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Abstract

The spinel group is a growing family of materials with general formulation AB2X4 (the X anion
typically being a chalcogen like O and S) with many advanced applications for energy. At the time being, the
spinel zinc gallate (ZnGa204) arguably is the ternary ultra-wide bandgap bipolar oxide semiconductor with
the largest bandgap (~5eV), making this material very promising for implementations in deep UV
optoelectronics and ultra-high power electronics. In this work, we further demonstrate that, exploiting the
rich cation coordination possibilities of the spinel chemistry, the ZnGaO. intrinsic conductivity (and its
polarity) can be controlled well over 10 orders of magnitude. p-type and n-type ZnGa,O4 epilayers can be
grown by tuning the pressure, oxygen flow and cation precursors ratio during metal-organic chemical vapor
deposition. A relatively deep acceptor level can be achieved by promoting antisites (Znga) defects, while up
to a (n > 10 cm®) donor concentration is obtained due to the hybridization of the Zn-O orbitals in the
samples grown in Zn-rich conditions. Electrical transport, atomic and optical spectroscopy reveal a free hole
conduction (at high temperature) for p-ZnGa,O4 while for n-ZnGa,O4 a (Mott) variable range hopping (VRH)
and negative magnetoresistance phenomena take place, originated from “self-impurity”” band located at Ev+
~3.4 eV. Among arising ultra-wide bandgap semiconductors, spinel ZnGa,O, exhibit unique self-doping

capability thus extending its application at the very frontier of current energy optoelectronics.
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1. Introduction

Ultra-wide bandgap (UWBG) semiconductor oxides have recently rejuvenated [1,2] and are now
attracting considerable interest as an advanced platform for energy electronics, including deep UV
optoelectronics and power devices owing to their ultra-high critical electric field [3], control of the electrical
conductivity, chemical stability and the possibility of grown large single crystals (up to 6-inch) at a reduced
cost (i.e., Silicon-like Czochralski (CZ) method) [4]. The binary oxide semiconductor gallium oxide (Ga;Os)
(Egap ~4.6-4.9 eV) is somehow heralding this emerging field, but complex gallium oxide alloys are widely
investigated in particular Ga;0s:Al,0; [5] and Ga»05:Zn0 [6]. While corundum Ga0s:Al;,O3 alloys have
resulted in a successful route to further enlarge the bandgap of Ga;Os; [5] and to create a two-dimensional
electron gas (2DEG) at the GaO/AlGaO interface [7], the alloy of Ga,O3; and ZnO can be stabilized in the
energy electronics relevant spinel phase of Zinc Gallate (ZnGa;O4) with an optical bandgap of ~5 eV [8,9].
Indeed, spinel ZnGaz04 thin films (which, very relevant from the practical point of view, can be easily and
directly grown epitaxially on cheap sapphire substrates), have been recently investigated for photonics
(phosphors [10,11], deep-ultraviolet photodetectors [9], phototransistors [12—14]), gas sensors [15] or power
thin-film-transistors (PTFTs) [16,17]. In many of these promising applications, the control of the ZnGa,0,
conductivity is a central issue. In simple binary oxides, the intrinsic conductivity or self-doping is usually
achieved by vacancies or interstitials; oxygen vacancies and cation interstitials result in n-type doping, while
cation vacancies result in acceptor p-type doping. Many transparent conducting oxides are well-known
electron transport layers (notably donor doped of ZnO, SnO- and In,03) for their propensity to create oxygen
vacancies. However, bipolar junction-based electronics requires the development of both n- and p-type
semiconductor materials. Indeed, ultra-wide bandgap n-type doped binary oxides are already well developed
[18,19], but, due to high formation energy and large ionization energy of native acceptors, and low formation
energy of native hole killer [20], p-type conductivity in wide and ultra-wide binary oxides, is usually very
challenging.

Spinel oxides generally refer to the compound with the formulation of AB,O., where A and B are either
I1-valent and Ill-valent or 1\VV-valent and Il-valent metal cations, respectively. Arranging a close-packed face-
centred cubic crystal structure (Fd3m), in an ordered-normal phase, the oxygen ions in such AB,O.
materials form tetrahedral (Tq) sites where 1/8 occupied by all A cations, whereas the entire B cations reside
in one-half of octahedral (Oy) sites. In this case, a stable octet, so-called closed-shell, is made up of the
AB,04 system, it then leads to an electrical insulator behavior [21]. However, the distribution of cations in Ty
and O sites is dependent on several factors, such as impurities [22,23] and preparation methods [24,25].
Therefore, the disorder distribution of cations could result in additional routes for self-doping effects.
According to a number of theoretical works, spinel oxides are well-known to have inverted distribution of
cations caused by antisite defects [26-29], which could improve its conductivity [21,28,30-32]. This self-
doping effect could release us from the doping difficulty what is often very challenging in binary wide-
bandgap oxides, but n-type conductivity requires more low-valent atoms and fewer high-valent atoms than

stoichiometric compounds (e.g. Zn/Ga > 1/2 in ZnGayOs), or vice versa. Although optical properties of



