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the substantial hole doping in the sample. No additional renormal-
ization of the bandwidth was required for good agreement between
the ARPES and DFT. This indicates that the HSE06 calculations with
mixing parameter of « = 0.33 well describe the electronic structure
of the tetragonal PtO films.

D. Optical properties of PtO

Accurate optical characterization of the PtO film is of criti-
cal importance, particularly when integrated into a device structure
(Fig. 8). To obtain this, we use spectroscopic ellipsometry to mea-
sure and determine the complex dielectric function (e = €; + icy),
absorption coefficient («), and optical spectra of the PtO grown on
MgO.

For the uncoated MgO single crystal, the structural model con-
sists of a semi-infinite (1.98 + 0.02) nm surface layer and ambient
air. The complex dielectric function spectra for MgO can be repre-
sented by a Sellmeier expression.””* Spectra in € of the surface layer
are represented by a Bruggeman effective medium approximation
consisting of equal parts bulk MgO and air ambient. " Resulting
fit parameters are reported in Table I1.

The structural models of uncapped PtO consist of a semi-
infinite MgO substrate, an epitaxial PtO film, and ambient air. The
structural models of capped PtO consist of a semi-infinite MgO sub-
strate, an epitaxial PtO film, and a thin MgO capping layer. Spectra
in € obtained from the uncoated MgO single crystal are used to
represent both the substrate and capping layer (not shown). The
ellipsometric spectra for two uncapped and two capped PtO films
are fitted simultaneously in a multiple sample analysis with epitax-
ial PtO and MgO capping layer thicknesses as independent fitting
parameters using common spectra in €.

The parameterization for spectra in e for PtO consists of (i)
a constant additive term €, (ii) a Sellmeier expression,}j"j‘l (iii) a
Drude expression describing the free-carrier concentration,” and
(iv) four Lorentz oscillators, describing higher energy absorption
features.”® The resulting sum is explicitly given in Eq. (A1). This
parametric model is obtained for all samples simultaneously and is
shown in Fig. 7, with parameters collected in Table ITI. After deter-
mining the structural properties from this multiple sample analysis,
layer thicknesses are fixed for each sample and spectra in € are
obtained independently using numerical inversion.*® Figure 7 shows
PtO spectra in € obtained for each sample and the corresponding
absorption coefficient,

a=—>:, (5)

with photon wavelength A and extinction coefficient k obtained from
€ = (n' + ik)* with refractive index . The magnitude of e, and «
indicates that the PtO film is heavily absorbing over the measured
spectral range and ep [Eq. (A1)] yields p = (0.74 + 0.01) mQ cm.
This value of p is similar but slightly lower than the resistivity
obtained by electrical measurement in Fig. 5. This difference is rea-
sonable as the electric fields of the probing ellipsometer beam (over
this spectral range) oscillate at much higher frequencies than those
of the direct electrical measurement. Thus, extending the spectral
range to lower photon energies typically leads to better convergence
between optically determined resistivity and direct electrical mea-
surements.”” Minima are observed in both ¢, and «, indicating a
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FIG. 7. Complex dielectric function (e = €4 + iez) and absorption coefficient ()
spectra obtained for PtO using a multiple sample analysis (solid lines) and numer-
ical inversion for each sample (symbols). The model and obtained parameters are
given by Eq. (A1) and in Table IIl.

transition in dominance between ep (describing free-carrier absorp-
tion) and er. (describing higher energy electronic transitions). For «
obtained by multiple sample analysis and numerical inversion, the
minima are located between 1.50 eV < E < 1.62 eV. In this range,
the magnitude & > 10° cm™" is too high for extrapolating an optical
gap; thus, the minima in « are treated as proxies for the energy gap
(E) between free-carrier absorption and higher energy, more tightly
bound transitions. After characterizing our PtO films by crystallo-
graphic, transport, and optical measurements, we next integrate PtO
as anode material on semiconducting n-type p-Ga,Os.

