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ABSTRACT

Metal-first non-alloyed ohmic and Schottky contacts are fabricated on 3-Ga, O3 with a range of metal work functions (¢),). The resulting
ohmic contacts are of high quality with a contact resistance (R.) as low as 0.069 + 0.003  mm. Measurements of the barrier heights (¢)
indicate that metal-first processing, which preserves the as-grown/bare-substrate surface, also partially un-pins the Fermi-level in (010) and
(201) oriented Ga,0;. Depth-resolved XPS (x-ray photoelectron spectroscopy) measurements of the oxidation state throughout the contact
metal at the contact-Ga,0O; interface indicate that most non-alloyed contact metals are at least partially oxidized by room temperature
redox reactions with the underlying Ga, O3, with metals with a lower ¢, also demonstrating the greatest level of oxidation. As oxidation has
been previously observed to enhance a metal’s work function, this may imply that to-date observations of indices of surface behavior <<'1
on f-Ga, 03, which have been attributed to severe Fermi-level pinning, may need to be corrected to account for this partial oxidation in
addition to other surface modifications during device processing demonstrated in this work.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238720

I. INTRODUCTION

Beta-phase gallium-oxide (8-Ga,O3) has been investigated in
recent years as a promising material in power electronics thanks to its
large estimated critical breakdown field (8 MV/cm), adequate electron
mobility (200 cm?/V s), and availability of large area substrates from
melt."~ Impressive devices demonstrations have been recorded with
a record average breakdown electric field observed in both Schottky
barrier diodes (SBDs) and field-effect transistors (FETs) at 5.7 MV/
cm, with surface fields as high as 6 MV/cm enabled by oxidized metal
Schottky contacts with barrier heights (¢p) > 2 eV."”

Despite these advances, reported Schottky-barrier heights
to Ga,O; through the years have demonstrated a stark lack of

consistency.” The Schottky-barrier height at a metal-semiconductor
interface is nominally defined by the Schottky—Mott rule, where the
barrier height is determined only by the electron affinity of the semi-
conductor (yg) and the work function of the metal (¢b;) according to
Eq. (1),

¢dp = by — Xs- (1)

However, experimental results have deviated from this expec-
tation. For example, a Pt (¢ ~ 5.65eV) to Ga, O3 (x5 ~ 3.9¢V)
contact is predicted to have a ¢ of 1.6-1.75eV. Nevertheless,
reported values range between 0.6 and 2.2 eV.”'" The deviation of
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¢y from the Schottky-Mott rule has been attributed to Fermi-level
pinning. Furthermore, while some studies suggest that the Fermi
level is fully pinned in Ga,0Os3, others have demonstrated that ¢y is
only weakly pinned as predicted by Kurtin et al. given the ionicity
of Ga,0;, which is not high enough to yield the complete pinning
observed in GaAs.'' This partial surface pinning has been observed
in other semiconducting materials, and thus, an index of surface
behavior (S) was introduced to describe Fermi-level pinning, which
modifies the Schottky-Mott rule to'”

b5 = Shm — Xs> ()

where S = 1 corresponds to ideal Schottky-Mott behavior and
S = 0 corresponds to a fully pinned surface. Fermi-level pinning in
B-Ga, 05 has been attributed to a number of origins, including the
surface orientation, native oxygen and gallium vacancies or intersti-
tials induced during growth, and surface defects generated during
device fabrication processes, such as high temperature annealing
and energetic plasma exposure.

Our previous work has demonstrated that conventional lift-off
processing of metal contacts significantly modifies the surface of
B-Ga, 05 and impedes consistent and reliable ohmic contact forma-
tion, while a metal-first contact process improves both contact
quality and consistency.”” Contact-first processes have also been
demonstrated in prior studies, albeit not explicitly for the purpose of
minimal surface modification, in ITO/AZO ohmic contacts that out-
performed conventional lifted-off Ti/Au contacts reported by Carey
et al., and in the ozone-MBE deposited oxidized Schottky contacts
that attained 6 MV/cm reported by Cromer et al.”'*'> Given nearly
all metal contacts to Ga,Oj3 in the literature to date were formed by
lift-off, it is reasonable to assume the same or similar processing
inconsistencies observed in Ti/Au ohmic contacts (Ref. 13) may have
led to the wildly varied values of ¢z and S in the literature.