ZnGay0. were intensively studied [33], little is known about the mechanism and the origin of its p- and n-

type electrical conductivity.

In general, and as natural for an ultra-wide bandgap oxide representative with its Fermi level lying near
the mid-gap, poor conductivity (if any) has been found for undoped as-grown ZnGa;QO, thin films [34-36].
However, high electron conductivity was already reported in the past for hydrogen annealed ZnGa,O, thin
films [35,37]. Besides, intrinsic donor electron conductivity has also very recently been reported for some
bulk blue colored crystals [38] thin films grown by pulsed laser deposition (PLD) [39], and metal-organic
chemical vapor deposition (MOCVD) [16]. In these conducting ultra-wide transparent conducting oxides
(TCOs), different electron concentrations ranging from 5.9 x10'%cm= [17,34,40] to 6.16x10%°cm[39] have
been reported. The n-type conductivity was usually explained by the presence of oxygen vacancies [35—
37,41], but they are well-known to arguably be deep centres in ZnGa,04[21,28,42]. In the same way, it has
also been demonstrated a native high-temperature p-type conductivity for ZnGa,QO, thin films elaborated by
MOCVD [43]. Although these observations and that a bunch of theoretical works deals with the issue
[29,44,45], the actual phenomenological origin and mechanisms of the ZnGa,O4 spinel self-doping remain
elusive. Here, we aim to shed light on the UWBG self-doping nature by a comparative analysis of native
acceptor and donor spinel gallate by a range of spectroscopic and transport measurement techniques. Our
results, further reinforce the fact that ZnGa,O, has unique bipolar prospects among currently known UWBG
oxides and point out exotic and mostly unexplored origin of p-type and n-type based on antisites states and a

defective band due to Zn-O hybridization within its ultra-large bandgap, respectively.

2. Structural studies of n-type and p-type ZnGa,O, thin films

The ZnGa,O4 samples were grown in a RF-heated horizontal MOCVD reactor on c-oriented sapphire
(Al,O3) substrates, as described in methods. The different conductivity values and conductivity types are
achieved by tuning the pressures, the cation precursors Diethylzinc (DEZn)/Triethylgallium (TEGa) ratios
and growth temperatures. Details are described in methods. The XRD spectra between 15 and 65° (F1G.1-a)
show that both acceptor and donor ZnGa,O4 thin films are very similar by structural properties. The 3 Bragg
peaks of the as-grown n-type layer are at 26 values of 18.47°, 37.40°, 57.50°, while those of p-type film are
at 20 values of 18.45°, 37.42°, 57.56°. These 3 peaks correspond to the {111} plane family, their indexes in
Fd3m space group are (111), (222), and (333), respectively. Additionally, the corresponding lattice parameter
of n-ZnGa,0, films is estimated to be 8.32 A while it is 8.33 A for p-ZnGa;O4 films. Elemental depth
profiles of the ZnGa,O4 samples were obtained by glow discharge optical emission spectroscopy (GDOES),

as shown in the insert of FI1G.1-b.
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Fig.1. (a) X-ray diffractograms of as-grown n-type and p-type ZnGa;O, thin films grown (0006) sapphire
(intensity in log scale); the peak labelled by “*” indicates the XRD reflection corresponding to the sapphire
substrate. (b) GDOES depth profile Transmission electron microscope (TEM) images for (c) n-type ZnGa;O4
thin film and (d) p-type ZnGa.O, thin film. High resolution (HR) TEM images are shown in (e) and (f), for
n-type and p-type ZnGa, 0., respectively. (g) SAED images of n-ZnGa0, and p-ZnGa,0..

The TEM analysis used SAED (selected area electron diffraction) for n-type and p-type ZnGa;O, thin
films are shown in FIG.1. Both n-type and p-type ZnGa,O. exhibited a high-quality epitaxial single crystal
structure as shown in interface images FIG.1-c, -e, and in F1G.1-c, -f, respectively. The high-resolution image
in F1G.1-e demonstrates strain accompany by the dislocation within the two areas. The dislocation belongs to
a stacking fault on the (110) plane of n-type ZnGa,Os thin film according to F1G.1-g. The n-type and p-type
ZnGay0, oriented [-112] and [011] are shown in FIG.1-g and -h, respectively.

