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ABSTRACT Deep and shallow electronic states in undoped and Si-doped e-Ga,Os epilayers
grown by MOVPE on c-oriented AlbO3 were investigated by cathodoluminescence, optical

absorption, photocurrent spectroscopy, transport measurements, and electron-paramagnetic-



resonance. Nominally undoped films were highly resistive, with a room temperature resistivity
varying in the range 10’- 10" Qcm depending on the carrier gas used during growth. Films grown
with He carrier were generally more resistive than those grown with H> carrier and exhibited a
Fermi level located at about 0.8 eV below the conduction band edge, which tends to shift deeper
with temperature. This can tentatively be attributed to the combined action of deep donors
(probably carbon impurities and oxygen vacancies) and deep acceptors (Ga vacancies and related
complexes), which compensate residual shallow donors. There are strong experimental hints that
nitrogen also behaves as deep acceptor.

Room temperature resistivity as low as 0.42 Qcm and electron concentrations around 10'® cm™
were obtained by silicon doping. Si was confirmed to act as shallow donor with sufficiently high
solubility. A variable range hopping conduction was observed in a wide temperature interval in
the n-type layers, and compensation by native acceptors also plays a major role on conduction
mechanisms. Previous evaluations of curvature and anisotropy of the conduction band are
confirmed, which allows for the estimation of the electron effective mass.

The present experimental data are discussed considering the theoretical predictions for point

defect formation in the e-polymorph as well as literature data on extrinsic and intrinsic defects in

B-Gaz0s.

KEYWORDS: wide bandgap semiconductors; gallium oxide; electronic properties; deep levels;

n-type doping

One Sentence Summary. Shallow and deep electronic defects detected in highly resistive and

highly conductive e-Ga;Os thin films and survey of literature data.



Introduction

Gay0s3 1s a wide-bandgap semiconductor with physical properties suitable for application in
power electronics, short wavelength photonics, gas sensors, and spintronics [1-5]. The monoclinic
B-phase is the only one thermodynamically stable among the five polymorphs a, B, v, 0, and €. Its
bandgap of nearly 5 eV enables transparency up to the UV-C spectral range; however, the
crystalline structure favors undesired cleavage, especially along (100) and (001) directions, and is
responsible for the anisotropy of thermal, vibrational and optical properties [6,7].

€-Gay0; is the second most stable polymorph, identified by Playford et al. in 2013 [8]. Its
crystalline lattice was found to be orthorhombic and stable up to about 700°C, but it was seen to
convert to monoclinic B at 900°C [9]. A peculiarity of £-Ga;0s is its ferroelectric behavior [10],
connected with a spontaneous polarization of the lattice that might turn out useful to produce a two
dimensional electron gas at the interface with other compounds, such as CaCOs [11]. When
deposited on hexagonal (0001) sapphire, the epitaxial e-Ga>Os3 films arrange in domains, 5-10 nm
in size, separated by 120° twins. On average, this ordering results in a pseudo-hexagonal structure,
with the c-axis aligned to the c-axis of the substrate, and an ABAC 4H stacking sequence, where
Ga atoms occupy octahedral and tetrahedral sites in between oxygen planes, leaving a certain
number of empty sites to ensure the 2:3 stoichiometric ratio [10,12]. Two kinds of layers alternate
in the orthorhombic cell of e-Ga,O3 (Fig.1): layers containing only octahedral sites (Gal and Ga2),
and layers where Ga atoms occupy both octahedral (Ga3) and tetrahedral (Ga4) sites. Anti-phase
boundaries are often observed inside the domains [10].

The epitaxial growth of e-GayOs takes place at relatively low temperature of 600-650 °C, lower

than the one usually employed for the B-phase. The first successful attempt to grow epitaxial layers



of this polymorph dates back to 2015, with the pioneering work by Oshima [13], who deposited
pure e-phase epilayers on hexagonal GaN and AIN substrates by Hydride Vapour Phase Epitaxy

(HVPE). Subsequently, thin films have been grown on c-sapphire and 6H-SiC by Metal-Organic

Fig.1 e-Ga.0s crystalline structure: gallium ions (green balls) and oxygen atoms (red balls) [10].
Four non-equivalent Ga sites are labelled: Gal and Ga2 are in layers containing only octahedral sites;

an octahedral Ga3 site and a tetrahedral Ga4 site are in the adjacent layers.

Vapour Phase Epitaxy (MOVPE) respectively by Boschi et al. [14] and Xia et al. [15] and later by
Yao et al. [16]. Other methods also proved to be successful: mist-Chemical Vapour Deposition
(CVD) [17-19] and plasma assisted Molecular Beam Epitaxy (MBE) [20]. In the latter case, using
tin or indium as metal catalysts, above a critical concentration, which permits to stabilize the ¢-
phase of Ga>O3 with respect to the B-phase. The control of the HCI flux in MOVPE growth has
been demonstrated to be decisive to control the dominant phase among a, 3 or € [21]. Chlorine and
hydrogen are supposed to work as catalyst to promote and stabilize the e-phase formation. The
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critical conditions for the preferential nucleation, in a MOVPE deposition, of the e-phase on Al,O3,
instead of the B-one, have recently been discussed in Ref. [22]. Low temperature and small layer
thickness have been also demonstrated to favour € vs B-phase in MOVPE growth [23]. The
deposition parameters leading to the stabilization of different Ga;O3; polymorphs have been
recently reviewed by Bosi et al. [24].

The growth conditions and the structural properties of &-Ga,Os3 are relatively well known,
however its electronic properties and defects are still quite unknown. A very flat valence band
(VB) and a pronounced conduction band (CB) minimum at the I point, as in B polymorph, have
been reported in Refs. [25,26] as deduced from angular resolved photo-electron spectroscopy
(ARPES) and density functional theory (DFT) calculations. An effective mass of about 0.3 m,. with
negligible anisotropy around I' point has been recently deduced from electron paramagnetic
resonance (EPR) data [27]. This result has been supported by a calculated value of 0.24 m. [28].
In the latter work, the piezoelectric properties of the crystal have also been discussed, consistently
with both the prediction of a large spontaneous polarization of e-Ga>O3 [29], and the experimental
detection of ferroelectric hysteresis [12]. The bandgap of e-Ga>Os was reported to be in the range
4.6-4.9 eV at room temperature (RT) [13,30], close to the bandgap of f-Ga,O3, a value that makes
€-Ga03 suitable for UV-C detector fabrication [30].