In this work, we demonstrate non-alloyed, metal-first ohmic
and Schottky contacts fabricated with contact metals having a
range of work functions to further explore the limitations of
Fermi-level pinning in B-Ga,03;.We fabricated transfer length
method (TLM) patterns for all six contact metals (Al, Ti, Cr, Ni,
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Pd, and Pt) and vertical SBDs for the high work-function metals
(Ni, Pd, and Pt) and, by fitting the ohmic and Schottky IV behavior
of these contacts to established emission mechanisms, are able to
extract apparent specific contact resistances for metal contacts that
exhibit ohmic IV characteristics and Schottky-barrier heights for
both ohmic and Schottky characteristics.

Il. METHODS

The TLM patterns for all six contact metals were fabricated on
two heavily n+ doped samples grown by metal-organic chemical
vapor deposition (MOCVD), each diced into three pieces after
growth to reduce inter-sample growth non-uniformity (samples
A-F). The in situ doped samples were grown in an Agnitron Agilis
100 MOCVD system on Fe-doped (010) 3-Ga,Os substrates. Prior
to growth, samples were ex situ etched with 48% HF for 30 min
and immediately loaded.'® A 50 nm unintentionally doped buffer
layer was grown first before growing the 220-250 nm highly doped
layer. The samples were then diced and solvent cleaned. Further
details of the MOCVD growth can be found in the supplementary
material. Hall measurements on previously grown calibration
samples gave a channel charge and mobility of 9 x 10* cm™ and
84 cm?/Vs for samples A, D, and F and 7 X 10 cm—3 and
89 cm?/V's for samples B-C and E. The metal stacks were then
deposited by electron-beam evaporation. Circular TLM (CTLM)
patterns were defined using contact lithography, and the metal
stacks were then wet etched (see Table I for metal layer thicknesses
and wet etch conditions). The detailed fabrication of metal-first
ohmic contacts can be found in our prior report."’

The SBDs for the high work-function metals were fabricated
on diced 1 x 1cm? pieces (samples G-I) from a 2in. (201)
Sn-doped f-Ga, 05 substrate from Novel Crystal Technology, Inc.
The fabrication process is diagrammed in Fig. S1 of the

supplementary material, including a blanket backside ohmic |

contact, frontside blanket deposition of the Ni, Pd, or Pt followed
by photolithographic and wet etch anode patterning, and a
BCl; /Cl,-based self-aligned mesa etch for isolation. During back-
side cathode deposition, the front side of the sample was protected

TABLE I. Summary of metal/Ga,05 samples in this study: metal stacks, nominal work function of the contact metal, and metal etch conditions.

Sample orientation Ny (cm™) Metal Stack (nm) ¢y (eV) Etchant 1 Etch 1 Time (s) Etchant 2 Etch 2 Time (s)
Ohmic series

A (010) 9x 10" Al (110) 42 Al etchant, type A 210
B (010) 7% 10" Ti/Au (10/110) 433 Gold etchant TFA 40 30:1 BOE 90
B (010) 9x10"  Ti/Au (10/110) 433 Gold etchant TFA 40 30:1 BOE 90
C (010) 7% 10"  Cr/Au (10/110) 4.5 Gold etchant TFA 40 Cr Etch 1020 20
D (010) 9% 10"  Ni/Au (10/110) 52 Gold etchant TFA 40 1:1 DL:HC, 35°C 60
E (010) 7% 10"  Pd/Au (10/110) 5.4 Gold etchant TFA 40
F (010) 9x10"  Pt/Au (10/110) 565  Gold etchant TFA 40 200V jon mill 120
SBD series

G (201) ~6 x 10" Ni/Au (10/110) 52 Gold etchant TFA 40 1:1 DLHC, 35°C 60
H (201) ~6 x 10'"®  Pd/Au (10/110) 5.4 Gold etchant TFA 40
I (201) ~6 x 10" Pt/Au (10/110) 565  Gold etchant TFA 40 200 V jon mill 120
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by a blanket layer of photoresist. The protective layer was removed
before cathode annealing by a long soak (>30min) in heated
(~65°C) 1165 Microposit Remover™. Coating and removal of a
blanket photoresist layer by solvent strip has been demonstrated to
still form uniform, low resistance metal-first Ti/Au ohmic contacts
on n+ -Ga, 03, sample B'. The process information for sample B’
is included in Table I, with full process information detailed in the
supplementary material. An additional solvent clean in acetone and
isopropanol was performed prior to frontside anode deposition.
Full process details are included in the supplementary material.

