gate voltage
(Vgs) swing of —4 to 2V, a perfect drain current pinch-off for
Ves<—4V, and a small gate leakage current of about 6 pA. Our
findings offer new insights into microstructural characteristics of
ultrawide bandgap inverse spinel oxide semiconductors. This work
is also paving the way to the fundamental and application-oriented
research on ultrawide bandgap inverse spinel y-Ga,0O3-based semi-
conductor epitaxial thin films as a good candidate of UV transpar-
ent conducting oxides and radiation tolerant semiconductors for
practical device applications under high irradiation environmental
conditions.
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SUPPLEMENTARY MATERIAL

See the supplementary material for additional XRD and
SEM-EDS analysis results and AFM images, XRR model fitting
parameters, TEM images and STEM-EDS spectrum, and UV-vis
transmission spectrum.
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