3. Electronic structure of n-type and p-type ZnGa;O, thin films

In addition to surface elemental composition, the x-ray photoelectron spectroscopy (XPS) provide
information of Ga, Zn and O local bonding environment as well as the chemical state for the different n- and
p-ZnGa,04 surfaces. The shift of local atomic binding energies is attributable to the cation formal oxidation
state, the identity of its nearest-neighbor (Ga or Zn) and its bonding hybridization. As recently reminded by
De Souza et al.[46] and Walsh et al. [47], the XPS element binding energy in a solid are governed not only
by the parent atom but also by the atomic arrangement in the compound. Adventitious carbon contamination
Cls at 284,8 eV (F1G.2-d) was used as calibration for all the spectra in the absence of a better procedure [48].
One first observation is that, regardless of whether is n- or p-ZnGa,Os, the Ga and Zn core level binding
energies (BEs) are larger for spinel ZnGa;O4 (the complex oxide from binary Ga,03:Zn0O) than for either,

reference monoclinic f-Ga>Os (p-type) and wurtzite ZnO (n-type), which is a result consistent with previous
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literature. It is customary to attribute the cation’s shift towards higher binding energies to larger oxidation
states although, in theory, the Zn?* and Ga®" are in the same oxidation state in ZnGa,0s, Ga,0Os and ZnO. For
example, the Ga2ps; peak in reference monoclinic Ga,O3 appears at a smaller binding energy of 1117.6 eV
which perhaps may be understood because of the reduced coordination of half of the metal ions. There are
two kinds of coordination for Ga* ions in p-Ga.Os structure, namely tetrahedral and octahedral which
average inter-ionic distances are, T¢ Ga—O = 1.83 A 0-0 = 3.02 A and O, Ga—0 = 2.00 A 0-O = 2.84 A [49].
The inter-ionic distances for ZnGa,O, are T4 Zn-0=1.95 A and O Ga-O = 2.00 A, respectively [50]. All the
Zn-O bonds are tetrahedral for both, normal ZnGa,0O, and reference wurtzite ZnO where Zn-O bond lengths
are usually reported to be Tq Zn-O ~2.0 A (Zn-Zn/0-0 ~3.2 A).

Focusing on the ZnGa,O4 samples, the Ga2ps, (F1G.2-a) and Zn2ps. (F1G.2-c) peaks appear at 1118.2
eV and 1022.2 eV for p-ZnGa,Osand at 1118.1 eV and 1022.0 eV for n-ZnGa,0a, respectively. Therefore, it
can be concluded that the effect of self-doping in the ZnGa,O4 cation’s shift on Zn2p (4BE ~0.2 eV) and
Gazp (4BE ~0.1 eV) is rather small (when compared with the ZnGa,O. vs Ga,Os or ZnO energy shifts ABE
~0.7 eV). In contrast to simple binary oxides, where dominant defects are vacancies and interstitials,
dominant defects in spinels are suggested to be antisites [30,31]. These antisites are donor (Gaz,) [donor-like
Ga**(On)-on-Tq antisite defects] and acceptor (Znca) [acceptor-like Zn?*(Tq4)-on-On antisite defects]. The
degree of inversion in zinc gallate has been estimated by the deconvolution of the Ga2p and Zn2p XPS peaks
in two components at different binding energies (BEs) [24]. For p-ZnGa;04, Ga2ps, and peak appears at
1118.2 eV. By deconvolution, a normal Ga** (Oy) and an inversion Ga3* (Td) appear at 1118.3 eV and 1116.8
eV, respectively. Whereas a Zn2ps normal Zn?*(T4) and an inversion Zn?*(Oy) are at ~1022 eV and ~1023
eV, respectively. The inversion sites Zng. and Gaz, take ~5.3% and ~2.8% of the total area of Zn2ps- and
Ga2psy, respectively [43]. Nevertheless, the binding energy curve of Zn2p and Ga2p of n-ZnGa,O, is well
symmetric, indicating a unique chemical contribution on each atomic binding energy implying that the
antisite defects are either, too few to be detected or inexistent. This already suggests a different origin for the

self-doping in the case of donors and acceptors.

