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ABSTRACT

Chemical and electrical measurements of Ti/(010) 8-Ga, O3 and Ti/(001) 3-Ga,Os3 interfaces were conducted as a function of annealing tem-
perature using x-ray photoelectron spectroscopy (XPS), current density-voltage (J-V), and capacitance-voltage (C-V) measurements. XPS
revealed partial Ti oxidation at both interfaces in the as-deposited condition, with more Ti oxidation on the (001) 5-Ga,Os3 epilayer surface
than the (010) B-Ga, O3 substrate surface. The amount of oxidized Ti increased with annealing temperature. The Schottky barrier heights for
as-deposited (unannealed) Au/Ti/(010) -Ga,O3 and Au/Ti/(001) 3-Ga,O3 contacts as determined from J-V and C-V measurements were
between 0.64 and 0.83 eV. Shifts in XPS core level peaks for Ti/(010) 3-Ga,O3 suggest that the Schottky barrier height decreases with tem-
perature up to 350 °C for 10-min anneals and increases for 10-min anneals >460 °C. Taken together, the results suggest a strong dependence
of Ti reactivity on the 3-Ga,Os3 surface, which can affect the electrical performance and stability of Ti/$-Ga,O3; ohmic contacts at elevated
temperatures.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0051340

I. INTRODUCTION electron microscopy (HRTEM) and scanning transmission electron

microscopy (STEM) imaging of the junction.'®? One such compre-

Over the past decade, beta-gallium oxide ($-Ga,O3) has
attracted intense interest as an ultrawide bandgap (~4.8 eV) semi-
conductor' due to its superior properties for high power electronic**
and UV optoelectronic*” devices, wide n-type doping range, and
the availability of single-crystal melt-grown substrates. Furthermore,
a variety of epitaxial growth methods have been demonstrated for
B-Ga; 03, including halide vapor phase epitaxy (HVPE),*” metalor-
ganic chemical vapor deposition,”!" molecular beam epitaxy,'”!’
and pulsed laser deposition.'*

The fabrication of low-resistance ohmic contacts is a neces-
sary step for high power and high speed electronic/optoelectronic
device development. The most common ohmic contacts for
B-Ga, 03 comprise Ti/Au metallization annealed at 400-500 °C.'%!”
A few studies have examined the structural formation of the con-
tact after the anneal by performing high-resolution transmission

hensive study on (010) 3-Ga,Os3 attributes the ohmic mechanism to
the formation of a ~5 nm Ti-TiOy region partially lattice-matched to
the substrate.”’ However, there is little literature of the as-deposited
Ti/B-Ga,O; interface and the characterization of the chemical and
electrical properties of Ti/3-Ga;O3 junctions, and how they evolve
as a function of annealing temperature is lacking.

The formation of metal oxides at the metal-semiconductor
interface of $-Ga;O; is important for future device applications.
It has been established for Ti/Au contacts on (010) 3-Ga,O3 that
the Ti metal oxidizes when deposited.'”?’ In addition to Ti, Aller
et al. demonstrated that a coherent a-Cr,O; layer forms when Cr
is deposited on (010) 8-Ga,0s.”! Furthermore, Hou et al. exam-
ined the electrical behavior of Pd/PdO,/ (EOI) B-Ga, O3 contacts
after high temperature device measurements (>300°C).”> These
case studies of various metallizations to f}-Ga;Os indicate that
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caution is needed when determining metal choices for device
applications.

Studies of $-Ga,03 surfaces and interfaces are a critical piece
to optimize the material for high power applications. The low-
symmetry of the monoclinic $-Ga, O3 structure suggests that differ-
ent surface orientations can exhibit different properties (e.g., electri-
cal properties'”>*~%°). X-ray photoelectron spectroscopy (XPS) char-
acterization of Np = 4.5 x 10" cm™ (EOI) and Np =6 x 10®¥ cm™
(501) B-Ga, 03 bulk crystal surfaces has been examined by Gazoni
et al. and Swallow et al., respectively.”””® Gazoni et al. examined the
effect of NaOH, H,SOy4, and wet O, anneal surface treatments and
the corresponding vacuum annealing on the surface band bending
of (501) B-Ga,0s. Experimentally, they determined that the bare
samples were heavily depleted and exhibited upward band bending
of ~1.0eV, but when treated with NaOH, H,SO,4 with an anneal at
600 °C, and a wet O, anneal at 600 °C, the band bending decreased.””
Swallow et al. also examined the (EOI) B-Ga, O3 surface and deter-

mined that the uncleaned (501) surface is terminated with hydro-
gen, which produces surface donor states. Once the hydrogen is
removed via in situ vacuum annealing, the bands bend upward
~0.5 eV relative to the H-terminated uncleaned surface.”®