The CTLM patterns were measured using a Keithley 4200
Semiconductor Characterization System in a four-point probe configu-
ration, with an inner radius of 50 um and TLM pad spacings from 3
to 12 um confirmed by scanning electron microscopy. Forward I-V,
reverse I-V, and C-V were measured on the SBDs using the same
system in a vertical two-point configuration on devices with an anode
radius of 100 um. A Thermo-Nexsa G2 x-ray photoelectron spectrom-
eter (XPS) with Al-Ko x-ray source with in situ ion mill and electron
flood gun for charge compensation was used to measure the oxidation
state of the metal contact at the metal-semiconductor interface.

Ill. EXPERIMENTAL RESULTS: OHMIC CONTACTS

Figure 1(a) shows the I-V curves from an example CTLM
pattern with 5um spacing for samples A-F. The low work-function
contacts (samples A-C) are linear or nearly linear ohmic with the
resistance apparently increasing with increasing ¢, of the contact

ARTICLE pubs.aip.org/aip/jap

sample, we find that the Al contacts have an average non-alloyed
R. of 0.069 + 0.003 Qmm, which leads to a specific contact
resistance (p.) of 1.1 + 0.1 x 107°Q-cm? [Figs. 1(b)-1(c)].
Notably, R, is constant over the entire 100 mA measurement range
[Fig. 1(b)]. This is among the lowest reported contact resistances
on (010) B-Ga,0;. These Al-based contacts, as well as the Ti and
Cr contacts, are benchmarked in Fig. 2. Further improvements in
contact resistance can be anticipated by increasing to doping densi-
ties beyond 1 x 102°cm™ and by refining surface cleanliness.
Thermal stability of these metal-first interfaces also remains an
open question beyond the scope of this work.

The Ti and Cr contacts on samples B and C have a
higher average non-alloyed R. of 048 + 0.01 Q-mm and
0.80 + 0.01 Q-mm, respectively, with a corresponding p. of
2.9 £ 0.1 x 10°Qcm? and 1.1 + 0.1 x 107*Qcm?. These
results are summarized in Table II. The Ti/Au contacts on sample B’
are also linear and ohmic, with a non-alloyed R. and corresponding
p. of 0.18 + 0.01 Q-mm and 6.5 + 0.6 x 10~° Q-cm?, respectively.
These contacts are also included in Table II and Fig. 2, with a full dis-
cussion of the contact behavior included in the supplementary
material. The Ni, Pd, and Pt contacts do not show linear I-V behav-
ior, and thus, a contact resistance is not extracted.

A. Relating barrier height and contact resistance

At zero bias, the specific contact resistance is determined from
the J-V behavior of the contact according to'®

metal from Al (¢y; = 4.2 eV) to Cr (¢ = 4.5eV). The high work- ar\ !
function metals (samples D-F) show varying degrees of Schottky P = <W> . 3
behavior. From sampling at least four sets of TLM patterns per V=0
a) 100 b) 0.1W 50 C) 8
Al, Ti, Cr, 608 16
5o} Ni,Pt,Pd : __6}
& = 89008888 _ =
= E o0.06} 1308 9
- £ S
s 0 & - g4
= o 0.04} Re: 120 & 2
3 ox 0.069 O-mm e je
20 0.02} 110 2l
Al
-100 0 - 0 o , :
-4 -2 0 2 4 -100 0 100 0] 5 10

Voltage [V]

Current [mA]

distance [pm]