Regarding the anion (oxygen O1s) as shown in F1G.2-b, the metal oxide oxygen peak binding energy in
Zn0O (~530 eV) (e.g. [51]) and that in spinel ZnGa.04 (~531 eV) have a notable difference. In contrast, the
metal oxide peak in ZnGa.O. and Ga;Os appears at the same energy (~531 eV). There is also a clear
difference in the Ols shoulder features between n-ZnGa.O4 and p-ZnGazO. which is clearly visible for n-
ZnGaz0q (as for n-Zn0O) and much smaller for p-ZnGa,O, (as for p-Ga,0s). Interestingly, the most notable
difference between n-type and p-type ZnGa,O4 precisely is found in the shape of the O1s. A double feature at
higher binding energy can be seen clearly in the n-ZnGa,O, peak, suggesting 0% and O- components. In zinc
oxide thin films (but also in many other metal-oxide semiconductors), this oxygen shoulder (Oy) has been
related to hydroxide [52], hydrate [53] or oxygen deficiency [54]. Wu et al. [55] suggested that O1s O/Oy
ratio may be regarded as a general experimental method for estimating the ionicity and average valence of
oxygen anions. The absence of shoulder features in p-ZnGa,O4 and p-Ga,Oz; O1s may be correlated with a

lower donor compensation (e.g. very low concentration of oxygen vacancies). In n-type ZnGa,O,, the O1s
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lattice peak appears at 530.9 eV, and the shoulder maxima was found at 532.1 eV (FiG.2-e). Again, according
to the interpretation proposed by Dupin et al. [55,56], the lower BE peak is assigned to O ions, the middle
BE peak to O'" ions, and the higher BE peak to Ocnem, chemically adsorbed oxygen on the surface. From the
relative peak areas of the main components, it can be deduced that the content ratio between O'~ ions and O*
ions is approximately equal to 0.40/0.60 (neglecting the chemically adsorbed oxygen on the surface).
Therefore, it can be estimated an average valence of the O anion for n-ZnGa,04 of ~ —1.6, while it is ~ —2.0
for p-ZnGa;O;, (i.e., very close to its nominal value). Therefore, n-ZnGa,O, would deviate from the fully
ionic picture. In the ionic limit, the charge of the ion is its formal charge; if an oxygen ion in an oxide has a
charge of —2e, the relative charge of an oxygen vacancy is Qreal — Qidea = 08 — (—2€) = +2e. However, even for
oxides that are not fully ionic, the oxygen vacancy is still considered universally to possess a relative charge
of +2e [46]. In any case, based on the observables, the degenerated n-type ZnGa,O. doping has a minimum
impact on core Ga2p, a moderate impact on core Zn2p, and, a clear impact on the core O1s shoulder features.
A simple coherent explanation with these facts implies Ga vacancies and modified Zn-O hybridization. XPS
atomic quantification suggests an oxygen-deficient scenario with oxygen/metal ratio of ~1, and, perhaps
more trustable, Ga/Zn was determined to be ~1.9, revealing the Zinc-rich condition of n-ZnGa,O4. However,
recall again that no signature of ZnO has been found structurally either by XRD or by TEM analysis and that

n-ZnGa,04 is considered a pure spinel in nature.
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Fig.2. Detail (intensity normalized) of the main XPS peaks for (a) gallium (Ga2p - Ga2psz), (b) oxygen
(O15s), (c) zinc (Zn2p — Zn2psp), (d) adventitious carbon contamination (C1s, calibration for C-C bonds at
284.8 eV) of n-type ZnGa;O4, pure B-Ga,0s, pure wurtzite ZnO and p-type ZnGa,O4 (ZGO) for comparison.

(e) Deconvolution of the main contributions of the O1s oxygen peak for spinel ZnGa;O..