The (100) B-Ga;Os bulk crystal surface was also examined.
Lovejoy et al. found that highly doped (100) 3-Ga,Os crystals have
flat bands near the surface, whereas nominally undoped, air-cleaved
samples show upward band bending greater than 0.5 eV along with
negatively charged surface defects. Navarro-Quezada et al. also
found that for (100) 3-Ga, O3, the bands bend upward ~0.5 eV.

In this study, we utilize an x-ray photoelectron spectroscopy
(XPS) system with an in situ electron beam evaporator to deposit
~5nm of Ti onto the surface of a (010) -Ga,O3 substrate and
a (001) B-Ga,O;3 epilayer grown via halide vapor phase epitaxy
(HVPE). XPS scans of the Ga 2p, O 1s, C 1s, Ti 2p, and valence
band regions were acquired from the bare Ga,O3 surfaces and from
the Ti/Ga,Os3 junction as a function of various annealing temper-
atures between 150 and 670 °C. Additionally, Ti/Au (150/400 nm)
Schottky diodes were fabricated on both (010) 5-Ga;O3 and (001)
B-Ga;03 and annealed from 50 to 250 °C for 10 min each. Cur-
rent density-voltage (J-V) and capacitance-voltage (C-V) measure-
ments were conducted after each anneal and the diode properties
were reported.

Il. EXPERIMENTAL

Four Ga, O3 crystals purchased from Novel Crystal Technology
were employed in this study: two n-type, Sn-doped (010) 3-Ga,Os3
substrates with doping concentration Np = 2 x 10'® cm™ and two
n-type, Si-doped (001) $-Ga,Os3 epilayers grown via halide vapor
phase epitaxy (HVPE) with Np = 2 x 10 em™ grown on a (001)
B-Ga, O3 substrate with Np = 2 x 10" cm™>. For the XPS interface
studies, a thin (~5 nm) layer of Ti was deposited on each Ga, O3 crys-
tal using an electron-beam evaporator inside the XPS chamber. The
pressure during deposition was ~3 to 5 x 107" Torr.

The XPS data were acquired with a Scienta Omicron stan-
dard Mg Ka (1253.6eV) x-ray source and Argus hemispherical
analyzer. The background pressure in the analysis chamber was
<3.0 x 107"° Torr. Samples were mounted on a flag style Mo sample
holder and were heated from 150 to 670 °C for 10 min with a Ta fila-
ment mounted behind the Mo sample holder. The temperature was

scitation.org/journal/apm

recorded with a pyrometer. High-resolution scans of the Ga 2p, O
1s, C 1s, Ti 2p, and valence band regions were acquired at 20 eV pass
energy with 0.1 eV steps. Survey scans were acquired at 20 eV pass
energy with 1.0eV steps. The binding energy scale was calibrated
against the Au 4f 7, (84.0eV) peak with an overall resolution of
~1eV. The Ga2p, O 1s, C 1s, and Ti 2p spectra were subtracted with
a Shirley background and then fit using Gaussian and Lorentzian
peak shapes for each chemical state in the region of interest. For the
Ti 2p metal peaks, an additional asymmetry parameter was added
to the Gaussian-Lorentzian convolution. The fitting procedure con-
sisted of the z Levenberg-Marquardt routine that minimizes y°.

Scanning transmission electron microscopy (STEM) was per-
formed on cross-sectional Ti/Ga;O3 samples to verify the Ti thick-
ness of 5nm using a Talos F-200X (FEI ThermoFisher Scientific)
operated at an accelerating voltage of 200 kV. STEM imaging was
performed by tilting to a zone axis and producing mass-thickness
and phase contrast images. The Talos was operated in a scanning
mode with a High Angle Annular Dark Field (HAADF) detector.