First information on electrical properties and photoconductivity (PC) of as-grown nominally
undoped (UD) &-Ga>O3; was reported in Ref. [30] for layers deposited by MOVPE on (0001)
sapphire using He as a carrier gas. A thermally activated conductance behavior characterized by
an activation energy of about 0.7 eV was found in the highly resistive samples. Ref. [30] also
reports the first evidence of deep levels in the e-phase, suggested by a non-negligible

photoconductive response to sub-bandgap energy photons, and confirmed by the broad



cathodoluminescence (CL) emission in the spectral range 2.4-3.2 eV [31]. Such a broad CL band
was observed to have shape and intensity weakly sensitive to carrier gas, but strongly dependent
on measurement temperature between 80 K and 300 K. RT CL emission in the range 1.5-4.2 eV
has been more recently reported in Ref. [32], where a shoulder at about 1.65 eV was also
evidenced.

Deep levels related to intrinsic defects such as O and Ga vacancies, interstitials and/or their
complexes are probably formed in e-GaxOs, as formerly proposed for the B-polymorph [33,34].
The formation of some complexes (e.g. Vaa-Gai-Vga) has been experimentally confirmed by EPR
investigation in irradiated f-Ga>Os [35,36]. A comparison between the electronic properties of the
Ga203 polymorphs is given in Ref. [37].

Successful n-type conductivity by Si and Sn doping has been demonstrated [27,38], with the
carrier transport taking place via localized states, as inferred from Hall effect and EPR
investigations. The effect of Si-doping on the CL emission, as well as the effect of the carrier gas
(H2, He and N>) in the MOVPE growth have been discussed in Ref. [31]. On the contrary, an
effective p-type doping was never achieved; the predicted hole self-trapping energy of £-Ga,0O3
being even higher than in $-Ga,0s [39], which implies formation of polarons instead of free holes
[40].

The present work reports on electrically and optically active point defects in e-Ga>O; and
associated electronic states in both nominally undoped resistive and n-type £-Ga>0Os layers. New
measurements provide new insight into nominally undoped &-Ga;Os; samples, which were
previously investigated by other methods. This allows to establish a correlation of all available
experimental results. The nature and activity of intra-gap states in e-Ga>O3 were investigated by

several experimental methods, i.e. CL, absorption and photocurrent spectroscopy, transport



measurements and EPR investigations. The new experimental findings of the present work are
discussed in the light of Refs. [25,27,30,31,38] and considering theoretical estimates and previous
results relevant to B-phase.

All e-Ga03 samples investigated in this paper were grown by MOCVD, using He, H> or N»
carrier gases, following the process described in [14]. For the first time, the influence of the carrier
gas on electrically-active defects is discussed. UD samples grown with He as a carrier gas exhibited
higher dark resistivity with respect to those grown with H», and appeared to be suitable for photo-
detection of UV-C radiation. On the other hand, non-equilibrium occupancy of deep defects in UD
and Si-doped e-Ga2O3 samples grown in H; are observed for the first time in this polymorph.

Heavily Si-doped samples are better grown with H> carrier gas, which opens the way to novel
electronic devices based on p-n heterojunctions. The possibility of n-type doping ex-situ by Sn
diffusion is also mentioned. Finally, we discuss about the effects of nitrogen incorporation in
epilayers grown under N carrier gas.

With the original results on the e-Ga>O3 epilayers mentioned above, we updated the body of
knowledge on deep and shallow levels detected in UD and n-type doped e-Ga>Os3 layers grown by

MOCVD.

Experimental Section

The nominally UD samples studied in this work were grown at IMEM-CNR Institute by
MOVPE under total pressure of 60 mbar on 2-inch c-plane sapphire substrates heated at either 600
°C, 610 °C, or 650 °C. He, H> or N> were used as carrier gas, and trimethylgallium (TMG) and
ultrapure water were used as precursors for gallium oxide synthesis. Typical HoO/TMG ratio was

in the (100-350) range. The films were transparent and smooth [14], with layer thickness in the



range 0.2-0.5 um. X-ray measurements confirmed the good quality of the layers and their single

phase structure.

Silicon doping was achieved by adding silane to the precursors during growth. A mixture of

0.05% SiH4 in pure H> was injected into the growth chamber to give an overall silane flow around

0.005 sccm [38].

The process parameters of the e-Ga>Os3 thin films here discussed are indicated in Table 1.

Fig.2 shows the (006) X-ray diffraction peak typical of both undoped and Si-doped &-Ga>O3

layers compared to the (-603) peak of a bulk B-phase sample (by Novel Crystal Technology Inc.).

Note the splitting of the diffraction peaks of both undoped and Si-doped films, due to Ka; and Ko,

radiations of the anode, which indicates a high crystallographic quality; the comparison also
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Fig.2 (006) X-ray peak of UD (blue line) and Si-doped (black line) £-Ga,Os layers in comparison

with (-603) peak of a -Ga2Oz (red line). The splitting of the diffraction peaks is due to Kol and Ka?2

radiations of the anode.

confirms that Si incorporation during the epitaxial growth does not alter the crystallographic

structure. Further details on X-ray investigation of these samples can be found in Refs. [9,27,31].



The resistivity measurements were performed by van der Pauw method on square 5x5 mm?,

doped samples with triangular or square contacts in their corners. A Keithley set-up for Hall and
resistivity measurements was used. In case of highly resistive layers the Transfer-Length-Method
(TLM) was preferred over the van der Pauw geometry or other standard 4-point probe methods,
because of the shorter distance between the contacts, i.e. lower resistance (and lower compliance
voltage). Five striped electrodes were deposited on the surface of the sample, previously etched in
a solution of hydrofluoric and nitric acid (HF 50% + HNO3 50%) for 1 min and then rinsed in
acetone, isopropanol and deionized water, and finally dried blowing dry nitrogen. The electrodes
were 4 mm long and 0.45 mm wide, and the gap between adjacent contacts was 0.2, 0.4, 0.8 and
1.6 mm, respectively. A tolerance of about 5% on the distances between contacts was confirmed
by optical microscopy. Current-voltage characteristics of each couple of adjacent electrodes were
recorded with a Source-Meter Keithley (Mod. 2400) up to 200 V. The ohmic behavior was
generally tested up to a temperature of 600 K.

The electrical contacts were made of Ti/Au double layers, deposited by thermal evaporation or
sputtering, except for sample #440 (see Table 1), for which a SnOx layer was deposited by
sputtering in order to locally dope the epilayer with Sn [38,41]. In all cases, the ohmic behavior of
the contacts was tested in the whole temperature range of the electrical investigation.

The PC response of the UD film was recorded over a wide spectral range by RT photocurrent
spectroscopy. An ORIEL 300 W Xenon lamp and a monochromator CornerStone 130TM 1/8 m
(Mod. 74000) (spectral range 200 -1600 nm, wavelength resolution of 3 nm) were used. The results
were corrected for the spectral emission of the lamp using a calibrated Newport 840-C Optical

Power Meter. The bias dependence of the photoresponse was analyzed up to V=200 V. Optical



absorbance measurements (OAM) were performed at RT in the 200-800 nm range with a Varian

2390 spectrophotometer.