4. Valence Band and Optical Bandgap of n-type and p-type ZnGa,O4 thin films

Let us now focus on the experimental valence band features extracted from the XPS analysis, as shown
in Fig.3. All the valence band edge has been shifted using the adventitious C-C 284.8 eV following the same
procedure as with the core levels (FI1G.2-c). The experimental valence band width of the ZnGa,O4 thin films
is around ~8 eV, having to main contributions; the top of the valence (lower binding energies) is ascribed to
O2p states while there is an important contribution at larger binding energies due to Zn3d states peaking at
10.8 eV (n-ZnGa;0s) and 8.2 eV (p-ZnGax04). So, the binding energy shifts (ABE ~2.6 eV) of the valence
band Zn3d peaks (when comparing n-type and p-type ZnGa,0.) is much more pronounced than the one from
the core levels. Again, there is a strong reminiscence of the n-ZnO valence band shape and n-ZnGa,O, in
terms of intensity and energy, except for a valley located at 8,6 eV for ZnO (as if the Zn3d and O2p states
were more separated for ZnQO). Analogously, Ga3d features present in ZnGa,Os; and Gaz0s in the second
valence band peaks at 20.3 eV for n-ZnGa,0, and Ga;Os (either n or p) while peaks at 17.7 eV for p-
ZnGay0. (ABE ~2.6 eV). Therefore, in practice, the Fermi level (as determined from the top band slope) is
shifted ~2.8 eV from p-ZnGa;O4 (Er ~ 0.5 eV), up to Er ~3.3 eV for n-ZnGa,0..This result already agrees
well with the fact that the Fermi energy is in the upper part of the bandgap for n-ZnGa,O4 and in the lower
half of the bandgap for p-ZnGa,O.. However, considering an electronic bandgap of ~5eV for n-ZnGa;Os, the
Fermi level is still around ~1.9 eV from the conduction band edge (Ec). Thus, this would not explain the high
concentration of free carriers at room temperature for n-ZnGa,O4. A plausible explanation for the room
temperature conductivity of n-ZnGa,0O. is the formation of an impurity conductive band [57] as revealed by
optical spectroscopy.
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Fig.3. (a) Experimental XPS high-resolution valence band for the n-type ZnGa.Os (ZGO) and p-type
ZnGa0, as a reference. (b) Experimental XPS high-resolution of the first valence band group for n-type
ZnGaz0s, p-type ZnGaz0s4, pure ZnO and pure p-type B-Ga.03 for comparison. (c) Idem, for the first and the
second group of valence bands. (d) A zoom of the valence band region (VBM) showing the presence of tail
states in the lower part of the bandgap for the p-type compounds (the value of the bandgap is depicted for
Zn0, B-Gax03 and ZnGay0.).

Optical transmittance and optical bandgap determination by Tauc’s plot for n-ZnGa,O, and p-ZnGa;O.
samples are shown in Fi1G.4. Both n-type and p-type thin layers exhibit high transparency >80% in 360 to
1000 nm wavelength range, the values of optical bandgaps determined from absorption edges in UV region
are 4.9 eV and 4.8 eV, respectively (FI1G.4-b). Contrary to the sharp edge of p-ZnGa,O., for the n-ZnGa,0.
sample, there is another absorption band at around 360 nm (F1G.4-a). Such an absorption band has been
already reported in conducting thin films [39] without clear identification of the origin. Interestingly, other
groups have observed PL emissions peaking at 340 nm in zinc gallate and this emission has been associated
with Ga** ions substitution into the Zn?* ions site [40,58]. Our results suggest however that, rather than Gaz,
antisites, this absorption at 360 nm (~3.4 eV) might be associated with Zn atoms having strong bond with
oxygen, leading to Zn-O hybridization. The position of this band agrees with the findings from XPS analysis
(location of Fermi level). At high doping levels, the neighboring impurities have overlapping wave functions
causing the single donor level to split and turn into a band, known as an impurity band. The states in the
impurity band are localized, resulting in electron transport that is dominated by tunneling and hopping [57]

as we will demonstrate in the following section.
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Fig.4. (a) Room temperature optical transmittance spectra and (b) direct bandgap determination by

Tauc’s plot for both n-type and p-type ZnGa.O, thin films.

5. Electrical Transport of n-type and p-type ZnGa,Os thin films
Electrical transport measurement of undoped p-type ZnGaO. thin film was carried out in a Van der
Pauw configuration, and is presented in FIG.5-c and -d. As the layer’s resistance below 500 K exceeded the
measurement limit of our set-up (~ 5 x10'° Q), the measurement was performed only at high temperature
(500 — 850 K). The mobilities of the p-ZnGa,O4 thin film was measured between 7 and 10 cm?V-1st in this
temperature range. The pure p-ZnGa,O, thin film is highly resistive: pp-zco = 1.3 x 10° Q.cm with a hole
8



concentration of p = 1.6 x 10® cm™ at 850K. This p-type conductivity was explained by the fact of self
dopability, ie. presence of acceptor antisite (Znga) defects [43]. Though, conductivity is quite low, indicating
that those samples are of low inversion degree, still not very far from stoichiometric composition. Further
work is required to find growth condition with enhancing possibility of acceptor Zng. defects formation,

leading to higher hole conductivity.