Ohmic contacts for electrical measurements were made by
depositing Ti/Al/Ni/Au (20/100/50/50 nm) on the backside of the
substrates via electron beam evaporation followed by a rapid ther-
mal anneal (RTA) at 470°C in N, for 1 min. Schottky contacts
were deposited via electron beam evaporation utilizing a Ti/Au
(150/400 nm) metallization to form vertical devices. Prior to deposi-
tion of both the ohmic and Schottky contacts, they were subject to a
four-minute O plasma exposure followed by acetone and isopropyl
alcohol. Photoresist was removed using a hot (90 °C) Microposit
1165 organic solvent rinse (mixture of pure organic solvents) prior
to the 4-min O; plasma exposure.

J-V measurements were obtained using an Agilent 4155C semi-
conductor parameter analyzer and a Signatone S-1160A-4N probe
station. C-V measurements were performed at 1 MHz using an HP
4284 LCR meter and a Signatone S-1160A-4N probe station. In
between J-V and C-V measurements, the samples were stored in
a dry desiccator over the period of a month.

lll. RESULTS
A. X-ray photoelectron spectroscopy

XPS survey scans of the bare surfaces of the (010) $-Ga, O3 sub-
strate and (001) $-GaOs epilayer, both in the as-received state, are
shown in Fig. 1(a). Both survey spectra display only gallium, oxy-
gen, and carbon peaks. The amount of dopants in the samples was
well below the detection limit. The small C 1s peak is attributed
to surface contamination from the air. In situ heating of the bare
Ga, O3 surfaces to reduce the residual surface contamination was
not conducted since this step is not typically conducted prior to Ti
metallization during device fabrication.

Figure 1(b) shows the valence band spectra of the as-received
(010) B-Ga, O3 substrate. The (001) Ga,O3 sample displayed evi-
dence of charging due to its low doping level, and therefore, its
valence band was not analyzed in this study. Using the typical
method of a linear extrapolation of the valence band edge, the
valence band maximum (VBM) for the (010) -Ga, O3 sample is esti-
mated to be 4.75eV. However, Swallow et al. reported that linear
extrapolation of the valence band edge in 8-Ga; O3 causes an under-
estimation of the VBM by ~0.5 eV.”" This phenomenon is attributed
to the very low dispersion at the top of the valence band in 3-Ga,O3
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FIG. 1. (a) XPS survey scans of (010) fGa;03 and (001) f-Ga;03 and (b) valence band spectra of (010) f-Ga;0s in the as-received state. Inset: HAADF-STEM image

displaying cross section of the Ti/(010) Ga, 03 sample.

and its high effective mass, which cause a rapid onset in the density
of states; in other words, the XPS instrumental broadening pro-
duces a lower slope (i.e., broadening) at the edge of the VB density
of states than what is real. Due to the uncertainties in determining
the VBM, we do not report absolute values of the band bending for
the bare (010) $-Ga, O3 surface or of Schottky barrier heights deter-
mined from shifts in XPS core levels following the deposition of Ti.
However, changes in core level peak positions are used to monitor
relative changes in the Schottky barrier height of Ti/(010) f-Ga, O3
as a function of annealing temperature, as reported below.