FIG. 1. (a) -V curves for an example CTLM pattern with a 5 zm spacing for Al (red), Ti (orange), Cr (yellow), Ni (green), Pd (blue), and Pt (purple) contacts. Al and Ti
have linear ohmic behavior, while Cr has nearly-linear ohmic behavior. Ni, Pd, and Pt all have Schottky |-V behavior. (b) Extraction of R; and R, for Al contacts from 0 to
100 mA applied current bias. R is effectively constant at 0.069 + 0.003Qmm (1.1 + 0.1 x 106 Q cm?) after averaging over four sets of CTLM patterns. (c) Extraction
of p, at 0 mA applied bias for Al, Ti, and Cr contacts on an example CTLM set gives 0.063 Q2 mm (8.0 x 10~7 Qcm?), 0.46 Qmm 2.8 x 10~° (Q cm?), and 0.77 Q mm

(9.6 x 10~° Q cm?), respectively.
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FIG. 2. Benchmarking of Al, Ti, and Cr ohmic contacts to (010) 5-Ga;03. The
historical data used in this plot are tabulated in the supplementary material.

In order to apply this relation to our ohmic contacts, we must
first determine which mechanism dominates forward conduction at
low applied bias. As all the metal contacts fabricated here, regard-
less of I-V behavior, ought to exhibit a Schottky barrier, we have
three mechanisms to consider: thermionic emission (TE) over the
barrier, field emission (FE) tunneling through the barrier, or

TABLE IIl. Summary of extracted barrier heights for metal/Ga,Oj interfaces in this work.

ARTICLE pubs.aip.org/aip/jap

thermionic-field emission (TFE), which combines the two. We can
then identify the appropriate expression for J. The criteria used to
distinguish between conduction regimes is typically related to the
surface electric field (Fy,f). As p, is reported here at 0 bias, we will
reference our criteria to the surface electric field at 0 bias, Fy, which
is given by’

) (4)

. \/Z(Nd — NJ)(qVii — ks T)
€;
with €, kg, T, and N4 assuming their typical meanings and
Vii being the built-in voltage. Often, a simplified version of Vi,
Vbio = ¢p is used. However, for degenerately doped semiconduc-
tors, additional considerations must be made.

B. Calculating built-in potential

In degenerate semiconductors, Ey lies above E.. The normally
unoccupied states above the conduction band minimum but below
E¢ are occupied by electrons, ie., the Burstein-Moss (BM) band
filling effect (AEpnm), leading to an expansion in the optical absorp-
tion bandgap (Egep). In addition, bandgap renormalization
(AEBGR = AEBGR,C+AEBGR,V) occurs due to electron-electron
(AE.) and electron-dopant (AE.) Coulomb interactions, which
narrow the bandgap.'””’ Both BM band filling and bandgap
renormalization (BGR) depend on doping concentration.
Figure 3(a) sketches the impacts of both of these effects on the
semiconductor band structure. The expressions for AEpy and
AEgpgr are described in the supplementary material and plotted in
Fig. S2 of the supplementary material. However, the net optical
absorption bandgap plotted in Fig. S2 of the supplementary

material is not the critical parameter in this study, but instead (1) ¢
Vi> which is determined by the relative difference between ¢ and ¢

E¢ in the bulk Ga,;Os, and (2) ¢y, which is controlled by the loca-
tion of the conduction band edge E. relative to ¢y at the contact
interface. To address the first question, from the band diagram of

Ohmic series

Sample Contact metal dm (eV) dprrv (eV) R. (Q mm) pe (Qcm?)
A Al 4.2 0.27 + 0.03 0.069 + 0.003 1.1 +0.1x107°
B Ti 4.33 0.57 £ 0.01 0.48 £ 0.01 2.9+ 0.1x107°
B Ti 4.33 0.59 £ 0.01 0.18 £ 0.01 6.5 + 0.6x107°
C Cr 4.5 0.69 £ 0.01 0.80 £ 0.01 1.1 +0.1x107*
SBD series
B RV dpcv
(eV) (eV)
G Ni 5.2 1.08 + 0.12 1.10 + 0.11 1.31 £ 0.01
H Pd 54 1.46 = 0.02 1.44 + 0.01 1.71 £ 0.25
I Pt 5.65 1.32 £ 0.02 1.33 £ 0.02 143 +£0.11
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FIG. 3. lllustrative diagrams (not to scale) (a) with and without the Burstein-Moss effect and bandgap renormalization applied. The BM shift occurs entirely in the conduc-
tion band, while band renormalization (AEggr = AEggrc + AEggry) is divided between the conduction and valence bands (not necessarily evenly). The new optical
absorption bandgap is measured from the valence band maximum to the Fermi level due to Burstein-Moss. (b) Band diagram showing the band structure in the metal
contact, the depletion region, and semiconductor bulk taking into account BM and BGR in degenerate semiconductors. BGR is only applied in the bulk due to a lack of
electron—electron interactions in the depletion region and is sketched only in the conduction band due to the observations made by Zhang et al. from DFT."” The new Vi,