Table 1. Process parameters of the samples discussed in this work ([tw] is for “this work”).

Samples # - SiH4 flow T (°C) - Carrier Carrier | O/Ga | Time | Thickness | Metal
(sccm) P (mbar) | flow (sccm) gas ratio | (min) (nm) contact
#146 -undoped [tw], [9] | 650 - 100 200 He 205 15 500 Ti/Au
# 425-undoped [31] 610 - 60 1000 H> 350 320 6000 -
#479-undoped [31] 650 - 100 200 He 205 15 450 -
#307 - 0.005 [38] 600 - 60 1000 H> 145 60 1000 Ti/Au
#335-0.005 [tw], [27,38] | 610-60 1000 H> 145 60 450 Ti/Au
#440- 0.005 [tw] 610 - 60 1000 H> 350 60 550 SnOy

EPR measurements were carried out from 4K to RT on selected Si-doped samples with a 6x4

mm? size by means of a X-band spectrometer (9 GHz) with 100 KHz magnetic field modulation

and lock-in detection. The absolute spin concentration (spins/cm?®) in the Si doped &-Ga,03 films

was estimated at RT from the comparison with a spin standard sample (Al.Os: Cr), containing

9.2x10% spins, as described in Ref. [27], and assuming a homogeneous distribution over the whole

sample thickness. Further details on the EPR experiments are reported in Ref. [27].

CL measurements were carried out on the UD sample in the temperature range 80-300 K. The

CL was measured with a MonoCL2 system from Gatan UK, attached to a field-emission scanning

electron microscope (FESEM-LEO 1530). A Peltier-cooled CCD detector was used for the spectral
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analysis, while the panchromatic spectra were recorded with a photomultiplier. More details about

the experimental set-up and the CL response of the e-Ga>O3z samples are reported in Ref. [31].

Results and discussion
In this section we first discuss the results obtained on undoped and Si-doped e-Ga>O3, while at

the end of the section we shall discuss the interplay between shallow donors and deep levels.

1. Undoped e-Gaz0;

Nominally UD layers were found to be highly resistive regardless of carrier gas type. With H»
carrier gas a RT resistivity of the order of 107 Qcm was typical [31,38], while the use of He
generally led to much higher resistivity. Values up to 10® Qcm at 600 K, corresponding to an

extrapolated RT value of about 10! Qcm, were found.

1.1 Role of native donors and H> incorporation in UD &-Ga>0j3.

Resistivity of UD samples (#146) grown with He carrier gas was evaluated by means of TLM
measurements; this is the first measurement of the resistivity as a function of the temperature
reported for e-Ga,0s. Typical current-voltage curves for the four couples of electrodes are shown
in Fig.3a: a linear ohmic behavior up to 200 V with slopes that scale with the distance d; (i=1- 4)
between the contacts is observed. The dependence of the resistance on the contact distance d; at
the temperature of 573 K is reported in Fig.3b, and from its slope a resistivity of about 10® Qcm
has been estimated. In principle, TLM measurements provide information on both specific contact

resistivity and bulk resistivity of the semiconductor, if all contacts are considered identical.
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However, the extrapolation to d = 0 of the line in Fig.3b gives an intercept close to zero with the
vertical axis, indicating that in such sample the geometry of the pattern is not adequate to resolve

the contact specific resistivity and the transfer length.
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Fig.3 (a) Current-voltage characteristics at T=573 K for four couples of adjacent contacts (see TLM
pattern in the insert of Fig 3c). (b) Total resistance at T=573 K of the four couples of contacts as a
function of the intra-contact distance. (c) Arrhenius plot (kg is the Boltzmann constant) of the bulk
resistivity (in Qcm) in a highly resistive sample, measured by TLM (in the insert: sketch of contact

pattern).
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Fig.3c shows the Arrhenius plot for the dark resistivity, as calculated from the slope of plots like
those of Fig.3b, in the temperature range (523-573) K. Below 520 K the resistance of the sample
exceeds the maximum value that can be measured by our experimental setup. Assuming a
thermally activated electrical conduction mechanism, the extrapolation to RT of the resistivity data
of Fig.3c leads to a value of the order of 10" Qcm, the highest value measured in our samples so
far. On the other hand, the RT resistivity of films grown with H» carrier gas was generally of the
order of 10" Qcm [31,38]. The measure of the resistivity permits an evaluation of such a slope
independently of the electrical contacts.

The activation energy of 0.63 eV obtained from the Arrhenius-plot agrees with the thermal
activation energy of the conductance (= 0.7 eV) previously reported for undoped e-Ga,O3 grown
by MOVPE using either He [30] or Ar carrier gas [42,43]. Notice that in Ref. 42 the data from RT
to about 600 K confirm a conductance variation of about five orders of magnitude, which supports
the value of resistivity extrapolated to RT from the data of Fig.3.

Because of the nearly flat VB structure [25,26], and the self-trapping of holes [37], electrical
transport by electrons dominates over the possible hopping of self-trapped holes, therefore, the
(0.6-0.7) eV activation energy is indicative of the Fermi level position with respect to the CB
minimum E, i.e. the semiconductor is weakly n-type. This may be explained in terms of the
thermal emission of electrons bound to deep donors, similarly to what estimated from the slope of
conductance Arrhenius plot in Ref. [42]. That conclusion was based on the study of current-voltage
characteristics in metal-semiconductor junctions in the high-electric-field regime. The I-V plot
was interpreted in terms of Poole-Frenkel electron emission from defects, thus obtaining a 0.7 eV

barrier height.
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An approximated evaluation of the Fermi level position with respect to the CB in sample #146
is obtained calculating at first the electron density from the resistivity assuming an electron
mobility (at any temperature) of about 10 cm?/Vs. The effective density of the states of the
conduction band can be estimated assuming an effective mass of 0.3 m. [27], so that finally the
Fermi energy results to linearly vary between ~0.8 eV (at RT) and =1 eV (at about 600 K), with
an extrapolated value at T=0 of 0.8 eV. Such a value is comparable to the thermal activation energy
of the electrical conduction (Fig. 3).

The present data support the presence of unintentional deep donors in our samples and we shall
now examine which defects may act as deep donors, starting from oxygen vacancies (Vo). These
were first investigated in f—Ga»O3 [44] and were expected to behave as a negative-U center, with
a (2+/0) transition level between 1.5 and 2.1 eV below the CB minimum in all Ga>O3 polymorphs
[37]. Such a defect can certainly play a role in the control of the electrical properties in highly
resistive e-Gay03. At first sight, the oxygen vacancy can roughly justify the resistivity variation
with temperature shown in Fig. 3 and of the conductance reported in Ref. [30]. However, this alone
cannot explain the variation of the RT resistivity with the carrier gas, discussed in this work. This
suggests that donor levels shallower than Vo should be present and play an important role in terms
of carrier release upon heating.