XPS core level peaks were analyzed before and after deposition
of Ti to investigate the surface and interfacial chemistry, respectively.
O Is and Ga 2p3/; scans of the as-received (010) and (001) S-Ga, O3
surfaces are shown in Fig. 2. The Ga 2p3; and O 1s binding ener-
gies for the as-received (010) $-Ga,O3 sample were 1119.81 and
532.50 €V, respectively, in agreement with Ga 2p3/; and O 1s core
level energies for f-Ga;Os in literature.”® The O 1s peak for the
(010) B-Ga, 03 bare surface was deconvolved into two separate
peaks with FWHM = 1.50€eV, one centered at 532.50eV and a
minor peak centered at 533.90eV. The main peak is ascribed to
O bonded to Ga, whereas the minor peak is ascribed to OH
adsorbed at the surface.”® The O 1s peak for the (001) $-Ga,Os3
bare surface was deconvolved into three separate peaks, each with
FWHM = 1.50eV: the main one centered at 533.14eV and two
minor ones at 534.64 and 530.44 eV. The main peak was fit to the
expected O-Ga peak. [The shift from its position relative to the (010)
surface is at least partially ascribed to charging in this sample.] The
minor peaks at higher and lower binding energies were attributed to
OH and C=0, respectively. The hydroxide composition of the O 1s
spectra (Aon = Aoﬁﬁjoﬂ) for (010) and (001) B-Ga,Os3 as-received
surfaces are estimated to be Aon = 0.11 and 0.06, respectively.
The C=0 composition on the (001) f-Ga, O3 as-received surface is
estimated to be Ac-o = Mﬁ =0.11.

After deposition of 5 nm of Ti, the fitted peaks for C=O and OH
were nearly or completely eliminated. This result suggests that the
surface adsorbates are largely consumed by the Ti metal overlayer.

Figures 3 and 4 display scans of the Ti 2p peaks for the (010)
and (001) -Ga,Os3 before (as-deposited) and after sequential 10-
min anneals at 150, 250, and 350 °C. The corresponding fits for
different oxidation states of Ti are also shown. The Ti 2pi» and
2p3/2 0 oxidation states were fit using parameters extracted from the
deposition of pure Ti metal in ultra-high vacuum conditions. The
Ti 2pyj2 and Ti 2psj; + 4 oxidation states were fit using parameters
extracted from the literature.”’~*! Peaks were assigned to the +3 oxi-
dation state based on the residual fitting and literature values.””~!
Additional details about the fitting procedures are provided in the
supplementary material.

In Fig. 3(a), the as-deposited case, Ti/(010) 5-Ga,O3, shows
mostly metalized Ti with small contributions from Ti +3 and Ti +4
oxidation. After annealing [Figs. 3(b)-3(d)], the contributions from
Ti oxidation increase with increasing annealing temperature. This
result is not surprising since Ti is known to react readily with oxy-
gen and is thermodynamically driven to reduce Ga,Os3. This result
demonstrates that titanium oxidation at the interface with (010)
B-Ga, 03 occurs even with no annealing.

Interestingly, the Ti 2p spectrum for the Ti/(001) S-Ga;Os
as-deposited interface [Fig. 4(a)] shows significantly more oxida-
tion than observed in the as-deposited Ti/(010) 3-Ga, O3 interface.
The oxidized-Ti component on the (001) Ga,03 surface increased
modestly with increasing annealing temperature. Bermudez®” the-
oretically determined that the (010) $-Ga,O3 surface has a single
surface configuration that is Ga- and O-terminated, whereas in the
case of (001) $-Ga, O3, there are two separate surface configurations
both O- terminated, with either singly or doubly unsaturated oxygen
atoms. We calculated the atomic densities for the (010) and (001)
surfaces of f-GayO3, and we estimate them to be 1.6 x 10" and
2.3 x 10" cm™. The higher atomic density on the (001) surface and
the higher number of oxygen atoms at the (001) surface than the
(010) surface likely contribute to the higher degree of Ti oxidation
observed on the (001) orientation.

In principle, the Schottky barrier height of the Ti/f-Ga;Os
contact can be determined from XPS using the following equation:
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FIG. 2. (a) Ga 2p3, scan and (b) O 1s scan of (010) 8-Ga; 03 in the as-received and as-deposited states. (c) Ga 2p3; scan and (d) O 1s scan of (001) 3-Ga; 03 in the

as-received and as-deposited states.