is also highlighted.

the bulk in Fig. 3(b), we can quickly observe that

qVei = ¢ — AEpcrc + AEpm = qVhio — AEgGr + AEpm,  (5)
with Vi being the built-in potential of the metal-semiconductor
junction if Ef of the semiconductor bulk is at E.g—a common
assumption made for a degenerate semiconductor. The quantities
AEgy and AEpgr are described in the supplementary material.

As for the second point, Zhang et al. further carried out
hybrid DFT calculations and determined that the conduction band
edge is minimally impacted by bandgap renormalization resulting
from electron-impurity interactions (AE,;) due to minimal hybridi-
zation between the Si 3s and Ga 4s state that forms the basis of the
conduction band minimum.'” Therefore, all bandgap renormaliza-
tion (AEpgr) may be attributed to electron-electron interactions
(AE..). As electron-electron interactions are largely absent in the
depletion region near the metal-semiconductor contact interface,
we anticipate no bandgap renormalization at the interface, and
therefore, the location of E. relative to ¢, (and, therefore, ¢3) is
unaffected. In the bulk, bandgap renormalization is predominantly
seen through lowering of the conduction band minimum due to
the dispersive Ga 4s state from which the conduction band is
derived compared to the flat valence band edge. Thus, AEggr =
AEpgrc for n+ Ga,O; doped with Si and is sketched entirely in the
conduction band in Fig. 3(b)."”

C. Meeting criteria for thermionic-field emission

With Vi and Fy established, we can now apply the electric
field criteria to determine which conduction regime applies to our
contacts: TE, TFE, or FE. In the FE dominated current region,

Padovani and Stratton’s criteria requires that”'

F

Fy

q¢s

kT’ (6)

As we determine contact resistance near zero bias, F ~ Fy and
TFE will dominate over FE as long as gq¢y > several kgT. With
such low barrier heights predicted by Schottky-Mott, it is then
important to distinguish whether TFE or TE current dominates. To
determine the appropriate conduction regime, we use the transition
electric field Fr described by Li et al. for Ga,O3 below which TE
dominates,"’

Fr =070 - T> + 780 - T — 3.0 x 10* V/cm. (7)

At the doping concentrations used for this study
(>5x 10 cm™3), F, > Fr holds even for barriers as small as
1.15 x kgT or 30 meV at room temperature. Even at 600K, the
cutoff for ¢y to transition from the TE to TFE regime is 1.4 x kgT
or 36 meV at room temperature. These criteria are shown in Fig. S2
of the supplementary material. Based on these criteria, the domi-
nant mode of conduction in the ohmic contacts in this study is
TFE. The TFE model for the current density under forward bias Vp
is laid 02111’[2 7in Egs. (8)-(10), with A" being Richardson’s constant for
Ga,03,”

A'T\/7Ew(dy —qVr +&,)
kBCOSh(Eoo/kBT)

& Byt qVr
X exp (kBT E, exp E )’

JrrE =

®)
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h | N,
Eyp = q— *d > 9)
2V meg
Eoo
Ey = E, — . 1
0 oocoth (kBT) (10)