. B-GA,0z SCHOTTKY DIODE USING PTO AS ANODE

To design vertical Schottky diodes for high-power switching,
high breakdown voltages with low leakage currents are required, to
minimize off-state power dissipation and to avoid premature device
failure. In existing B-Ga,O3 Schottky diodes, the blocking voltage
is often limited by the reverse leakage current. Thus, minimizing the
Schottky barrier tunneling current requires maximizing the Schottky
barrier height, i.e., ¢y >2.2eV."”"

Owing to the large electron affinity of f-Ga, O3, large ¢, can be
achieved using noble-metal oxides as anode contacts (see Sec. I)."”
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(a) (b)
Pt Pt
PtO PtO
Sn-doped (-201) Sn-doped (-201)
B-Gay0;4 B-Ga,0;

Cathode (Ti/Pt) Cathode (Ti/Pt)

(c) (d)

Cathode (Ti/Pt)

Cathode (Ti/Pt)

FIG. 8. Schematic process flow for a vertical Pt/PtO/p-Ga, 03 Schottky diode: (a)
the as-grown Pt/PtO/B-Ga,03/TilPt structure, (b) photolithographic definition, (c)
self-aligned mesa isolation by ion-milling, resulting in (d) mesa-height of 300 nm.

The successful integration of epitaxial IrO; and RuO; on -Ga;O;
has been recently achieved by Cromer et al. using ozone MBE.'®

Following this approach, we use our PtO/B-Ga,Os structure
to process Schottky diodes, now using epitaxially grown tetragonal
PtO as the anode contact (supplementary material). The schemat-
ics and processing are depicted in Fig. 8. For this structure, we
extract ¢, as a function of T, characterized by three independent
measuring methods: (i) T-dependent capacitance-voltage (C-V),
(ii) T-dependent forward current-density voltage (J-V), and (iii)
T-dependent reverse leakage current-density surface electric field
(J-E) measurements.

The standard C-V extraction for a Schottky barrier
height is*!

1 2
" aNen (V) (©)

with the measured capacitance C, electron charge g, net doping den-
sity Ng, low-frequency permittivity & = 10gy of p-Ga,03,* anode
area a, built-in voltage Vg, and forward bias voltage V. Includ-
ing corrections for the Fermi energy (AEr) and image-force lowering
(A ) ¢ can be extracted by'”

Var = ¢ — AEE + Adrpr. (7)

At high surface electric fields Eqr, large ¢, and large N4, image-
force lowering becomes non-negligible, expressed as*’

Egu
q surf o< \/Egt with

Zqu (¢B + VR) \/—

AdrrL =
(8

Equf =

and reversed bias voltage Vr.

Equations (6)-(8) are applied to the C-V data plotted in
Fig. 9(a) to obtain ¢, and Ngq as a function of T, which are plotted in
Fig. 9(b). Values for the C-V Schottky barrier height and doping
density for PtO/B-Ga,O3 diodes are given in Table I. The mea-
sured values on heating and cooling are essentially coincident with
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FIG. 9. (a) T-dependent C-V characteristics of the PtO/3-Ga, 05 Schottky diode
fitted by Eq. (6). (b) Extracted values of the Schottky barrier (¢; /) and net doping
(N4) obtained using Egs. (7) and (8). The color of the T-dependent data plotted in
(a) follows the corresponding temperature color scale used in (b).

TABLE . Extracted and averaged ¢g and Ny values obtained over the measured T-
range using: (i) Standard C-V [Eq. (6)], (i) thermionic field-emission (TFE) current
[Eq. (9)], (iii) thermionic (TE) current [Eq. (12)], and (iv) reverse leakage current (RIV)
[Eq. (14)]. The averaged values given here are obtained from the data plotted in
Figs. 9-11.

Method ¢y (eV) Ng (10" cm™)
C-v 22+£0.1 29+0.1
TFE 2.5+0.1

TE 1.7 +£0.2

RIV 2.0+0.1

the values for cooling represented as opaque symbols. The mono-
tonic decrease in the effective ¢, is consistent with prior reports and
attributed to a reduction in the effective bandgap of f-Ga,0;."'*"”
As this reduction primarily occurs within the conduction band,
increasing T effectively raises the conduction band minimum and
thus reduces Vgi.

