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ABSTRACT

Here we report the analogous of an extremely staiplelogical-like ultra-wide bandgap insulatgia solid
that is a pure insulator in its bulk but has a flietaonductive surface), presenting a two-dimenalo
conductive channel at its surface that challengescarrent thinking about semiconductor condudtivit
engineering. Nominally undoped epitaxia{za0; thin-films without any detectable defect (afteraage of
state-of-the-art techniques) showed the unexpected resistivity of 8x10° Qcm) which was found to be
also resistant to high dose proton irradiation (M8x10°cmi® dose) and was largely invariant (metallic)
over the phenomenal temperature range of 2K up5@K8 The unique resilience and stability of the
electrical properties under thermal and highly sorg radiation stressing, combined with the extende
transparency range (thanks to the ultra-wide bamdgad the already known toughness under highradatt
field could open up new perspectives for use ased@d spectral range transparent electrodes (&M
harvesting solar cells or UV LEDs/lasers) as wedl m@mbust Ohmic contacts for use in extreme

environments/applications and for novel optoelestrand power device concepts.

1. Introduction

Intriguing metallic surfaces onto otherwise insui@tbulk crystals have recently attracted a loawéntion
[1,2]. These conductive surfaces also exhibit a memof additional unique properties such as insulat
superconductor-metal transition[3], large magneistance[4], coexisting ferromagnetism and
superconductivity [Snd a spin splitting of a few meV [6]. In practies, the oxide semiconductor bandgap
becomes wider, an intrinsic metallic surface isendallenging; it is required more energy to sthié Fermi

level from the mid-gap to above the conduction basmthe forbidden gap increases.

Beta-gallium oxide (G#s) is an ultra-wide band gap (UWBG) semiconductothwa highly distinctive

property set compared to other classical correlatédes such as SrTiO3 [7-8], In203 [9-10], CdO[1d4
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ZnO[12]. The uniqueness of UWBG £ lies in the combination of an intrinsically widarde electrical
breakdown field [13,14],ability to be efficiently donor doped [15-16]pssibility toobtain low resistivity
regions (even in amorphous and/or nano-crystafitages17-20]), a high temperaturp-type conductivity
without doping [21] and 6-inch crystal low cost figlation possibility [22]. These features have bkey in
promoting GgO; to the forefront in the quest for the next gerieratof UVC photodetectors, solar
transparent conducting electrodes and high powssfspnergy converters/switches.
Recently the authors reported unprecedentedly bigiductivity, mobility and carrier concentration in
nominally undoped thin films of grown on r-sapplstéstrates by pulsed laser deposition (PLD). [23]

This work, presents evidence that the degeneraeriell conduction, in what was expected to be an
insulating layer, may be due to two-dimensionak liketallic conduction i3-G&0s;. Moreover, the
electrical conduction has now proven stable forrdawe® years and shows a remarkable resistancetto bo
thermal and radiation stressinfhe possibility to obtain solar blind ultra-widensyap undoped gallium
oxide and, at the same time, highly conducting redkis material a very fascinating transparent ootidg
oxide (TCO); a key enabling materials in increalifiggh demand in a variety of new technologiesgiag
from thin film coatings, sensors, solar cells, $@arent electronics and optoelectronics in
telecommunicationg24]. Additionally, this analogous of an extremedtabletopological-like ultra-wide

bandgap insulatochallenges our current thinking about semiconduadoductivity engineering.

2. Intrinsic Ga,O3

Nominally undope@-Ga0; layers were grown on 2-inahplane sapphire substrates by PLD as described
in Experimental sectiorThe layers (~300 nm thick) were found to be ejstawith a (201) preferential
orientation. The wafergere found to be solar transparent in that theyibeed a large transmittance (>
85%) in the UVA, UVB and visible parts of the ogticspectrum. The optical absorption edge gave an
estimation of bandgap at about 240 nm (~5.2 eV Jirface and bulk chemical composition of thergaye
was systematically investigated by several higloltg®mn techniques (see methods and supplemental
materials) including: X-ray photoemission spectopsc (XPS), energy dispersive X-ray fluorescence
spectroscopy (EDS), secondary ion mass spectrog&ipiS), and Rutherford backscattering spectrometry
(RBS). The depth-resolved CL spectra of the@dilm with identical excitation power, shown in Fige
5(Experimental Section), reveal a symmetrical paaB.3 eV. The UV emission band of the film is d&mi