In Eq. (9), we use the modified expression for m" described in
the supplementary material due to mild nonparabolicity in the con-
duction band. In the original TFE formulation by Padovani and
Stratton, the BM band filling energy &, is considered, while the effect
of BGR is neglected; thus, Vi, = Vo + &,. However, in this study, it
is necessary to consider the BGR effect as it is sizable in comparison
with the barrier height (<1eV) we expect from the ohmic contact
characteristics. We correct the expression for Vi,; according to Eq. (5)
to account for this effect, from which we see that

&, = AEgy — AEpGrc = AEpy — AEpGr. (11)

D. Extracting barrier height from contact resistance

By applying Eq. (3), Jreg can be used to attain an expression
for p. rpp» substituting for &, according to Eq. (11),"

p _ kB\/EQ()COSh(E()Q/kBT)COth(Eoo/kBT)
ST A'Tq\/m(qby + A — AFncr)

qép + AEpm — AEpgr ~ AEpm — AEpar
— . (12
x eXP( EooCOth(Ego/kBT) kBT ( )

Using the extracted specific contact resistance from TLM, ¢y
can be solved for numerically. We attain barrier heights for Al, Ti,
and Cr of 0.29 + 0.03, 0.57 £+ 0.01, and 0.69 + 0.01 eV, respec-
tively. These, and all extracted barrier heights, are listed in Table II.
The values of ¢ monotonically increase with increasing ¢y.
Similar analysis applied to Ti contacts on 3 x 10'°, 7 x 10", and
8 x 10 cm ™3 Si-doped f-Ga, O3 reported in our previous work
yields similar barrier heights of 0.60, 0.54, and 0.56 eV, respectively,
to the extracted ¢y for Ti of 0.57 eV reported here."”

Neglecting both BM and BGR (i.e., setting E¢ at E. in the bulk
ignoring renormalization effects, as is commonly assumed for
degenerate semiconductors), the extracted ¢y is ~40 meV higher
than the values extracted here as, at doping densities
~5—10 x 10 cm™3, the competing effects of BM and BGR on
Vpi are approximately equal in magnitude and, therefore, nearly
cancel out. Including BM but neglecting BGR, which is most com-
monly seen in the literature when applying the equation by
Padovani and Stratton, leads to significantly larger barrier heights
by ~0.5-0.6 eV due to the artificial increase in V4.

IV. EXPERIMENTAL RESULTS: SCHOTTKY CONTACTS

For the rectifying Ni, Pt, and Pd contacts, we fabricated SBDs
to extract barrier height and used three different methods to extract
the barrier height: C-V, forward J-V fitted with the TFE model,
and reverse J-V fitted with a numerical tunneling model developed
by Li et al.'">*’ The room temperature C-V measurements are fit
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according to Eq. (13) with €; = 10€, for B-Ga,O3 and N4 and
¢ cy as fitting parameters,

L 2 V+ 2 ¢ (13)
C? gNge,A? gNge A2 7BV

The extracted Ng and ¢y were 5.58 x 10" cm™ and 1.31
+ 0.01eV for Ni, 6.93 x 10" cm™ and 1.71 + 0.25eV for Pd,
and 6.52 x 10" cm™3 and 1.43 + 0.11 eV for Pt.

The forward J-V characteristics of the diodes in the exponen-
tial region are fit with the TFE model according to Egs. (8)-(10),
with Ny set to the value extracted by C-V, V; as the independent
variable, and ¢ppy as the only fitting parameter. The agreement
of forward J-V characteristics and the TFE model is shown in
Fig. 4(b). The extracted values of ¢y for Ni, Pd, and Pt are 1.08
+ 0.12, 1.46 + 0.02, and 1.32 + 0.02 eV, respectively. Unlike for
the heavily degenerately doped ohmic contacts, neglecting BM and/or
BGR results in a minimal shift (~20 meV) in the extracted ¢y as the
doping density in these samples is similar to the conduction band
density of states in -Ga, O3, meaning that the samples are barely
degenerately doped and E¢ = E. is a reasonable approximation.