The forward bias characteristics can be described by (i) the
thermionic field-emission (TFE) current,

JrEE =

ﬂ\/(@; — A¢upr — AEx — qV)
chosh( )

x exp(—%) exp( f5 — A(pIFLI;uAEF — qu) 9)

with the Richardson constant Ag = 47rm*kggqh~>,"* the Boltzmann
constant kg, characteristic energy terms,"’

El _ @ Nd
2 mreey

- (10)
E" = E/ COth(ﬁ),
B

APL Mater. 13, 111108 (2025); doi: 10.1063/5.0274229
© Author(s) 2025

13, 111108-8

90:8€:€Z 920z Asenuer zo


https://pubs.aip.org/aip/apm
https://doi.org/10.60893/figshare.apm.c.8095519

APL Materials ARTICLE

10* 3.0 3.0
N/E\ 2 25 (b) AA 25
s 10 <29 4 hkA 5
< L) o
< 10° =20 203
D Ao =) AA AA &
o) 10 T 19165 o o 15 =
[m) = ©

4 o
< 10 E 1Ot 4 garre 105
S 108} @ gs5f|~ PerE 0.5
(&) nte
10—8 0.0

0'00 50 100 150200
Temperature (°C)

0.0 0.5 1.0 1.5 2.0
Forward Bias (V)

FIG. 10. (a) T-dependent forward J-V characteristics for the PtO/B-Ga;03 Schot-
tky diodes overlaid with the TFE current model, Eq. (9). (b) Extracted ¢ and n as
a function of T by applying Eq. (9) (filled symbols) and Eq. (12) (hollow symbols) to
the data. The color of the T-dependent data plotted in (a) follows the corresponding
temperature color scale used in (b).

the electrons effective mass m*, and the relative permittivity & of
B-Ga,0s."° The doping concentration is now given by

2 AEg
Ny=N.—F.|-—= ), 11
i NG 2( kBT) (11)

with the Fermi-Dirac integral of order % Fy and the effective DOS
at the conduction band edge N..

Using Nq obtained from C-V measurements (Fig. 9), ¢y, is the
only free parameter when fitting the data plotted in Fig. 10(a) by
Egs. (9) and (10). The resulting values of ¢}, are shown as a function
of T in Fig. 10(b). The averaged barrier height extracted from this
TFE model is given in Table I. We note that the PtO anode retains a
high barrier height ¢, > 2.2 eV on heating and cooling. This is ini-
tial evidence that no phase change occurred during measurement at
elevated T due to reduction nor thermal decomposition. This appar-
ent reduction was previously observed in AuOx and AgOy, which
degraded on heating to values comparable to their respective plain
metal contacts.'”

It may be tempting to utilize the TE model (ii) to describe the
forward bias characteristics. This model (ii) is given by

Vi
JtE = ]o[eXp(— nquF ) - 1],

— AdrrL
- ART? exp( - 198~ AduL )
Jo = Ar eXP( kT

(12)

with ideality n.”” For this TE model, n and ¢, are the two free
parameters and extracted by fitting Eq. (12) to the data plotted in
Fig. 10(a). The Schottky barrier obtained from this TF model is
given in Table I and significantly lower than ¢;.; obtained by the
TFE model. This reduction arises because tunneling effects are not
included in the TE model and this approach can usually be applied
when Egys is low.*’ Due to the large Ny, the resulting E,s at zero bias
is high and image-force-lowering [Eq. (8)] must not be neglected to
extract ¢, for our PtO/B-Ga, O3 device structure.'”

pubs.aip.org/aip/apm

The voltage (V) at which the TFE currents dominate over TE
currents can now be determined as*

w

&)

2 sinh3(
with the correction for band-filling effects, £.*° Note, Smith et al. cor-
roborates that the TFE currents may dominate for Ng o< 10'® cm™
even at T »~ 300 K as long as the Schottky barrier exceeds several
times of kg T, i.e., for ¢ > kgT." For the PtO/B-Ga,O3 diodes, this
transition voltage to TE-dominated current exceeds Vr > 1.75 V,
under all conditions.