Carbon, unavoidably incorporated during the epitaxial growth with metal-organic precursors in
a reaction chamber with graphite heater [45], might be considered as a possible additional donor
defect, although its density and activation energy in &-Ga>Os have not yet unambiguously
determined. Wei et al. discussed a PL emission at (0.6-0.7) eV in C-doped B-Ga>Os3, attributed to
C in Ga sites [46]. The role of carbon in different Ga,O3 phases has been theoretically discussed

by Lyons et al. [47], while Lany [34] suggested that carbon on Ga site in f-GaO3 can introduce a
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deep donor with negative-U character, with a level E(+/-) at 0.81 eV below the CB. In this
assumption, a distorted DX-like state should become energetically favorable in n-type conducting
samples, where carbon can behave as either a donor, or as a compensating impurity depending on
the Fermi level position, thus possibly leading to Fermi-level pinning, compensation, and
persistent photoconductivity. A similar behavior can be expected for C in the e-phase, considering
the similarities in the energy states of impurities in all Ga,O3; polymorphs suggested in Ref. [37].

We observed that a conduction activation energy around 0.7 eV was reproducibly obtained in
highly resistive samples grown by different MOVPE reactors, under different growth conditions
and different carrier gas (He [30] or Ar [42]); therefore, the hypothesis of a conductivity controlled
by an unintentional donor at about 0.7 eV from Ec is plausible, which well agrees with the Fermi
level extrapolated at T=0 K zero for sample #146. Carbon could be a good candidate although it
remains at the level of a hypothesis, since the background carbon contamination is hard to detect.
However, as already mentioned, carbon contamination is to be expected in MOVPE processes,
especially when graphite heater is used, as in our experimental set-up.

Looking for other defects in bulk B-Ga,O, with energy states positioned at about 0.7 eV below
CB, we have to recall the levels at 0.6 eV (El), 0.8 eV (E2 and E2*) and 1 eV (E3) detected by
space charge spectroscopy. However, they have been identified as electron traps [48,49,50,51],
not as donors, and their microscopic origin is not yet known; some of them being attributed to
unintentional ubiquitous contaminants such as Fe [52], or to complexes of native defects and
hydrogen [50,53]. Hydrogen contamination seems indeed to play a crucial role in Ga;0s. In Ref.
[33], hydrogen-Vga complexes were predicted to behave as compensating acceptors with lower
formation energy than the isolated vacancies. However, the formation of complexes of hydrogen

with native defects in B phase is still a matter of debate [54]. Furthermore, hydrogen has been
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predicted to introduce also shallow donors in B-Ga>O3 [44], although contradictory interpretations
have been reported [53]. In B-Ga»O3, interstitial hydrogen is expected to act as an electrically active
defect [33,55-57]; experimental support for the shallow donor nature of hydrogen comes from the
weak binding energy measured for muons in -GaO3 [58]. Ref. [59] provided a review of hole
and electron traps in as-grown and irradiated f-GaOs.

In MOVPE, the use of H>O as an oxygen source surely makes a great amount of hydrogen
available in the reactor, even greater when H» is used as a carrier gas, therefore, hydrogen
incorporation is likely to occur also in our e-Ga,03. The presence of shallow donor states associated
with hydrogen is suggested by the lower resistivity values measured in our UD film grown with
H, carrier gas with respect to He (=107 Qcm against 10'* Qcm), as well as a lower thermal
activation energy of the conductance. Less probable, and more speculative, is the alternative
hypothesis of He-induced compensation to justify the higher resistivity of He-carrier samples.
Certainly, the presence of deep acceptors in UD films, grown with either H> or He carrier, is
responsible for the compensation of hydrogen-related shallow donors, providing different
resistivity values depending on the relative density of incorporated hydrogen and/or on other
defects related to the carrier gas.

Furthermore, the resistivity behavior with temperature of the highly resistive &-GaO3 also
requires the action of acceptors, whose presence was confirmed by recent CL measurements [31].

In conclusion, it is reasonable to assume that hydrogen-related shallow donors, carbon and
oxygen-vacancy deep donors as well as deep acceptors determine the measured Fermi energy and
thus the temperature dependence of the electrical conductivity in nominally undoped e-Ga>Os. Full
compensation of hydrogen shallow donors by acceptors leads to high resistivity, whose

temperature dependence is mainly related to the occupancy variation of C and Vo deep donors.

16



1. 2 Thermally and Photo-induced persistent conductivity effects

Persistent Photo-Conductivity (PPC) and Persistent Thermally-induced Increase of Resistivity
(PTIR) have been observed in e-Ga>Os. These phenomena can be related to charge state variation
of either intrinsic defects or impurities having non-equilibrium occupancy. The PPC effect occurs
when deep levels possess an energy barrier higher than thermal energy against re-capture of photo-
generated carriers. To explain PTIR, we have to assume the presence of defects exhibiting an
energy barrier for the thermal capture of carriers, generally associated with a local lattice distortion.
The increase in temperature well above RT can provide more and more thermal energy to carriers,
so they overcome the energy barrier, but remain trapped while going down to RT temperature. The
distortion could also induce a negative value of the Hubbard energy forming a negative-U center
[61].

Various defects in -Ga>O; have been predicted to behave as negative-U centers: among them
C impurity [34], and the oxygen vacancy Vo [44], as mentioned above. In a recent EPR study [60],
the Si shallow donor in B-Ga>0Os has been claimed to behave DX-like. Instead, Neal et al. [51] and
Lany [34] excluded a negative-U behavior for Si donor in f-Ga;Os. On the other hand, Lyons
predicted a negative-U behavior for Vo defect for all Ga>Os phases [37].

We observed significant PTIR effect in several e-Ga;0O3 samples grown with carrier Hz, both
undoped or doped. PPC effects, instead, were mainly observed at low-temperature in some Si-
doped films, where generally PTIR was not detected. A systematic investigation of these puzzling
and irreproducible phenomena, probably unrelated to each other, was not yet performed.

In doped layers, PPC was observed by exciting the sample with a white light source during the

cooling down to 10 K, and then switching off the light source during the subsequent heating up to
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RT. Persistency of the photoconductivity was observed at least up to RT. Red light did not induce
PPC. Both observations suggest that the deep centers giving PPC are characterized by high energy
barriers affecting both thermal-capture and optical-emission of electrons.

In unintentionally doped high resistivity samples, the response to light is significant only for
photon energy above the bandgap, which generally induces high RT-photoconductive response
(see paragraph 1.3 and Fig. 5). Long times are requested for relaxation after on/off light cycles: at
low temperatures, the off-response times become extremely long, and the photocurrent almost
persistent. In some undoped samples, an irreversible increase of the dark current was observed
after exposure to bandgap radiation, without canceling the photoconductive response. All
phenomena are certainly related to the presence of deep levels.