to those observed for excitons immobilised by alldattice deformation in a single & single crystal
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[25] The peak shape and energy position remaiochamged with increasing sampling depth by
consequently accelerating voltage, indicating ombgeneity in sample volume. In all cases, no st

density of impurities was detected. Room tempeeadlectron paramagnetic resonance (EPR) [26] veas al

performed and did not detect any shallow donotedlaignal. Fig. 1 summarizes the main findings.
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Fig.1 (a). Sketch showing the band structure of theOgaonductive surface. (b) The & layers are
epitaxial with (201) preferential orientation (XRO)here are no detectable (c) shallow donors (EF?RJ)
surface impurities (XPS). (e) The &a temperature invariant metallic conductivity. (fhd GaO; layers

are solar transparent (80% transmittance in whaiB WVA and visible ranges).

3. Transport Properties — Low Temperature

The electrical transport properties of the filmgevstudied in a Van der Pauw and “4 aligned paimtacts”
method configurations. The room temperature re#igt{ 0 (300K)) was found to be exceptionally low for
an intrinsic UWBG material 4(300K) =3x10° Q.cm which is, to the best of our knowledge, the Isiwe
reported value for undoped & thin films and about equivalent to that for heaviltype doped G#s (Si

or Sn doping in the range of 20 cm®)[23,25-31]. Fig. 2a. Hall effect measurementsaatm under 1
Tesla revealed an electron carrier concentratidmgtsasn = 8.0x1038 cm?® for a film thickness of 200 nm,
and a mobility ofy = 19 cni/Vs. This value of 8x1§ cm®, corresponds to the hypothesis of a thickness
homogeneity of the electron carrier concentratiBuch a relatively large free charge carrier comedion
indicates that the G@; undergoes a Mott metal-insulating (M-I) transitiom GaOs, a Mott M-I transition
would occur at a dopant critical concentratioNgft = 4x103° cm®, whereNyo--x ag ~ 0.27 andhg is the
impurity Bohr radius ¢s (Ga0s)= 1.8 nm). [32]We integrate over the film thickness, this corregfmto a
surface carrier concentration of 1.6%16m?

Fig. 2 (b) shows a representative resistance vdesuperature curve measured with a colinear foumtpo
probe configuration. The resistance was found toekstively temperature independent (over the faige
from 2 K to 400 K) and there was no evidence ofiearfreeze-out at lowelr. Both characteristics are
typical signatures of metallic conduction. The Isligncrease of resistivity observed above 200K @stm
probably attributable to a decrease in the drifbitity of free carriers. The “hockey stick” shapéthwa
minimum at around i, ~ 190 K is then formed by a slight increase instasty at low temperatures, which

is most probably due to a weak localization (WLepbmenon which is related to low dimensional effect
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[33]. Due to the quantum interference, the electvare functions diffuse and the backscatteringfsaced
which, in turn, increases the resistivity as a fiomcof In(T). As shown in Fig. 2(c), the conductivity at low
temperatures increases precisely a$)lf§4]. At higher temperatures, the wave coheréag@ogressively
lost and the WL effect gives place to metallic habar. Similar resistivity vsST dependence has been
already reported for confined conductive channetsvio-dimensional carbides and oxides such as 38, [
ZnO [36], LaNiQ, [37] and SrVQ[38].
The WL effect is sensitive to an applied perpendicmagnetic field B), which shiftsT,,, towards lower
temperatures [39], as shown in Fig 2b. The preseheestrong magnetic field perpendicular to thenpl of
the conduction channel also leads to a quenchinghafge localization contribution and thus produaes
negative magnetoresistance. [40] The magnetorasstéMR) is defined as MRR[B)-R(B=0)]/R(B=0),
whereR(B) is the resistance measured Boperpendicular to the applied current. The MR wamtl to be
always negative at temperatures < 150 K, and thhémosn MR value was found to be 25 %BtE9 T
(Fig. 2(d).). The field dependence up to a satomatif the negative MR at 2 K, is comparable withtth
observed for a 2D-like conduction in highly dopedniconductors layers .[40,41] Because of the radbti
small value of mobility at low temperature, quantascillations would not be observable even at our