We next extract ¢, by reverse leakage current-field (J-E) mea-
surements. We apply the numeric tunneling model developed by Li
et al."” to the data shown in Fig. 11(a). In this model, the total reverse
leakage current is given by*’

(13)

o]

9

/- ART [+

S—SFM)]d& (14)

T(E) x ln[l + exp(— T
B

ks Jemn

where & is the electron energy, Emin the minimum energy for a tun-
neling process to occur, 7 () is the transmission probability across
the Schottky barrier, and &pm is the Fermi energy in metal (M).
Setting Epm to the zero-energy level and assuming non-negligible
image-force lowering (i.e., A¢, > 0), the potential energy of the
Schottky barrier is

2 2
1 N,
9 2,904 2

&(x) = 498 ~ qFsurrx = l6mes x 2¢&s (15)
107" 3.0
< (a) (b)
§ 1072 %: 25
510_3 %2.0 AAA AA
2 15
S . 4 T
0 10 P
g = 1.0
£ 10°° @
1076 . 0.0
50 45 40 35 3.0 0 50 100150200

Surface Electric Field (MV/cm) Temperature (°C)
FIG. 11. (a) T-dependent reverse leakage current density as a function of the
surface electric field (Esyr) of our PtO/B-Ga, O3 Schottky diodes (J-E character-
istics). The numerical tunneling model is fit to these data, Eq. (14). (b) Extracted
¢ as a function of T yield stable values on heating (solid symbols) and cooling
(opaque symbols). The color of the T-dependent data plotted in (a) follows the
corresponding temperature color scale used in (b).
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cooled to a temperature of T = 20 K for measurement using a liquid
helium cryostat affixed to a custom built motorized six-axis manip-
ulator with a temperature sensor built into the stage. The nominal
system energy and angular resolutions were set to 20 meV and 0.4°,
respectively; the Fermi level was measured using a gold reference
electrically connected to the sample. The measurements presented
in the text were performed on a sample, which was removed from
vacuum for a short period following growth, reintroduced, and
annealed in a background pressure of P = 3 x 107° Torr of distilled
ozone at a temperature of T = 310 °C (measured by optical pyrom-
eter operating at a wavelength of 1550 nm) until clear RHEED
streaks were observed. The sample was then immediately transferred
through an adjoined vacuum manifold (Ppase < 2 x 107" Torr) to
the measurement chamber (Ppgse < 3.5x 107!! Torr). Additional
measurements were performed on several other samples which were
transferred immediately and directly between the growth and analy-
sis chambers in ultra-high vacuum; identical dispersive features were
observed in both in situ and ex situ transferred samples.

Ex situ x-ray photoemission spectroscopy measurements were
performed on a PtO(100)/MgO(001) film using a Thermo Scien-
tific Nexsa G2 XPS system utilizing a non-monochromated Al K«
source (hv = 1486.8 eV). Survey spectra were collected at an electron
pass energy of 200 eV and higher resolution scans of selected peaks
were performed using a pass energy of 50 eV. Both the PtO thin film
and platinum reference film were measured at the same time under
the same conditions and were electrically connected to a common
ground; the Fermi energy was calibrated using the Fermi step of the
platinum reference sample which gives consistent value of 284.75 eV
for the carbon Is-peak in both samples.

5. Density functional theory calculations

Theoretical calculations were performed by using DFT as
implemented in Vienna Ab Initio Simulation Package (VASP)
with the projected augmented wave (PAW) scheme.””®" To gain
better understanding of the bandgap (E.) and electronic struc-
ture of PtO, the hybrid functional developed by Heyd, Scuseria,
and Ernzerhof (HSE) was employed with mixing parameter
a =033 for exact exchange and combined with the semilocal
Perdew-Burke-Ernzerhof generalized gradient approximation.’®’
Geometric relaxations were carried out until the force on each atom
in the primitive unit cell is reduced to less than 50 meV A~
Electronic minimization were performed using a 10x 10 x6
Monkhorst-Pack k-point sampling, with a cutoff energy of 520 eV
and an energy convergence criterion of 107 eV.