Very differently, for n-type ZnGa,O, 190 nm film at room temperature, Van Der Pauw configuration
resistivity was found to be exceptionally low: pnzco = 3.2 x 102 Q.cm. Hall effect measurement at 300 K
with magnetic field of 1.6 T reveals an electron concentration of n = 3.7 x 10'® cm, and a mobility of x =
5.3 cm?V1st, Additionally, the Seebeck Effect has confirmed n-type conductivity of the thin layer, with a
coefficient of Sseox = -30.2 uV/K. Oxygen vacancies are traditionally considered the source of electrons in
semiconductor oxides and for ZnGa»Os spinel the same explanation has already been proposed in several
works [35-37,41]. However, oxygen vacancy as a native Frenkel type defect is supposed to be a deep level
defects in ultra-wide bandgap ZnGa,Os [21,28,42], thus it cannot be the origin of high electron

concentrations at room temperature.

To elucidate the mechanism of conductivity, the temperature dependence electrical transport
measurements of the n-type ZnGa,O4 has been carried out in four-point aligned configuration by physical
property measurement system (PPMS), F1G.5-a, 5-b. The resistivity values are 2.7 - 6.9 x 102 Q.cm for 2 -
300 K. The resistivity is almost invariant in the 100 - 300 K temperature range, while exhibiting a tendency
to increase when T < 100 K. To the best of our knowledge, such highly conducting thin films have only been
reported by D. Look et al. [39], p = 4.2 x 102 Q.cm for a PLD deposited sample, and p = 5.6 x 10 Q.cm for
a MOCVD grown sample [16,17].
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Fig.5. n-ZnGa,0, thin film (a) electrical resistivity versus temperature dependence from aligned four-probe
measurements; (b) electron concentration from Hall effect measurements in Van der Pauw configuration.
Pure p-type ZnGa;O4 layer (c) electrical resistivity and (d) hole concentration versus temperature determined

from Hall effect measurement.

Observing such a high electrical conductivity in ultra-wide bandgap material, one can think about
surface conduction caused by the charge accumulation [59,60]. Though we are discarding this hypothesis
since it is not observed any signature of surface 2D conductivity (decrease resistivity with temperature and
hockey-stick shape of p(7) [61-65]. Thus, the only probable explanation for such high electrical conduction

can be the so-called self-doping effect in spinels.

By means of the comparison of XRD, TEM, electrical transport properties, local bonding environment
of Zn, Ga, O, and optical transmittance of n-type ZnGa,Os and p-type ZnGa;O4 thin films, the most
remarkable differences come from the binding energy of Ols and valence band tail, which have a great
similarity of ZnO, while the material is structurally ZnGazO.. Indeed, the defect-defect interaction has
already been considered of natively n-type conductivity ZnO. This interaction is driven by the quantum
mechanical hybridization between two donor-like defects, the deep donor oxygen vacancy Vo and the
shallow donor zinc interstitial Zn;. This interaction happens in our Zn-rich and O-deficient zinc gallate, and
significantly reduces the total energy of the system, leads to a high electron concentration of Zn; [66], even
though they are not as energetically favorable as antisite defects Znca and Gaz, in stoichiometric ZnGa,04
[21,67]. An energy level is thus introduced by these defects but within the gap, 3.2 eV from the valance band.
In practice, it means that this donor level is relatively deep (bandgap Eg = 4.9 eV) and cannot be activated at
room temperature -being the source of free carriers. Consequently, it supposes that observed room
temperature electrical conductivity might be rather due to localized carriers, as it happens for impurity

conduction for highly doped semiconductors.

We have analyzed the electrical transport properties considering this hypothesis. Localization of free
carriers leads to different hopping mechanism depending on temperature regions. Indeed, 2 slopes could be
distinguished by log(o) versus 1/T plot (¢ = 1/p). As shown by Fig.6-a, the first “high temperature” interval
corresponds to nearest-neighbor hopping (NNH) conduction. The conductivity in the nearest-neighbor
hopping regime can be simply described by the expression o(T)= 60T ‘exp(-e/KeT) [68], where a0 being a
function of the impurity concentration is independent of the temperature T, kg is the Boltzmann constant, ¢ is
an activation energy for hops from one site to the nearest one in the impurity band, it is temperature
independent and was estimated as E, = 20.9 meV (Fig.6-a). With lower temperatures (< 100 K), electrons do
not have enough energy to hop at the nearest-neighbor sites. Thus, the variable range hopping (VRH) takes
place and as it is shown in Fig.6-b, the conductivity in this temperature interval can be well fitted with T

dependence, corresponding to Mott’s VRH mechanism.