The PTIR effect appeared as a dual behavior of the resistivity during a cycle of heating above
RT and subsequent cooling to RT, with higher resistivity values during the second step of this
cycle. The variation of the RT resistivity was persistent in time and dependent on the highest
temperature and duration of the measurement: a change in resistivity of one order of magnitude
was observed after the sample was heated up to 600 K for a few hours, and then was cooled back
to RT. However, the heating ramp and the maximum temperature reached in these cycles were
seen to modify the results. The resistance increase persisted even after months, and the initial
conductivity could not be optically restored. The PTIR phenomenology could also be explained
by an irreversible escape of hydrogen during the sample heating. In fact, the loss of hydrogen
(known to be a shallow donor) could justify the conductivity reduction. Unfortunately, so far we
have not a direct evidence of hydrogen outdiffusion. It could also be that both phenomena, non-

equilibrium occupancy of deep levels and hydrogen escape, simultaneously contribute to PTIR.
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For completeness, we mention that also surface states could contribute to PPC and PTIR,
eventually influencing the surface band bending. It is worth recalling that effects of surface
depletion due to hydrogen incorporation from the external environment have been pointed out for

the B-phase [53,62], and cannot be ruled out in e-GaxOs.

1.3 Native deep acceptors in UD £-Ga0;3

Acceptor states in e-Ga;O3 are expected to be deep, due to the very flat VB states revealed by
ARPES [25]; self-trapping of holes has been predicted, as in the B-phase [37]. Oxygen interstitials
and Ga vacancies can form easily due to the complicated 4H-stacking sequence of the £-Ga,O3
structure [10] and are good candidates to be intrinsic acceptors. However, the formation of stable
O-interstitials seems less probable owing to the tendency of oxygen to escape from the compound.

Among the extrinsic acceptors, Mg has been predicted to introduce a deep acceptor level in -
Gay0s3 [37]. According to recent CL investigations [31], nitrogen can be equally suspected to
introduce a deep acceptor, as reported for B-Ga,O3 [39,63]. However, in the B phase it was also
reported that it can also behave as a deep donor when in interstitial site or forming complexes
((N2)Ga and (N2)o [64]).

Experimental evidence of a band of deep acceptor states above the VB maximum in our e-Ga>O3
has been provided by ARPES. These levels are expected to be related to bulk lattice defects, as
surface states are supposed to play a negligible role owing to the absence of significant surface
band bending in the investigated sample [25].

A confirmation of the existence of deep acceptors has been given in Ref. [31] by a CL broad
band emission composed by four Gaussian peaks centered at 2.4 eV (517 nm), 2.75 eV (450 nm),

3.0eV (413 nm), and 3.15 eV (394 nm). The relative intensities of the peaks depend on the growth
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conditions, whereas the energy positions are practically independent of growth parameters and
carrier gas [31]. A tendency to decrease the intensity of the CL emission with temperature was
generally observed, although the thermal quenching of the CL intensity resulted sample dependent.

We report here new CL investigations performed on a highly resistive film (#146) with a
thickness of about 500 nm. The CL was excited with an electron beam energy of 20 KeV, for
which the expected probe depth was = 0.7 um and excitation involves both substrate and epilayer.
At lower beam energy CL spectra are very noisy and affected by surface contributions. To
discriminate the Al,O3; emissions, CL spectra of a bare sapphire substrate were recorded in the
same experimental conditions. Figs.4a and 4b show the CL emission of sample #146 (black thick
curves) measured at T=80 K and T=300 K, compared to the corresponding spectra of the Al,0O3
substrate (red thin curves). At 80 K one observes the broad band between 2 eV and 3.4 ¢V, and an
additional band around 1.67 eV, which partly overlaps the bands from the sapphire substrate. A
similar emission has been recently reported by Shapenkov et al. [32].

The temperature dependence of the broad CL band is plotted in Fig.4c, in the range (2.2-3.3) eV
to exclude the 3.7 eV substrate peak. These spectra are compatible with the deep energy states
mentioned above (see also Ref. [31], in particular the sample #479 grown with He-carrier gas),
and can be deconvoluted into the same Gaussian peaks, but with different relative intensity: a
monotonic decrease of the CL intensity with temperature is clearly visible. A quantitative fit of
these data, however, is considered not reliable due to the unavoidable contribution of the substrate
emission. The present results confirm previous CL emission spectrum and its temperature
dependence. In Fig.4b one can appreciate that at RT the broad band (2.0-3.4) eV is very weak,
while the thermal quenching is not so effective for the 1.67 eV peak. The small influence of the

growth conditions [31] on the energy positions of the four CL peaks, in contrast to intensity
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variations, and the similarities of spectra reported by several authors (Refs. [31], [32] and

Supporting Information of Ref. [42]), suggests the involvement of intrinsic lattice defects, rather
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Fig.4 (a,b) Black thick curve: CL of #146 sample; red thin curve: CL of the Al,O3; substrate at (a)
T=80 K (b) RT on a wide energy range. The frames in (a) and (b) are added to evidence the spectral
region of (c). (c) CL spectrum of #146 sample at different temperatures in the spectral range where
the CL emission from the substrate is negligible. The energy of the exciting electron beam was 20
KeV for all spectra. No baseline subtraction has been performed in the spectra. At the highest
temperatures the increase of the intensity at about 3.2 eV is due to the non-negligible emission of the

substrate.
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than of contaminants connected with the growth process.

Interestingly, the broad CL spectrum shown in Fig.4c monotonically decreases with increasing
temperature for sample #146, whereas in the thick UD sample discussed in Ref. [31] (named #425)
a maximum of the CL intensity was observed at about 100 K. In Ref. [31], this feature was
attributed to thermal activation of electrons from shallow donor states to the CB states prior to its
radiative decay. To understand the reason for the different behavior with T let us consider the
differences between the two samples: (i) the carrier gas was He for sample #146 and H; for the
UD sample of Ref. [31]; (ii) the RT dark resistivity was ~10'* Qcm for sample #146 and 10* Qcm
for #425, a value lower that the usual one for nominally UD material, which suggests a significant
shallow donor contamination; (iii) the layer thickness, 0.5 um for #146 vs 6 um for #425.
Considering point (i), one can argue that hydrogen might contribute to this phenomenology.
However, one cannot neglect the presence of a surface potential that could empty the shallower
traps, making the thin layer significantly depleted.