6. Spectroscopic ellipsometry

Ellipsometric spectra in terms of N = cos 2y, C = sin 2y cos A,
and S = sin 2y sin A were collected for epitaxial PtO on single crys-
talline MgO, PtO capped with MgO on single crystalline MgO, and
for as-grown PtO films. The ellipsometric quantities tany and A
are the relative amplitude ratio and phase shift difference, respec-
tively, for electric fields polarized parallel and perpendicular to the
plane of incidence of the specimens. Reflection-mode measure-
ments at 50°, 60°, and 70° angles of incidence over a spectral
range of 0.75-0.95 eV were performed using a single rotating com-
pensator multichannel ellipsometer (J. A. Woollam M-2000).°4%°

ARTICLE pubs.aip.org/aip/apm

Structural and optical models were fit to the measured ellipsomet-
ric spectra using least squares regression with an unweighted error
function.®®

To analyze the data plotted in Fig. 7, we use the following
expression: 3437

€= €oo + €5 +e€p +er, with

A
€s = W;
o H , (A1)
eop(‘rE2 + ihE)
4,T,E;

a=3

w ((Ej)* - E*) = il,E’

For the Sellmaier expression (es), A is the amplitude and Ej is the
resonance energy. For the Drude expression (ep), # is the reduced
Planck constant, €y is the vacuum permittivity, p is the resistivity,
and 7 is the scattering time. For each Lorentz oscillator (er), 4, are
the amplitudes, I, are their broadening, and Ej are the resonance
energies. Equation (A1) is applied to the data shown in Fig. 7 and
obtained parameters are provided in Table III.

7. Processing of Schottky diodes

To fabricate vertical Schottky diodes, the MBE-grown
Pt/PtO/B-Ga, O3 structure was first solvent cleaned in acetone and
isopropanol. After removing excess water vapor by dehydrating
the sample at 180°C, an additional 100 nm of platinum was
deposited by e-beam evaporation on the Pt/PtO surface to provide a
mechanically robust contact for electrical probing. Evaporation was
performed in a CVC SC-4500 evaporation system at an operational
pressure of 1 x 107 Torrat 1 A s~

Subsequently, a 3 ym thick photomask of Microposit® $1827
was spun on and exposed for 800 ms within an i-line GCA AS200
AutoStep exposure system. After pattern development in metal-ion-
free AZ726 developer for 60 s, the sample was loaded into an AJA
International 2036 Ion Milling System. The etch process utilized
ionized Ar* with an accelerating voltage of 600 V, resulting in a
mesa step height of 300 nm after photoresist removal in Microposit
Remover 1165, as shown in Fig. 8. As demonstrated in prior stud-
ies,'® a 300 nm mesa structure is sufficient edge termination to yield
ideal current characteristics at high doping densities on the order of
1018 Cm73-18,1‘),(17

Electrical characteristics were captured with a Keithley 4200A-
SCS Parameter Analyzer connected to a Signatone Checkmate high-
stability 200 mm manual probe station. This probe station utilized
an ATT A200H Control Unit for resistive heating of the chuck with

TABLE II. Fitting parameters describing the ellipsometric spectra collected for single-
crystal MgO. The surface layer thickness is d = (1.98 + 0.02) nm and €s = 1.5
+0.1. The quality of fit is expressed by the mean squared error, MSE = 3.7 x 1073,

Sellmaier Res. ener., Ey (eV) Amp., A (eV?)

10.0 £ 0.2 145+ 0.14
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TABLE III. Fitting parameters describing the multiple sample analysis of ellipsometric spectra collected for two uncapped
and two MgO-capped PtO films with €oo = 1.18 + 0.08 and MSE = 9.2 x 10=3. Samples S1 and S2 are PtO fims with
thicknesses dgq ~ 34 nm and dgp ~ 37 nm, respectively. Samples S3 and S4 are MgO-capped plus PtO films with total

thicknesses dg3 ~ 17 nm MgO + 38 nm MgO and ds, ~ 27 nm MgO + 53 nm PtO, respectively.