XPS _ [ G205

Ga,0 Ti/Ga,O
37 = [BGe:, - BYO + B - Eqlon, (1)

Gayps)s

Ga,0;  1:Ga, 03 Ti/Ga, 03 PP
where EG32P3/2’ E;**, Eg, and EGaz P refer to the binding energy

of the Ga 2p 35, core level in Ga,03 in the as-received state, the
valence band maximum of the bare $-Ga, O3 surface, the bandgap
of -Ga, 03, and the binding energy of the Ga 2ps/, core level after
Ti deposition with or without an anneal, respectively. Due to the
issues described previously regarding charging in the (001) sam-
ple and the error in determining the valence band maximum, the
barrier height could not be directly computed from XPS measure-
ments. However, the difference between the bare Ga 2p3/, surface

core level (Eg:;?;ﬂ) and the Ga 2ps3, core level after Ti deposition

(EH/S205) \yas measured (AGa2p,,,), and the values are listed in

Gazpsa
Table 1. Because Eg and E3a203 are constants, the AGa2p,, val-
ues represent relative changes in the barrier heights for different
annealing conditions. The barrier height appeared to reach a min-
imum after the 10-min anneal at 350 °C. This result is consistent
with experiments indicating optimized low-resistance ohmic contact
formation for short (~1 min) anneals between 400-500 °C.'*

The increase in AGayps/> at higher anneal temperatures indi-
cates a corresponding increase in the Schottky barrier height. This
result combined with the increased oxidation at higher tempera-
tures points to a thermal stability issue with Ti contacts. It is yet
to be determined to what extent the Ti/Al/Ni/Au ohmic contact
scheme, which was used for the electrical measurements in this
study, improves the contact stability for device operation at higher
temperatures. This four-metal scheme is utilized to minimize the in-
and out-diffusion during the annealing process.”>**

B. Current-voltage and capacitance-voltage
measurements

To complement the XPS measurements, Au/Ti/$-Ga;O3 Schot-
tky diodes were fabricated on both (010) and (001) 3-Ga;Os3 sur-
faces. J-V and C-V measurements at room temperature were per-
formed before and after sequential 10-min anneals from 50 to
250°C.

For Schottky contacts that follow the thermionic emission
model, the current density (J) vs voltage (V) is expressed as
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FIG. 3. Ti 2p spectra of Ti/(010) 5-Ga,O; (a) as-deposited and after sequential 10-min anneals at (b) 150 °C, (c) 250 °C, and (b) 350 °C.

1(V) :Js[eq(vﬂm - 1], )

where q is the electronic charge, Rs is the series resistance, n is the
ideality factor, and k is the Boltzmann constant. J is the saturation
current density, given by

Jv

a¢’
Jo= AV TR, 3)

where A*” is the Richardson constant for the semiconductor and

)/ is the J-V determined Schottky barrier height. The Richard-
son constant for f-Ga, O3 is reported to be 33.65 A/cm*K**° Ideality
factors and Schottky barrier heights were calculated from J-V char-
acteristics using the Cheung and Cheung method.”® Figures 5(a) and
5(b) show the J-V plots for each Ga, O3 orientation. The average ide-
ality factors of the Ti/Au contacts on (010) and (001) 3-Ga,O3 were
1.08 and 1.12, respectively, in the as-deposited case. The J-V curves
for the Au/Ti/(010) 3-Ga, O3 diodes show linearity over four to five
decades for all temperatures surveyed, whereas the diodes on (001)
B-Ga,O3 were linear for only 2-3 decades of current. The reverse

leakage currents for contacts on (010) f-Ga, O3 were approximately
a factor of ten lower than the leakage currents on (001) 3-Ga, O3 for
the same temperature range. This difference could be due to a dif-
ference in the electrical quality of the (001) epilayer compared with
the (010) substrate. The higher degree of Ti oxidation at the interface
with (001) Ga, O3, as observed from our XPS measurements, could
also play a role. Diodes on both surfaces display only small changes
through annealing temperatures up to 150 °C. The diodes on both
surfaces degraded following anneals above 150 °C to the extent that
diodes on (010) Ga;O3 could no longer be measured.

Schottky barrier heights were also calculated from C-V mea-
surements. For a Schottky diode under reverse bias, the capacitance
can be expressed as’’

a2 2(a9f" - kTin(5e) - qv - kT)
c(v)?

FeN, , 4)

where ¢§", &, and Ny, are the C-V determined Schottky bar-
rier height, semiconductor permittivity, and doping concentration,
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FIG. 4. Ti 2p spectra of Ti/(001) 5-Ga,O; (a) as-deposited and after sequential 10-min anneals at (b) 150 °C, (c) 250 °C, and (b) 350 °C.