To gather further information on the electronic states in sample #146, spectral photoresponse
was performed and the corresponding calibrated results are reported in Fig.5a. There is a negligible
photoresponse below 4.4 eV, which suggests that the very high resistivity of this sample might be
related to an extremely low density of shallow donors, coupled to a low density of in-gap states.
For comparison, the inset of the Fig.5a shows the responsivity curve of another UD ¢-Ga»Os layer,
showing a remarkable photoresponse in the sub-bandgap visible-near UV range. It clearly appears
that a relatively high density of deep states coincides with a lower ratio between intensity of UV
and visible radiations (UV-visible rejection ratio). This ratio is indicative of the solar-blind

behavior of a detector. Note that the ratio is instead 10* for sample #146; this is probably the
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highest responsivity ever reported for e-Ga>O3, which is a qualifying feature for UV-C detection

applications.
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Fig.5 (@) RT Spectral responsivity for the sample #146. Insert: responsivity of a sample showing a
significant density of in-gap states. (b) RT Optical absorption spectrum for the sample #146 in

proximity of the optical edge and Tauc plot of the same data in the insert.

Concerning the OAM below the band edge for the sample #146, the signal is almost negligible
up to (4.6-4.7) eV; the corresponding absorption coefficient is shown in Fig.5b. It evidences a
sharp increase at 4.6-4.7 eV, whereas a standard Tauc plot (inset of Fig.5b), conventionally used
to extrapolate the bandgap value, indicates a bandgap of about 4.9 eV, consistent with the result
of Ref. [13]. However, as discussed in Ref. [30], the analysis of experimental absorbance data
through a Tauc plot leads to an extrapolated absorption edge dependent on the layer thickness,
which has no physical meaning. For this reason, we consider the onset in the linear plot of both
the absorption coefficient spectrum and photocurrent spectrum as a lower estimate of the bandgap
of #146 sample. Then, the value of 4.7 eV has been used in the summary scheme of Fig.6.

It is reasonable to suppose that the same set of deep defects participate in both PC and CL

processes. In principle, both deep donor and acceptor states could be involved; however, acceptor
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defects seem more probable considering the results of the ARPES study. In particular, Vga
acceptors or their complexes could play a main role, as was also suggested for B-Ga>Os3 in [65].
To account for the results of optical, electrical and photoelectrical investigations on UD samples,

we propose the scheme of Fig.6. It can consistently explain: (i) the four CL emission bands in the
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A e o e =
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Fig.6 Schematic deep level structure for e-Ga,Os films, consistent with both CL and PC results.
Shallow and deep donor levels are not reported because they are not supposed to be involved in the
radiative transitions. The equilibrium Fermi level is placed at (Ec-0.8) eV, as determined for sample
#146.
broad energy range 2.0-3.4 eV, interpreted as radiative transitions from the CB to acceptor levels;
(i1) the agreement between CL and PC; (iii) the previous ARPES measurements, which indicate
the presence of a broad band related to deep acceptors [25]. The equilibrium Fermi level is located

at (Ec-0.8) eV, as determined for sample #146.

2. Silicon-doped e-Ga,0; layers
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Low-resistivity n-type e-Ga>Os layers were obtained by in-situ doping with Si, during MOVPE
growth with H» carrier. Si substituting Ga on the tetrahedral sites in e-Ga>Os3 is a shallow donor,
as evidenced by EPR spectroscopy [27]. Indeed, only a single EPR peak was observed, excluding
an appreciable incorporation of Si on the other three non-equivalent octahedral lattice sites.
Moreover, a nearly constant g-value close to 1.95 was observed in the (4-300) K temperature range,
as expected for a neutral effective-mass-like donor or free electrons. A uniform distribution of Si
has been demonstrated by Time of Flight-Secondary Ion Mass Spectrometry analysis [38].

The n-type conductivity induced by Si-doping was confirmed by a negative Hall coefficient, RT
electron densities in the range (10'7-10'®) cm™, and low mobility values of a few cm?/Vs [38]. The
conductivity shows two linear regions, with different slopes, when its natural logarithm is plotted
vs. TV (Mott plot). This indicates a variable range hopping conduction, described by the Mott
law: a(T) o exp[—(To/T)*/*], where Ty = C/(£3g(w)kg) [66,67] is a reference temperature
depending on the density of states g(u) at the 4 Fermi level; ks is the Boltzmann constant; g(u) is
assumed to be constant, i.e. electron-electron interaction is neglected [66,67]. T, depends on the
localization radius ¢, which characterizes the spatial extension of the wave-function. The
proportionality constant C is a dimensionless parameter dependent on the network of hopping sites.
A hopping transport mechanism is generally observed at low temperature in doped samples, with
a shift of the onset toward higher temperature by increasing the doping level. The variable-range-
hopping (VRH) transport prevails on the mechanism of thermally activated nearest-neighbor-
hopping (NNH) at low enough temperature. However, structural disorder contributes to
localization of carriers on defects, reducing the coherence length of the carrier wavefunction, and
in doped material it favors the impurity band conduction with a transport by VRH. In disordered

systems the VRH conduction can prevail at any temperature [66,67].
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The transport by VRH shown in Ref. [38] is supposed to take place between the localized states
of the Si-donors. In Ref. [27] the two-slope behavior has been explained by assuming that at the
lower temperatures hopping conduction occurs through the states of isolated Si-donors (LT-VRH).
Differently, at higher temperatures the transport is done by hopping (HT-VRH) between Si-donor
clusters, i.e. states which lie near the CB bottom, resulting from the hybridization of quasi-atomic
and extended states; they are characterized by a greater delocalization of the Si-electron
wavefunction [27,68]. Such two-slope linear behavior of the Mott plot is not just peculiar of Si-
doping because it was also observed in n-type e-Ga>Os; doped with Sn introduced by diffusion
[38,69]. This impurity is incorporated and behaves as a donor [69,70], although often also used as
a surfactant in physical deposition methods [20,71,72]. This suggests that the peculiar defect
structure (rotation domains) of e-Ga>O3 might be at the origin of the observed VRH.

The Mott plot for two Si-doped samples exhibiting the highest conductivity obtained up to now
is shown in Fig.7a. The samples were neither illuminated nor heated. The previously cited two-
slope linear trend is clearly observed and the corresponding slopes are reported in Table 2, along
with the conductivity and the Hall carrier density of both samples, to underline the self-consistency
of the data. Indeed, the slopes in linear Mott plots are inversely proportional to g(«) and so,
ultimately, to the volume density of the hopping sites, i.e. the Si density for LT-VRH. Therefore,
the lower the slope, the higher the doping level and the Hall density. Such a consistency between
conductivity values, and the slopes of the linear traits of the Mot plots, and measured RT Hall
density for several samples of different thickness [38] is a result supporting a bulk transport rather
than surface transport.

By evaluating the density of the localized defects involved in the VRH conduction from the Mott

plot slopes, we obtained values of the order of 10'° cm™ for both the #440 and #335 samples. These
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densities become comparable with the RT carrier concentrations measured by Hall effect only if
we assume a significant electrical compensation. Such a high compensation may be explained by
a significant density of Vga (and related complexes) and/or residual C impurities in a negative
charge state. Comparable RT spin density is obtained by EPR for the two samples, equal to

2.1x10'8 cm®, consistent with the Hall density [27].