Drude Resistivity, p (mQ cm) Scatt. time, 7 (ps)
0.74 £ 0.01 330+5
Lorentz Res. ener., Ey (eV) Amp., 4 Broad., T (eV)
1 4.03 £ 0.01 6.10 +£ 0.20 2.02 + 0.04
2 3.04 £ 0.01 2.73 £ 0.09 0.88 + 0.03
3 2.26 + 0.01 0.78 £ 0.03 0.51 + 0.03
3 7.30 £ 0.30 2.42 + 0.04 7.00 + 1.00
Sellmaier Res. ener., Ey (eV) Amp., A (eV?)

7.49 + 0.07

59 +0.20

a temperature stability of AT + 0.1 K. In this configuration, the sys-
tem yielded a noise floor less than 200 pA and 15 fF for all T and
measurements.
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()] RHEED and XRD data for PtO/B-Ga203(010)
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S-Fig. 1: (a) RHEED pattern of the PtO film grown on 3-Ga203(010) taken along the [001] azimuth
of the PtO film. (b) Longitudinal XRD scans recorded for PtO films grown on 3-Ga203(010) single-
crystalline substrates. The reflections of the PtO films mainly coincide with the tetragonal PtO phase

grown with their (201) plane parallel to the (010) plane of the B-Ga203 substrate. Growth window is
provided in Fig. 1 in the main text.



()  Additional Transport data

(a) 31 nm PtO/MgO (001) (b) 15 nm PtO / TiO, (110) (c) 31 nmPto/MgO (001) (d) 15 nm PtO/TiO, (110)
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S-Fig. 2: Magnetoresistance and Hall resistance of PtO thin films. Low temperature magnetoresistance
[Rxx(H)—Rxx(0)[/R«x(0), expressed as a percentage, for a 31nm thick PtO/MgO(001) thin film. (b) The
samem, for a 15 nm thick film on TiO2 (110). (c) Hall resistance, (Rxy) (H), of a 31 nm thick PtO thin film
on MgO (001). (d) The same, for a 15 nm thick film on TiO2(110). The average hall resistance displayed
here is the average of four independent measurements: (R.,) (H)= [Rxy(H)-Rxy(-H)*+Ry«(H)-Ry(-H))/4 where
R,y and Ry, are measured using the same set of contacts in a square geometry, reversing the current and
voltage leads — in both cases the results for the two perpendicular channels agree well. (e) Temperature
dependence of the magnetoresistance at yoH = 7 T measured for two films on MgO and two films on TiOx.
(f) Three-dimensional carrier density for PtO/TiO2 and PtO/MgO films extracted from fits to the data in
panels (c) and (d).
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Additional photoemission (XPS) data
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S-Fig. 3: Al Ka XPS spectra of a 8.9 nm thick PtO(100) film grown on a MgO(001) substrate and a
metallic platinum film as a reference. (a) Survey spectra of PtO and Pt metal. (b) XPS Spectrum of the
Pt 4f peak region. (c) XPS valence band measurements of Pt and PtO. (d) Spectra of the Pt 4s region.
(e) Spectra of the Pt 4d region. (f) Spectra of the Pt 4p and O 1s regions, a zoom in on the oxygen 1s
region is provided as an inset. Note, for the sake of clarity, traces have been vertically offset.
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S-Fig. 4: (a) Diagram of the tilted Brillouin zone of (011) oriented PtO in the (ki k.) plane,
perpendicular to the directions along which the ARPES spectra are taken, at kx= 0. The zones for
two domains rotated by 180° about [011] with respect to one another are shown in green and yellow
and the 1%t Brillouin zone of the primary domain is marked in black. Different out-of-plane momenta
at which DFT calculations were performed (S-Fig. 6) are marked with colored dots. (b) Plot of the
estimated out-of-plane momentum at the X point as a function of the inner potential, Vo, assuming
free electron like final states.