As we demonstrate, in undoped non-stoichiometric n-type ZnGa;O4 the self-doping effect is due to

hybridization between zinc and oxygen orbitals. Such a rich number of point defects usually lead a system
10



disorder where the periodic potential in the crystal structure is destroyed. Therefore, such a disorder could
lead to carrier localization which is the so-called Anderson’s localization [69,70]. The high level of the
disorder can induce metal-insulator transition (MIT) non-interacting electrons in three dimensions (3D) at
zero magnetic field and in the absence of spin-orbit coupling [71]. However, for our n-type zinc gallate
sample, there is no strong change of resistivity indicating the metal-insulator transition (MIT) (Fig.6-a). It
emerges that the disorder due to the self-doping effect is not strong enough, indicating the relatively low

deviation from stoichiometry.

To further understand the conduction mechanism, the magnetoresistance (MR, in %) was measured with
a magnetic field applied perpendicular to the film plane (i.e. the current). The resistances as a function of the
magnetic field for n-type ZnGa,O, thin film at different temperature are shown by Fig.6-c. The MR
decreases with the increasing field (absolute value), and is negative from 2 K up to 100 K, then vanishes at
T > 100 K. Such negative magnetoresistance is usually observed for nonmagnetic semiconductors when
heavily doped [72]. In the present case, in the undoped n-ZnGa>O4 high concentration of carriers is related to
native defects. We could think that there is a conducting channel similar to the “impurity band” in external

impurity doped semiconductors. Such a “self-impurity” band we attribute to the Zn related donor defect.
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Fig.6. n-type ZnGa,04 (a) log(cT) versus 1/T in the nearest-neighbor hopping regime; (b) In(c) versus T4
showing the variable range hopping regime (VRH); (c) Resistance versus magnetic field at different
temperatures (2 — 100 K) in perpendicular to current magnetic field orientation. Measurements were done in

four-probe aligned configuration.
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6. Conclusion

At the time being, spinel ZnGa.O. arguably is the bipolar ternary oxide semiconductor with the largest
bandgap (~5 eV). Besides, ZnGa,O4 thin films can be grown perfectly epitaxial directly on cheap sapphire

substrates, which makes this material interesting from a practical perspective.

p-type and n-type ZnGa,O, epilayers can be grown by tuning the total pressure, oxygen flow and cation
precursors ratio during metal-organic chemical vapor deposition. State-of-the-art analytical techniques
provide no evidence of contamination or secondary phases. These experimental facts raise-up the immediate
guestion of which the origin of the conductivity is and challenge our general view of ZnGa,O4 being a
typical insulator representative. Here, based on complementary structural, chemical, optical and electrical
transport measurements, we conclude that the origin of high room temperature n-type conductivity (~3.2x10-
2 Q.cm at room temperature) is related to the “self-impurity” band located Ev+ ~3.4 eV from the valence
band edge. This band is a consequence of Zn-O orbital’s hybridization in Zn-rich and O-deficient ZnGa,0.
material. Otherhand, hole conductivity in p-ZnGa,Os is achieved thanks to Zng. antisite defects.

We believe that our work is the further evidence of outstanding prospects of ZnGa,O4 material for
extending the frontiers of solid-state energy optoelectronics.
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7. Experimental details
A. Growth of the ZnGa;O, thin film

p-type ZnGa,04 sample was grown in a MOCVD reactor on c-oriented sapphire (Al20s) substrates. The
TMGa and DEZn bubbler temperatures were fixed at -10°C and 0°C. During the growth, the flow rates of the
Ga, Zn and O precursors trimethylgallium (TMGa), diethylzinc (DEZn) and oxygen were kept at 11
umol/min, 8.9 umol/min and 1200 sccm, respectively. The growth temperature, pressure, and time were set
at 775 °C, 38 Torr, and 150 min, respectively. The thickness was determined as ~1 pum by cross-sectional
scanning electron microscope (SEM) and transmission electron microscopy (TEM). The n-type ZGO
epitaxial film with 190 nm thickness was grown on c- oriented sapphire (Al203) substrates at 850 °C by
MOCVD, which Diethylzinc (DEZn), Triethylgallium (TEGa), and oxygen were used for Zn, Ga, and O
precursors, and the flow rate of precursors were maintained at 49, 27 pumol/min and 0.022 mol/min,
respectively. The substrate temperature, growth pressure, and growth time were 850 °C, 25 torr, and 30
minutes, respectively. After finishing the film deposition, the epilayer was annealed at 850°C in nitrogen

ambient for 1 hour to improve the ZGO crystallization.