highest available magnetic field (9T)
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Figure 2. (a) Room temperature resistivity for our undopegdzr-sapphire samplecompared with other
undoped and heavily Sn- or Si-doped,Garesults from literatuf€?>?°! (b) Zoom Electrical resistance
versus temperature at OT, 5T and 9T applied magfietds (c) Sheet conductaneesersus In{) for up-rise
part below the M-I transition temperaturg,{) range. The solid line is the linear fitz¢ro magnetic field.
(d) Magnetoresistance in perpendicular magnetid i€ 2K, 10K, 100K and 150K. Measurement geometry:
collinear 4 point probes. e) Electrical resistiwtgrsus temperature (300K-800K) for as grown araiopr

irradiated (2MeV, 5x18cm? dose) sample. Measurement configuration was VaPdew.



4. High Temperature Electrical Transport Properties

The metallic GgO; conduction has been found to be stable and raesistalifferent stress conditions. Stored
on the shelf during two years, it showed no degraddor drift) after 10 subsequeR{T) characterization
cycles. The conductive channel reversibly survivechperatures up to as high as 850 K (limit of the
experimental set-up), showing only a small deviatod the resistivity at elevated temperatupg§50K)
=1.7x10? Qcm). Analogously, the sample was proton irradig@deV, 5x13°cm? dose) (see experimental
section) Proton irradiation at these doses andgezgewould be expected to create oxygen (deep ¢l@amol
gallium (deep acceptor) bulk vacancies, thus chengiverall conductivity by orders of magnitude [42]
However, as shown in Fig. 2(e), the conductivityeafirradiation only slightly decreases at high
temperatures. As the free carrier concentratiomast probably confined in a narrow region closeh®
surface of the layer, a metallic surface would @erresistant to radiation than bulk conductive [Ham
where random electron-hole pairs would be formelis Thigh temperature stability is notable when
compared with other correlated oxide systems saawoafined 2D electrons metallic system (2DES) IGAI
and SrTiQ. [43,44] Single-crystal h®©;, ZnO, and TiQ have been also reported to host a surface 2DEG
presenting however air-instabilities and practelgctrical conduction only at low temperature (i<.100

K). [45]

The resistivity versus temperature quasi invariasta®ility also ruled out other known non-surface
origins of intrinsic GgO; conductivity; i.e. the presence of (1) amorphobases or (2) gallium clusters.
Regarding (1)a chemically driven M-l G#s transition 0f seven orders of magnitudeas been previously
reportedin highly non-stoichiometric, amorphous gallium aei [46] As we see from Fig.2 (H(T) curves
showed no significant differences for subsequerdting and cooling cycles. This result excludes the
possibility of solid state recrystallization reactidue to amorphous phases being present in therialat
Regarding (2), gallium clusters (embedded intoGlagd; matrix) would also result in resistivity tempenatu

hysteresis due to melting and recrystallizatioGafclusters and a sharp drop of the resistivitpwatT (<10
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K) (attributed to superconducting state of galliydy]. Furthermore, Ga clusters would render teis

non transparent in the visible (coloration duedéedts) [48]. Those features were not observed (EdLf) .

3. Electron accumulation in GaOs;

The origin of then—type intrinsic bulk conductivity for binary metakides (i.e., ZnO, B0Os;, SnQ etc) is
usually explained with a stoichiometric deviatiaan anion (i.e. oxygen) deficiency or metallic catio
interstitials. Therefore, intrinsic donors for inBic n-type conductivity in G#; are the oxygen vacancy,
Vo, and gallium interstitial, GaHybrid functional calculations predict the; Yo be a deep donor with an
ionization energy higher than 1eV in &g [49] Hence, it is unlikely that bulk oxygen vacawcould be
the source of the metallic conductivity observedim experiment. Interstitial Ga atom ;Gae relatively
shallow donors with an ionization energy of 0.1-8\2 However, Gahas very high formation energy [50]
which also makes it an unlikely candidate. Becanfdbe breaking of translational symmetry at thdee,