Table 2. Mott plot slopes and Hall density for the samples #335 and #440

Sample #335 | Sample #440

Slope LT-VRH [KY4] 52+0.2 37402

Slope HT-VRH [KY4] -10.8 +0.1 -9.9+0.1

Hall density [cm™] 2.9x10%8 3.7x10%8
RT conductivity [Q? cm™] 2.13 2.38

Hall carrier density and mobility for the more conductive #440 sample in the temperature range
40 — 600 K are shown in Figs.7b and 7c. This is the widest temperature range for transport
investigation of this polymorph, and provides a convincing support to the VRH transport
mechanism in the whole temperature range. A comparison with transport data obtained in B-Ga20O3
with similar doping level, shows a different behavior: in B-Ga>Os, electron freezing and a Hall
mobility maximum at about 100K, with typical absolute values always higher than 100 cm?/Vs,
guarantee the occurrence of a transport into the CB extended states [49,73,74]. Hall data of e-
Ga203 show instead a nearly temperature-independent Hall density, with negligible freezing, and
a monotonic increase of mobility with temperature, consistent with higher hopping probability.

These features support the hypothesis of a VRH transport mechanism at any temperature in the
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Fig.7 (a) Mott plot of the conductivity (in Q* cm™?) in the Si-doped samples #335 (full circle) and
#440 (empty circle). Continuous lines: LT-VRH trends; dashed lines: HT-VRH trends in both
samples, in red (thick) for sample #440 and in blue (thin) for sample #335. More heavily doped
sample, #440: (b) temperature dependence of Hall electron density; (c) Hall mobility vs. T in log-log
scale. (d) Mott plot of the mobility data (in cm?/V-s) for sample #440. Lines are a qualitative guide

for the eye.

whole investigated temperature range. Moreover, it is reasonable to argue that the two different
LT-VRH and HT-VRH transport regimes could appear also in the carrier density and mobility
plots. Indeed, in the Mott plot of Fig.7d it is possible to recognize two slopes, despite the

experimental data scattering.
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It is interesting to note that such linear trend of the Mot¢ plot again appears after illuminating the
sample at low temperature when the PPC effect is observed, suggesting that this phenomenon is
due to higher density of carriers photo-excited from traps and moving through localized states.
Such a phenomenology was detected only in a few Si- or Sn-doped samples with carrier density
of about 10'7 cm™, while in the most conductive samples PTIR was generally observed. Fig.8a
shows the Mott plot of the conductivity measured in a lightly Si-doped sample (#307: see table I),
under different conditions, as detailed in the caption. After each step the RT conductivity was
tested, and the same value was found. The heating of this sample did not induce any PTIR effect.

On the other hand, in more conductive samples, PTIR effect was observed after heating a sample
above RT, but no PPC phenomena appeared (Fig. 8b). The phenomenon is independent of the
electrical-contact stacks, that are different in samples #335 and #440 (see Experimental Section),
suggesting a negligible effect of Au diffusion if any. A linear trend of the conductivity data in the
Mott plot is again observed, in agreement with the hypothesis of a variation (in this case a
reduction) of the carrier density involved in the VRH conduction, hence confirming the transport
model.

The EPR plot of sample #440 is given in Fig.9 and compared with previous published data for
sample #335 [27]. The spectra are in very good agreement in terms of temperature dependence of
the EPR linewidth and signal intensity. Comparable spin density at RT was measured in the two
samples, in good agreement with the RT Hall densities. The EPR spectra of the Si donor showed,
depending on temperature, Gaussian and Lorentzian line shapes as expected for delocalized
electrons or carriers localized on donors. The linewidth of the shallow donor resonance varies
strongly with temperature, and its analysis gives insight into the carrier dynamics. Three regimes

of transport are identified, i.e. fully localized electron, hopping transport - more precisely VRH
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transport - and fully delocalized electrons. The Mott plot of the EPR linewidth reported in Fig.9b

evidences slightly smaller values in the #440 sample with respect to #335 in the temperature range

of the VRH transport (these samples were neither heated nor illuminated), indicative of a higher

Fig. 8 (a) Sample #307, Si-doped, n~10'" cm™ [38]: Mott plot of the conductivity evidencing the PPC
effect, whereas PTIR effect is not observed. The data were taken following this sequence: (i) cooling
in dark (full triangles); (ii) cooling under white light (asterisks) and (iii) rising to RT in dark after
turning off the light (open squares), showing PPC; (iv) heating above RT in dark (full circles); (v)
temperature reduction to RT, without PTIR; (vi) cooling again to low T (open triangles), as
reproducibility test. (b) Sample #335: Mott plot of the conductivity evidencing PTIR effect, whereas
PPC effect is not observed. The data were taken following this sequence: (i) cooling in dark (empty
circles); (ii) cooling under white light and turning off the light at the lowest temperature (asterisks):
no evidence of PPC; (iii) reduction of the RT conductivity after short heating of the sample at about
450 K (not shown); (iv) heating up to 600 K and subsequent decreasing to RT in dark (full triangles):
the data taken returning to RT are shifted to lower values (PTIR): the shift depends on the residence
time at the highest T. Insert: steps (i) and (iv) for sample #440. In all the figures, arrows near the data

help to distinguish data taken for increasing and decreasing temperature.
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conductivity, in agreement with the transport measurements. In fact, a smaller linewidth indicates
a more effective motional narrowing, as well as a higher hopping frequency and probability.

The conductivity and EPR data of Fig.7a and 9b are similar in a wide temperature range, showing
little differences in the absolute value of the Mott plot slopes. However, close to RT, EPR indicates
spin resonance by delocalized electrons for both samples, whereas the electrical conductivity data
still show VRH transport, even above RT up to 600K. This apparent contradiction was resolved in
Ref. [27] by assuming the formation of shallow donor clusters, wherein electrons can freely move;
their spins appear then delocalized to EPR, which mainly reflects the localization length of the

electron wavefunction at a local scale (short range order) [68]. However, donor clusters are
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Fig.9 (a) RT Si donor related EPR spectra (B-field parallel to the c-axis) and (b) the T-dependence

of the EPR linewidth for samples #335 and #440.

spatially separated, so that the dc conductivity again indicates electron transport via hopping.
Structural disorder, related to the presence of 120° rotational domains, is likely involved in this
localization effect.