The reverse J-V characteristics of the SBDs are fit using the
numerical reverse leakage model developed by Li et al. (described
in the supplementary material), which incorporates doping effects
and image force lowering (IFL) into the models developed by
Murphy and Good and expanded by Padovani and Stratton.'””"**
For fitting to the measured reverse J-V characteristics, Vx is related

to Fouf according to Fyus = \/ 2qu(¢B)RIV — VR) /€s, with Ng
again set to the value extracted from C-V. This leaves Vg as the
independent variable and ¢y gy as the only fitting parameter. The
a)
10°
o
1S
S
<
-
10°

FIG. 4. (a) Reverse J-V characteristics of example Ni (green), Pd (blue), and
Pt (purple) SBDs with numerical reverse leakage model fits overlaid (solid).
(b) Forward J-V characteristics of example Ni, Pd, and Pt SBDs with TFE
model fits overlaid.
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agreement of reverse J-V characteristics and the numerical tunnel-
ing model is shown in Fig. 4(a). The extracted values of ¢y gy, for
Ni, Pd, and Pt are 1.10 + 0.11, 1.44 + 0.01, and 1.33 + 0.02¢V,
respectively.

V. DISCUSSION
A. Fermi-level pinning?

Figure 5 plots the extracted barrier heights for Al, Ti, Cr, Ni,
Pd, and Pt on Ga,0; vs their respective metal work function with
prior published data. Prior studies imply that the measured barrier
height on Ga,O; is heavily pinned and collectively demonstrate
a minimal dependence on the work function of the contact metal.
In this work, overall, we observe ¢, < Py < P, < by
< ¢Pt < ¢py, which trends with increasing ¢, with the exception
of Pd and Pt (5.4 vs 5.65¢eV), which are reversed. Fitting these

e P Ni__'Pd Pt
4
2t 7
R m,
s | A
815} | :
S
om
<
E 1 ]
o
21
[
05f 7 | Schottky l
‘ -Mott
/
0 i 'l A A
4 4.5 5 5.5 6
Metal Work Function [eV]
® (010)Jv W This Work: FIV (201)
O (010)CV W This Work: RIV (201)
M (201)Jv O This Work: CV (201)
O] (201)CV__ @ This Work: Ohmic (010)

FIG. 5. Measured ¢g vs ¢y from the literature (gray) and this work (red). Only
the orientations used in this work, (010) and (201) are included, with the data
sorted by surface orientation and the type of measurement. This work shows
g largely increases with increasing ¢y, while measurements from the literature
show significant Fermi-level pinning. Values from the literature and associated
references are tabulated in the supplementary material. The overall S value
based on this work alone (the red symbols) is 0.66 + 0.03, and R? of 0.77
though the fitted line is not shown in this plot.
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extracted barriers to the modified Schottky-Mott rule in Eq. (2)
gives S = 0.7 + 0.2 with an R* of 0.85. For the barriers extracted
by multiple methods, as is often observed, the barrier heights
extracted by C-V are slightly higher than the barriers extracted
from forward and reverse J-V.”” The barrier heights, however, obey
the same trend for all barrier height extraction methods.

Surface orientation and interface chemistry may both play a
role in the observation of S-values less than 1. Previous work has
indicated that Fermi-level pinning and Schottky barrier height can
depend on the surface crystal orientation due to the low level of
crystal symmetry in Ga, O3, which results in different surface ener-
gies and density of surface states.”® On the (100) surface of Ga, O3,
for example, Lyle et al. demonstrated a significantly lower amount
of Fermi-level pinning with S values ranging from 0.7 to 0.97, while
Lingaparthi et al. obtained a similar value of S ~ 0.66 on the (001)
surface.”””® In contrast, Hou et al observe near complete
Fermi-level pinning (S ~ 0) on the (201) and (010) surface, which
was attributed to the large number of oxygen dangling bonds on
this face.” On the (010) surface, Farzana et al. do observe a spread
of Schottky-barrier heights, though they do not trend as predicted
by the Schottky-Mott rule (albeit within a fairly small data set),
indicating that Fermi-level pinning may not dominate
Schottky-barrier formation.”” Our observation of a positive S value
of ~0.7 indicates that apparent Fermi-level pinning can at least be
somewhat alleviated by processing techniques that preserve
as-grown interface quality even on these historically pinned surface
orientations. However, as this work does span two different crystal
orientations, (010) and (201), further work should investigate more
closely Fermi-level pinning on different orientations with identical
process conditions.