an electronic state may exist with significantlffetient properties and characteristic energies thase in

the bulk[51]. A particularly investigated case is, @ surfaces (indirect bandgap of 2.5 eV and a direct
bandgap of 3.6 eV). ¥0; surface donors, (rather than bulk defects), aperted to be the source of its
downwards band-bending and surface 2DEG. [52] #iralar fashion, surface electron accumulation was
also observed on the surfaces of other binary Wwaledgap oxides such as CdB~2.18 eV) and ZnO
(Eq~3.37 eV) [53]. In the case of &3, a surface band banding phenomena due to surkfeetsl was
already pointed out by Lovejost al. [54] .Well known quantum Hall Effect in 2D semiahrctors and
oxides usually can be observed only in high-pugitpr GaAs at very low temperatures and strong mggn
fields and at room temperature only in graphgstg

When oxygen vacancies (or other surface donorspieeent, surface positive charge causes a downward
bend bending; the extra electrons accumulate dmg®sitive charges and create an accumulation laye
the near-surface region; the downward bend benchinges a rigid shift of all peaks in the photoeioiss
spectrum downwards. This shift has been reportéxd tof 0.2—-0.3 eV in the case of reduced titaniechvis
formally associated to the transformation of*Tio Ti**. [56] On the contrary, surface acceptors cause
upward bend banding, accumulation of holes cloghdcsurface and shift of the core levels towaodget

binding energies (BE). XPS allowed the study afhsoore levels. The BE shifts in the ©4PS spectra
9
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result from the difference in the valences of thei@hs. Lower BE indicates higher electron numbe®at
ions. The room temperature photoemission spectaurthé Gap, Gad, Ols and Ck core levels is shown
in Fig. 3 (a). In this analysis, XPS spectra for @&0; layer surface (labelled-type) are compared with;
(1) a control sample of commercial (Novel Crystachinology, Inc.) nominally-type Si-doped3-Ga0s
(Np-Na=1.3x16® cmi®) epitaxy (500 nm) grown on a single cryglaGa,0; (labelled Ref) and (2) p-type
Ga0; surface (containing gallium vacancies) from Natiova [21] The BE value of the core level for the
Gad states at 1119.3 eV (as determined by Michéhg@l. [57] for cleaved3-Ga,0O; single crystals) were
used to calibrate the BE positions of the XPS speéts shown in Fig. 3(b), the & BE shift ABE=BE-
BE.) with respect to the Si-doped &3 Ref correlates well with an-type electron surface accumulation
and ap-type electron depletion. Thetype GaO; sample exhibits a shift towards higher BE enerdues
while thep-type sample exhibits a shift towards lower BE ealfor both anions and cations.
Therefore, as the peaks of all the elements $tefBE in the same direction, it is deduced thaBReshift is
dominated by raising/lowering of the chemical ptidn(i.e. the potential shift due to surface oxyge
vacancies or metal interstitials). It is worth mening that the XPS for the Gpzore level spectrum show
no appreciable shoulder-like feature for either fiza®r Ga. When the Gaatom occupies an interstitial
site, it is surrounded by more oxygen atoms. Tloeegfcation shoulder-like features could be treated
direct evidence for the presence of interstitidllse evidence of the BE shift coupled with the abseof
shoulder-like features for Ga peaks would sugdestthe origin of the donors in tinetype layers are rather
due to (surface) oxygen vacancies but which arerestent on the bulk.
From valence band photoemission spectra, it isilplesto determine the electronic surface properiethe
thin-films. The three maxima of the P®alence band correspond to the three differengemysites irf3-
G&0; (O(1), O(2) and O(3)). The valence band width tioe reference sample is ~8 eV, which is in
agreement with previous reports. [58] The extramiaof the first slope (at ~5xi@ounts/s) gives Fermi
levels of 4.9 eV and 4.4 eV, respectively, for GaO; metallic surfacer(-type) and the Si-doped control
(Ref) samples. Therefore, the Fermi level for tretattic surface was experimentally confirmed toabeve
the conduction band edge (i.e. degenerately doleettr@n accumulation) if one assumes the usual degmnd
value of 4.8 eV given in the literature. [59] Ultralet photoelectron spectroscopy (UPS) also carates

the degenerately doped Fermi level position at €¥.@s shown in Fig. 3(e).