Si incorporation on tetrahedral Ga sites as hydrogenic donor, in analogy to the case of B-GaxOs,

is a most interesting result of EPR study. The RT spin density found in e-Ga 203 is comparable to
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that reported for both a- and B-phases, which corroborates the value of about 36 meV for the
electron binding energy of the Si-donor estimated for other polymorphs. This implies a value of
about 0.3 m,. for the electron effective mass of e-Ga,O3, very comparable to previous estimates for
other Ga,0s3 phases. It should be noted that this is the first estimate of the CB effective mass for -
Ga0s. In addition, as in e-Ga,03 the g-tensor anisotropy is small (Ag=0.0018), the effective mass

anisotropy is also expected to be weak [27].

3. Shallow donors - deep defects interaction

It has recently been demonstrated that Si-doping drastically reduces the CL emission and also
modifies the relative intensity of the four-Gaussian peaks obtained by deconvolution of the CL
broad band ranging from 2 eV to 3.4 eV [31]. There are two ways to explain the CL drop: first,
one can consider that Si, in addition to forming shallow levels, may also give rise to non-radiative
complex defects or, second, Si can suppress the formation of the deep acceptor centers located at
(2.4-3.15) eV from CB. It becomes thus important to examine the possible interactions between
shallow and deep defects in e-GaOs.

As Si on tetrahedral Ga behaves as a shallow donor, the formation of Vga-related deep acceptors
is in competition with the occupancy of Ga sites by Si. An example of such defects is the split-
vacancy complex, whose formation has been theoretically predicted [33,34] and experimentally
observed in irradiated f-Ga>O3 [35,36]; it corresponds to two tetrahedral Vga with an interstitial
Ga in between. Another Vga-related defect detected by EPR in -Gaz0s is the octahedral gallium
mono-vacancy. The formation of Vga-H complexes has also been predicted [33]. Considering our
present results and the literature data, we suggest that a high density of Si, occupying Ga-sites, can

reduce the density of one (or more) type of Vga-related centers. This in turn reduces the
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concentration of deep acceptors and the related radiative transitions. This hypothesis however
partially clashes with ref. [75], where Si doping in B-Ga,O3 was indicated to increase the
concentration of Ga-vacancies due to self-compensation, a known phenomenon that has been
predicted to represent a serious limitation to the maximum obtainable free carrier concentration in
Gay03 compounds [34].

On the other hand, shallow donors can be complexed (and passivated) by other point defects to
give rise to non-radiative recombination levels. A complex “split Ga vacancy structure - dopant
atom in interstitial site” was actually proposed for f-Ga>O3 [34]. To further complicate the scene,
the growth environment, Hz, He or N, can also play a role in the formation of complexes (e.g.
Va-H complexes). When silane is used for doping and N as carrier gas, the CL quenching is even
more pronounced. This result can reasonably be explained by considering that nitrogen itself acts
as a deep acceptor, not contributing to CL transitions, but rather altering the density of deep
acceptors related to Ga-vacancy, in detriment of the radiative transitions. Furthermore, for the
same flux of silane, films grown with N> carrier gas are much more resistive than films grown
using Hb> carrier, which indicates a heavier compensation, supporting the idea of nitrogen as an
acceptor level in e-Ga,03. Another convincing experimental evidence for nitrogen acting as deep
acceptor is given by a series of Sn-diffusion experiments in £-Ga>Os3 films [38,69]: high-resistivity
as-grown epilayers, obtained with H> or He carrier gases, readily converted to semiconducting
upon Sn diffusion, with resistivity of few Qcm, while epilayers deposited with N> carrier gas,
submitted to the same diffusion process, remained highly resistive. Nitrogen was indeed reported
to be a deep acceptor in -Ga203 [39,63], but so far there were no literature data on the actual role
of nitrogen in other polymorphs, therefore, our present observations represent the first direct

indication of nitrogen as compensating impurity in e-GaxOs.
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Conclusions

CL and PC spectroscopy, optical absorption, temperature dependent resistivity and EPR
measurements on doped and undoped e-Ga>Os epilayers, grown by MOVPE under different carrier
gases, were presented in this work. Temperature-dependent resistivity and optical investigations
were performed on the same highly resistive sample permitting a reliable correlation of the results.
Transport data were measured for the first time in a wide temperature range on Si doped films,
giving strong support to the interpretation of the transport mechanism as due to VRH. Additional
EPR data were shown, reinforcing the experimental frame and the conclusions on the conduction
band features.

This comprehensive characterization provided new insights into origin and properties of deep
and shallow levels in e-Ga>O3 which can be summarized as follows:

Formation of deep levels may be ascribed to Ga vacancies and/or their complexes (acceptors),
oxygen vacancies (donors) as well as to impurities, such as carbon (donor) and nitrogen (acceptor).
The Fermi level position in the most resistive (He carrier) UD layers was seen to be positioned at
about 0.8 eV below the CB minimum, which provides a resistivity of about 10'* Qcm, extrapolated
at RT; the balance between carbon donors and compensating acceptors, is believed to be
responsible of the deep Fermi energy and high resistivity of nominally-undoped samples. The use
of Hy as carrier gas provided samples with consistently lower resistivity, which points at hydrogen
as shallow donor in g-Ga0s.

A model for the CL emission and extrinsic PC spectroscopy based on transitions between CB

and deep acceptor states was presented. This idea is well supported by previous ARPES
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investigations that demonstrated the presence of a deep acceptor level in epitaxial e-Ga>Os. The
effects of in-gap states on the photoelectrical response of the material and possible non-equilibrium
occupancy of deep energy states are here discussed for the first time.

The resistivity is below 1 Qcm in Si-doped n-type samples, with a minimum RT value of 0.42
Qcm, and an electron density of the order of 10!® cm™. The conduction through localized states
(VRH) dominates the transport in n-type layers, evidenced here for the first time by Hall data in
the 40 — 600 K temperature range. According to EPR, Si is an effective-mass donor, preferably
substituting Ga on the tetrahedral site. Whilst EPR detected delocalized (free) electrons, it also
confirmed the VRH transport mechanism.

A model that can reconcile the transport and EPR measurements consists of Si-related electrons
contained within small volumes originated by donor clustering. Within such clusters the electrons
are free to move, whereas the movement between clusters takes place by hopping. It remains still
unclear if and how the domain structure of e-Ga;Os is involved in the observed electrical
behaviour. A value of 0.3 m. for the electron effective mass at I" point, as well as little isotropy of
the CB minimum, are confirmed by the present experiments.

Incorporation of process gases (hydrogen, helium or nitrogen carriers) plays a fundamental role
in determining the physical properties of the epilayers, as they interact with intrinsic (lattice) point
defects and may dramatically change the electrical and optical properties. UD samples grown
under He have much higher resistivity than those grown with Hz-carrier. The use of N> as carrier
gas, coupled to Si doping, may quench the CL emission; while He or H> carriers, with the same
Si-doping, induce a much less pronounced CL intensity decrease. Intrinsic point defects and
incorporated carrier gas species can also play a non-negligible role in the hopping conductivity,

observed in Si-doped layers in the (10-600) K temperature range.
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