B. Contact oxidation: XPS

As stated previously, Fig. 5 is plotted using the metal work |

function, not necessarily the work function of the metal or metal
oxide present at the metal-semiconductor interface that ultimately
yields the electrical contact. As shown in the prior literature, oxida-
tion does increase the work function of stoichiometric and non-
stoichiometric metal oxides and may, at least partially, account for
the non-unity values of S.””" Extracting the exact work function of
these non-stoichiometric metal oxides is outside the scope of this
study, except to note that their presence indicates an increase in the
work function that may adjust ¢y of metals, such as Ti and Cr
(Fig. 4), to be aligned with the Schottky-Mott model. To further
investigate oxidation as a source of non-ideal S values, we per-
formed depth-resolved XPS measurements of the oxidation state of
each contact metal at the contact-Ga,O; interface. The depth pro-
files are shown in Fig. 6. Despite all contacts not receiving a post-
deposition anneal or thermal processing exceeding 200 °C for pho-
toresist processing, the majority of the contact metals are at least
partially oxidized. Due to the deposition occurring under ultrahigh
vacuum pressures of 1077 Torr, it is unlikely that the deposited
metal was oxidized by oxygen during the line-of-site e-beam evapo-
ration; oxidation is more likely due to a redox reaction with the
underlying Ga;03.”> As expected, those metal oxides with the
lowest free energy of formation at room temperature [i.e., ALOs,
TiO,, and Cr,0s, Figs. 6(a)-6(c)] show significantly more
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oxidation than the metal oxides with higher energy of formation
[i.e, NiO, PdO, PtO,, Figs. 6(d)-6(f)].””

As the metals with the lowest ¢, are also the metals that are
most prone to oxidation and, therefore, most likely to experience an
increase in the work function, the apparent Fermi-level pinning and
low S values observed in metal Schottky contacts to Ga,O3 may be
attributed to under-reporting the work function of these oxidized
and partially oxidized layers, in addition to any adverse effect that
conventional processing may have introduced to the interface—most
of the reports in the literature to date with the exception of Carey
et al. and Cromer et al. have used a liftoff process. This could also
explain the discrepancy between ¢, and ¢y observed for Pd and Pt,
as the Pd layer is partially oxidized and may, therefore, have a higher
work function than reported. Precise measurement and understand-
ing of the value of the work function for partially oxidized and oxi-
dized metal contacts is beyond the scope of this work. Future studies
of barrier height extraction ought to be mindful of the significant
influence of minute changes in E. relative to ¢,; from bandgap
renormalization for accurate barrier height determination.

VI. CONCLUSIONS

In conclusion, we report non-alloyed metal-first ohmic and
Schottky contacts on B-Ga,Os; with a range of contact metal
work functions. We attain an ultralow contact resistance of
0.069 + 0.003 Qmm with Al contacts. Furthermore, we extract
values for the Schottky-barrier height from the I-V characteristics
of TLM patterns for the lower work-function metals and SBDs for
the higher work-function metals. The extracted values of ¢y largely
increase with increasing ¢y, with an § value of 0.7 + 0.2, indicat-
ing that the Fermi-level may at least somewhat be un-pinned by
metal-first processing that preserves the bare-substrate (201) and
as-grown (010) surfaces in contrast with historical reports showing
complete Fermi-level pinning on the (201) and (010) surfaces.
Depth-resolved XPS investigation of the oxidation state of the
contact metals indicates that the majority of contact metals are at
least partially oxidized even without alloying, which may result in
higher work functions than reported and partially explain the per-
sistence of apparent Fermi-level pinning. Further understanding of
the crystal orientation dependence coupled with the precise effect
of the oxidation state on work function may assist in further
un-pinning the Fermi-level in 3-Ga,O; and improving quality and
consistency of Schottky and ohmic metal contacts.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional sample growth
details and processing details, an expanded discussion of Burstein-
Moss and bandgap renormalization, illustrations of the criteria dis-
tinguishing between the TE and TFE regimes, details of the numer-
ical tunneling model used to fit the reverse IV of the SBDs, and
tabulated historical Schottky-barrier height measurements.
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