10
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Figure 3. (a) XPS photoemission spectra for the Ga2p, G&as, and Cls core levels for n-type studied
samplep-type [21] and Si doped reference . (ype andp-type binding energy shifA8E=BE-BE.y) with
respect to the control Si-doped Ga (c) Valence band photoemission spectranttype and Ref showing
that our sample surface is degenerately condudtiyeJPS spectra of the surface of the undopedwaiiet
surface. e) Zoom at conduction band edge.

Theoretical estimation of carrier accumulation

The 2DEG free electron concentration density peafin be estimated by the Thomas-Fermi approximatio
for a 2D system (see supplementary information).[6i8 possible to find a relationship between sugface

Fermi level (measured from the band edge) anduhethree-dimensional electron density using:

E. =(37° )%% n?* ()

11
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Where EF is the average difference between the Fermi enanglythe band gap potentM(Z), which

changes along thé-axis (theZ-axis being perpendicular to the sample surfadegrefore,

E. -v(2)=(372)" ZZ {0

Setting the energy to zeroE; Poisson’s equation for near surface potential gneydneglecting fixed

charges):

dV_ 1 ( & \2m*\? 2 (3
dZ _3772(6‘,80]( n? j (V)

for which solutions are,

g o

(z+32)" 2m
_ Zm*bf/z
- & | a= 5
n(2) (e 2) ( P %)
_ 2%*bj”
-2  a= 6
n(Z) (Z+ %)6 [ hZ ( )

In Eq. (5-6) z, is defined by the boundary condition vaIuer(O). Band bending at the surfad@B was

used for determining it. F@B :
BB=E,-E.=E,.-(E- E°)

Where EVS_F and EVB_F are the top of valence band to Fermi energy distadhe surface and in the bulk

respectively. The latter can be expressed as timeafbulk band gapEg, and the distance between the

Fermi energy and the bottom of conduction bandhéndulk material. In Ref. [55] temperature narmgvof

12
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the bandgap in G®; is studied and a 4.65 eV room temperature bandgaported; our electron

concentration corresponds ECB_ =005 eV.

As the zero of energy is &

V(O) =-(BB+ ECB—F): —( E:—F - Eg) (8)
In our case, V(0)=-0.2%V, BB= 0.2eV

Taking into account the experimental XPS and UP&Fevel of 4.9 eV, an estimation of the charastar
depth profile for the bandgap potentisl{Z)) and 2DEG densityn(z)) may be determined as shown in Fig. 4

(a,b).The calculated concentration of surface electrgfy = 16! cni®, with an average concentration N,
~ 10°cm® matches well with the free electron concentratistimated in the Hall effect. The calculated
electron concentration drops to ¥16m?* at a depth of =5 nm, which represents roughly two Gaunit

cells (Fig. 4(c)). Under this approximation, theshcharge concentration of the 2DEGygs- 2x16*cm®,
Such a high value of sheet charge density indutaga diffusion of carriers and, consequentlyw Value
of mobility. This is the reason why no quantum batons are seen as a function of temperature and
magnetic field in the available ranges. This mayfur¢her investigated. Nevertheless, the robustaliet
conduction appears to be connected with surfaced b@nding, as already observed in other oxide

semiconductor surfaces.

13
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CONCLUSIONS

In this work, temperature dependent electricalgpant measurements revealed that than nominallgpe
B-Ga0s thin films exhibited degenerate metallic conduttiwith a room temperature Haillof 8x10° cm®
and Hallp of 19 cnd/Vs. A number of high resolution techniques did reteal any bulk or shallow donor
signatures that could explain the conductivity émms of conventional impurity or defect doping. The
conductivityvs temperature was found to be unprecedentedly staldethe range from a few K to 850 K
(limit of the measurement set-up), both, in air afdogen ambient and insensitive to high doserofqn
irradiation (2MeV, 5x1&cm? dose). These suggested that the electrical condusis mainly confined to

the layer close to the surface. Photoelectron spsmipy andockey stick-likéoehavior in low temperature
14
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magnetoresistance studies were also coherent Wittoaduction. The origin of a such exceptionallipust
conduction merits to be investigated more deepiyges this exceptional result challenges our current
understanding and methods to achieve, solar tragisppeonducting electrodes, Ohmic contacts andngiate
transistor conductive channels in a wide bandgaplator which is now considered to be a key enaifler

sustainable and greener future.