(Iv) Additional ARPES data and DFT calculations

In this section we describe the methodology used to determine the out of plane momentum, k., using
a combination of ARPES measurements performed using different incident photon energies (hv =21.2,
40.8 eV) in conjunction with DFT calculations. Because the PtO film grows with a (011) orientation on
TiO; (110), the Brillouin zone is tilted with respect to the film normal. This tilt is shown schematically
in three dimensions in Fig. 5 of the main text as well as in two-dimensional form in S-Fig. 5(a) where a
slice through the center of the projected zone (along the T’ — X line, where k,=0). The Brillouin zone of
each of the two domains are shown as different colors, for concreteness we will refer to one of the
zones (arbitrarily) as the primary domain (green) the other as the twin (yellow). In this scheme the X
point which is relevant to the ARPES measurements lies at (ky, ky;, k1) = (0, -0.51, 0.87) 1/A and is marked
with a black dot. In our ARPES measurement, the in-plane momenta, kx and k;;, are determined by the
experimental geometry (the sample angle with respect to the electron analyzer) and the out-of-plane
momentum, k, , is determined both by the geometry and a combination of the incident photon energy,
hv, and the material inner potential, Vo. Assuming free electron like final states, this relationship is
given by

\2m,

kJ_= h \/(hv—go—EB)+V0
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S-Fig. 5: Comparison of ARPES spectra with DFT calculations. (a) Overlays of the DFT band
structure at different k, on the He-ll ARPES data. Colors correspond to cuts through the dots in S-
Fig. 5(a). (b-c) Zoom in on the near Er features for k. with DFT bands corresponding to inner potentials
of Vo~ 12 and 18 eV, respectively, overlaid. (d-e) Near Er features of the He-l spectrum through the
X — M line with DFT bands corresponding to Vo ~13 and 18 eV, respectively.

where m. is the bare electron mass, Eg is this binding energy, and ¢ is the work function. We plot the
expected out-of-plane momentum at the X point, as a function of the inner potential in S-Fig. 5(b) for
two different incident photon energies, hv=21.2 and 40.8 eV corresponding to the primary emission
lines of helium. Because Vj is not known a priori, we perform a series of DFT calculations along the
M — X — M line at different values of k, ranging from X to R to X of the primary zone, indicated by the
colored dots in S-Fig. 5(a) and the horizontal lines in S-Fig. 5(b) and compare them to the measured
ARPES spectra in S-Fig. 6(a) -- including contributions from both the primary and twin domains. The
DFT calculations are shifted such that the valence band maximum lies 1.3 eV above Ef as discussed in
the main text. Though the dispersion of many of the features in the k, direction are masked by the



presence of several overlapping bands (from both domains), there are two features which show
noticeable variation with k; (and thus Vg): (1) the crossing of the heavy-hole band beneath the Fermi
energy (2) the presence of two distinct copies of the light hold band offset from one another in energy.
Both features are visible at out-of-plane momenta of visible at k;=1.10 and 1.81 1/A, however neither
are visible in either the He-l or He-ll ARPES data, which narrows down the potential choices of V; to
either around 5 eV or around 15 eV. The inner potentials of other binary oxides discerned from ARPES
measurements generally lie in the 10-17 eV range!* so we take V™15 eV to be the more physical of the
two choices. We show in S-Fig. 6(b) through (e) a comparison of the ARPES spectra taken with both He-
Il and He-I light to those DFT calculations corresponding to values of V, closest to 15 eV, showing good
agreement with the low energy features, particularly k. = 3.69 1/A for He-1l and k,=2.75 1/A for He-I.

Finally, in S-Fig. 7 we show some additional ARPES spectra taken at different positions in the Brillouin
zone. Spectra taken with He-Il light are reported in S-Figs. 7(a) through (c) and those taken with He-l
light are reported in S-Figs. (d) through (f). Spectra taken with He-I light show that the light hole band
which crosses Er and creates a pocket which covers the entire short edge of the Brillouin zone.
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S-Fig. 6: Additional ARPES spectra of PtO(011)/TiO2(110) taken at T = 20 K. (a) Fermi Surface
map reproduced from the main text. Locations of spectra in the following panels are indicated by
dashed lines. (b) Cut through M — X — M. (c) Cut through X’ — " — X". (d) Fermi surface map taken
with He-I light. (e) Cut through M — X — M. (f) Cut through X' — " — X'



(V) Additional DFT calculations — Density of states (DOS)
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S-Fig. 7: Total and partial density of states (DOS) of PtO. The total DOS is highlighted as the gray
shaded area and the DOS of Pt and O are marked as blue and red, respectively. The calculated
energy gap is indicated in the top panel with Eq = 1.64 eV.
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