TABLE . Ideality factors and Schottky barrier heights determined from J-V and C-V measurements along with the peak shift
of Ga 2pj, after deposition of the Ti metal for Ti/(010) and Ti/(001) 3—Ga, O3 as a function of annealing temperature.

Au/Ti/(OlO) ,B-GazO3

Au/Ti/(OOl) ﬁ—Gaz O3

¢V (eV) ¢<Vp(eV) AGa2pss(eV) n

Ve (V) ¢<V5 (eV)

Annealing Temp. (°C) n

As-Dep. 1.08 0.64 0.82 0.50 1.12 0.49 0.83
50 1.06 0.70 0.94 s 1.15 0.48 0.70
100 1.08 0.68 0.95 s 1.15 0.49 0.74
150 1.07 0.68 0.90 0.49 1.14 0.48 0.74
200 cen s cee s 1.21 0.44 0.64
250 0.41 1.24 0.40 0.46
350 0.26
460 0.69

560 1.19

670 1.19
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FIG. 5. J-V scans of (a) Ti/Au/(010) f-Ga, O3 contacts and (b) Ti/Au/(001) 3-Ga, 03 contacts as a function of annealing temperature. (c) C-V scans of (c) Ti/Au/(010)
B-Ga, 05 contacts and (d) Ti/Au/(001) f-Ga, 03 contacts as a function of annealing temperature.

respectively. Therefore, from a plot of A*/C? vs V, N, can be calcu-
lated from the slope and the barrier height can be calculated from
the x-intercept.

A*/IC*vs V plots of the Au/Ti/(010) 3-Ga,O3 diodes are uni-
formly linear, indicating a uniform doping density as a function of
depth. A*/C* vs V plots of the Au/Ti/(001) B-Ga, O3 diodes are linear
at voltages above approximately —0.2'V but are nonlinear at lower
voltages, an effect that is suspected to be due to an interfacial layer
associated with the higher reactivity of this interface as observed
from our XPS measurements.

J-V and C-V determined barrier heights are listed in Table I,
along with ideality factors in the as-deposited state and after heat-
ing from 50 to 250 °C in air. The as-deposited J-V barrier heights
for the Au/Ti/(010) and (001) 5-Ga,O3 devices are 0.64 and 0.49 eV,
whereas the C-V determined barrier heights for the as-deposited
Au/Ti/(010) and (001) 3-Ga, O3 devices are 0.82 and 0.83 eV.

After annealing up to 150 °C [the maximum anneal tempera-
ture for which the Ti/(010) 3-Ga,Os diodes were still conductive],
the J-V and C-V determined barrier heights for both orientations
change only modestly. ]-V and C-V measurements of the Ti/(001)
B-Ga, O3 diodes indicate that the barrier height begins to decrease

above an annealing temperature of 200 °C. The Ti/(001) f-Ga,;O3
diodes became too resistive to measure after annealing above 250 °C.

IV. CONCLUSIONS

This paper presents results of XPS, J-V, and C-V measure-
ments of Ti contacts on (010) and (001) 3-Ga,0Os3 as a function of
annealing temperature. Significant differences in the chemical and
electrical properties of the Ti/(010) 5-Ga,0O3 and Ti/(001) 5-Ga,03
interfaces were observed. Examples include differences in the degree
of oxidation of the Ti contacts, i.e., larger amounts of Ti-oxidation
observed on the (001) surface and larger J-V determined Schottky
barrier heights on the (010) surface. The calculated C-V Schottky
barrier heights were equivalent in the as-deposited state but dif-
fered after annealing; relative minima in the barrier heights for the
(010) surface appeared after 10-min anneals at 350 °C. Changes in
the barrier heights for higher temperature anneals and the increase
in Ti-oxidation with increasing temperature indicate that Ti/Ga, O3
contacts are unstable at elevated temperatures. These results sug-
gest that both orientational influences of structurally anisotropic
B-Ga, 03 can have strong chemical effects on metal-semiconductor
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contacts and that Ti-based electrical contacts degrade quickly under
high temperature operation.
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