B. Materials characterization

B.1. XRD: The X-ray diffraction was used to investigate the crystalline structure of ZnGa,O4 film by
Siemens D5000 X-ray diffractometer with Cu-Kal source of A = 0,1541 nm, and recorded between 15 and
65° for both n-ZnGa.04 and p-ZnGazO; thin films.

B.2. GDOES: The elemental depth profile n-ZnGa,O, film was obtained on a GD Profiler 2 instrument
(Horiba) using a Pulsed Radio Frequency source. The obtained light intensity signals of the elements are

displayed in arbitrary units.

B.3. TEM (HR TEM, SAED): The microstructure of n-ZnGa,O4 film was investigated by high-
resolution transmission electron microscopy (HR TEM, JEOL-2100F CS STEM) equipped a 200-kV field
emission electron gun (FEG) and combined with selected area electron diffraction (SAED). The TEM
sample was prepared using focus ion beam (FIB, Hitachi NX2000). A protective and conductive Pt layer was
first deposited before milling the cross-sectional lamella with a Ga ion source. For high resolution TEM
observation, the final thinning process was performed by reducing the voltage and current to 5 kV and 40 pA,
respectively. For p-ZnGa204, this characterization and imaging were conducted using a field emission gun
FEI Tecnai F20 microscope at 200 kV with a point-to-point resolution of 0.24 nm. Energy dispersive X-ray
(EDX) and electron energy loss spectroscopy (EELS) spectrum images and profiles were obtained in high
angle annular dark-field (HAADF) STEM mode with an EDAX super ultra-thin window (SUTW) X-ray
detector a Gatan Quantum SE 963 imaging filter respectively. TEM cross-sections were prepared by

conventional mechanical polishing and ion milling.

B.4. XPS: Regular XPS analyses for n-type ZnGa»O, thin film, was performed at ILV, were conducted
on a Thermofisher Scientific Escalab 250 xi equipped with a monochromated Al-Ka anode (1486.6 ¢V) and
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a dual flood gun (low energy electron and ion). High energy resolution spectral windows of interest were
recorded with a 650 um spot size. The photoelectron detection was performed using a constant analyzer
energy (CAE) mode (20 eV pass energy) and a 0.1 eV energy step. All the associated binding energies were
corrected with respect to C-C component of adventitious carbon at 284.8 eV. Quantification was performed
based on the Ols, Cls, Ga2ps, and Zn2ps, photopeak areas after a Shirley type background subtraction
using the Thermofisher Scientific Avantage© software and its “ALTHERMO1” library as sensitivity factor
collection. For p-ZnGa204, the measurements were performed with a Phoibos 150 analyzer (SPECS GmbH,
Berlin, Germany) in ultra-high vacuum conditions (base pressure 3x10° mbar). XPS measurements were
performed with a monochromatic Al Ka X-ray source (1486.74 eV). The main ZnGa;O4 Ga2p and Zn2p
peak energies were consistent with previous literature after adventitious C1s calibration (284.8 eV). The C1s
calibration shift for the reference ZnGa,O, was only of 0,595 eV. The C1s calibration shift energies were also
relatively small for the other specimens with -0.3 eV and 2,8 for reference (n-type) ZnO and (highly resistive)
Gax0s, respectively.

B.5. Optical transmittance: Optical transmittance spectrum of n-ZnGa,O, thin film was measured by
n&k system. Whereas the p-ZnGa,O, thin film was measured in 200-2000 nm spectral range with a Perklin
Elmer 9 spectrophotometer.

B.6. Hall effect: Hall effect measurements were performed in a Van der Pauw configuration by custom
designed high impedance measurement set-up with magnetic fields of 0 - 1.6 T perpendicular to the film
plane. The measurement temperature range was 80 - 300 K in case of n-ZnGa;0O. sample, while p-ZnGa,0.

sample was measured in 500 - 850 K temperature interval.

B.7. Seebeck effect: Carrier type testing was done by using Seebeck effect measurements at 300 — 400K
with a home-built set-up (also specially adapted for high impedance samples) based on a Keithley SCS-4200

measurement station and cascade Microtech Kelvin probes.

B.8. DC-resistivity and magnetoresistance: The n-type ZnGa,O, samples were studied by the standard
“resistivity”” option of 9T physical property measurement system (PPMS, Quantum Design) equipment, using

the four-point aligned configuration.
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