Experimental section
Fabrication Details

Ga,0O; Epilayer. Nominally undope-Ga0; layers were grown on 2-inch diameteplane sapphire substrates from a
commercial sintered 4N @@ target using a Coherent LPX Krk £ 248nm) laser by pulsed laser deposition (PLD).
Uniform 2-inch diameter wafer coverage was obtainsihg optical rastering of the incident laser be&ubstrate
temperature during growth was measured with a tbeomple to be ~55C and the ambient during growth was*10
torr of molecular oxygen. G@; layers were epitaxial, showing (201) preferentigéntation [23].The relative low
temperature (i.e. T=500-550°C) is enough for@acomplete crystallization as reported previously by
several groups [61-64]. However the crystallizattemperature may vary from one set-up to another as

other authors have reported that larger tempeanerequired to avoid amorphous phase. [65-66]

Characterization Methods

X-ray diffraction (XRD). The crystallographic structure of the films wamlgsed with a Siemens D-5000

diffractometer using Cu-Kradiation { = 1.54 A).

Interferometry. The thickness of the gallium oxide layers wasuath 300 nm, estimated using optical
reflection interferometry with an Ocean Optics Nealo system. The layer thickness was further
corroborated with cross-sectiorsganning electronic microscopy (SEM) FEI Quanta 650F Environmental

SEM equipped witlenergy dispersive X-ray spectroscopy (EDX) for point analysis and chemical maps.

Electron Spin Resonance (ESR) measurements have been performed with a Brukeans-spectrometer

under standard conditions: 100 kHz field modulataord low (W) microwave power to avoid nuclear
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polarization effects. Only 2 transitions corresgagdio a Cr contamination of the &) substrate were

observed.

Secondary-ion mass spectrometry (SIMS) was carried out with the aid of using a Cameca MSool

equipment.

Cathodoluminescence

The GaO, film was characterised by scanning cathodoluminesose (CL)
spectroscopy using a FEI Quanta 200 scanning eleatmicroscope (SEM)
equipped with a parabolic mirror collector and aace@n Optics QE65000 CCD
array spectrometer. To probe defects or impur itagsdifferent depths in the
film, CL spectra were acquired with different aceelating voltages
between 1and 10 kV, corresponding to a maximumiextion depth of 20 — 200

nm. All luminescence spectra were corrected for tbeal systemresponse.
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Fig.5 Depth-resolved CL spectra showing a sel f-tpagexciton peak,

independent of sampling depth.
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X-ray photodlectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements
were performed with a Phoibos 150 analyzer (SPE@®HE Berlin, Germany)) in ultra-high vacuum
conditions (base pressure 3%i@nbar). XPS measurements were performed with a oionmatic Al K,
X-ray source (1486.74 eV). UPS measurements wealeed with a monochromatic Hel UV source (21.2
eV). Optical transmission spectra were measuregO0im2000 nm spectral range with a Perklin Elmer 9

spectrophotometer.

Transport measurements. Electrical contacts were made by soldering indiuks verified by I-V
measurements, all contacts showed Ohmic I/V cheniatits. DC-resistivity and magnetoresistance were
studied using a commercial “DC-resistivity” confrgtion in a 9T-PPMS (Quantum Design Inc.)
environment, while for high temperature (T>300K) amgrements a home-designed high impedance
measurement set-up was used. Magnetoresistanceinaeasnts were made with a magnetic field, Bu
applied perpendicular to the film plane. Hall effaceasurements were performed in the Van der Pauw

configuration for perpendicular magnetic fieldsupfto 1.6 T.

Proton Irradiation. Proton irradiation was performed with a Van de &rasbMV accelerator. A proton
energy of 2MV was chosen in order to generate aogemeous defect profile over the entire film antithe
end of range in the sapphire substrate. The thtahée was 1xT8 cm? The current was 1 microA/éma

value for which the film is expected to stay closeoom temperature.
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