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Abstract
The evolution of electrical resistance as function of defect concentration is examined for the
unipolar n-conducting oxides CdO, β-Ga2O3, In2O3, SnO2 and ZnO in order to explore the
predictions of the amphoteric defect model. Intrinsic defects are introduced by ion irradiation
at cryogenic temperatures, and the resistance is measured in-situ by current–voltage sweeps as
a function of irradiation dose. Temperature dependent Hall effect measurements are performed
to determine the carrier concentration and mobility of the samples before and after irradiation.
After the ultimate irradiation step, the Ga2O3 and SnO2 samples have both turned highly
resistive. In contrast, the In2O3 and ZnO samples are ultimately found to be less resistive than
prior to irradiation, however, they both show an increased resistance at intermediate doses.
Based on thermodynamic defect charge state transitions computed by hybrid density
functional theory, a model expanding on the current amphoteric defect model is proposed.

Keywords: Ga2O3, In2O3, defect, irradiation, amphoteric defect model
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1. Introduction

The wide band gap semiconducting oxide materials exhibit
a plethora of interesting properties, including optical trans-
parency, high electrical conductivity and breakdown field
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strength, piezoelectricity etc., making them highly desirable in
a range of devices [1–5]. Several electrical properties of these
materials, e.g. the maximum achievable carrier concentration,
surface accumulation/depletion of electrons and propensity for
either p- or n-type doping are related to their intrinsic and
extrinsic defects [6]. Fundamental knowledge of the defects
and their behaviour is thus of scientific interest, and also
paramount for device fabrication.

A model frequently used for describing the formation of
intrinsic defects in semiconductors is the amphoteric defect
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Figure 1. Generic formation energies for an intrinsic donor and acceptor as function of Fermi level relative to the valence band. The shaded
bar on the right illustrates the conduction band. The charge neutrality level (CNL) lies at the intersection between the donor and the acceptor
formation energies and is shown as a dotted line. Two cases are illustrated, (a) a conventional semiconductor with the CNL close to midgap,
and (b) a material with the CNL within the conduction band.

model (ADM) [7]. One of the main assumptions of the model
is that a native defect generally can exist in several charge
states, and may act either as a donor or as an acceptor (ampho-
teric behaviour). Furthermore, the charge state of a defect is
governed by the Fermi level (EF) and its probability of forma-
tion is determined by the formation energy. For donor states,
the formation energy increases with EF while the converse is
true for acceptors. As the electrical effect of a donor (acceptor)
is to increase (decrease) the Fermi level, introduction of intrin-
sic defects tends to shift EF towards a level referred to as the
charge neutrality level (CNL). In other words, if EF < CNL
donor like states will preferentially form, whereas if
EF > CNL acceptor like states will be favoured. On an energy
scale, the CNL is located at the point where the formation
energy of the most stable intrinsic donor equals that of the
most stable intrinsic acceptor, as shown for a typical wide
band gap material in figure 1(a). For illustrative purposes,
the figure shows a single donor and acceptor pair having
the lowest formation energies throughout the band gap. In
practice this need not be the case and several defects may
dominate in various regions of the gap. If a sufficiently high
defect concentration is introduced, the Fermi level is pinned
at the CNL and further generation of defects will not yield
any net change in the carrier concentration.

The CNL of a material can be estimated by several theoret-
ical approaches, and quantitatively the predicted position will
depend on the details of the computation. One approach is to
calculate the formation energies of all relevant intrinsic defects
and, in line with the above reasoning, estimate the CNL as
lying at the intersection of the formation energies of the domi-
nant donor and acceptor states [8]. The defect states tend to be
highly localized in real space and thus have an extended char-
acter in k-space. Consequently, a different route to obtaining
the CNL is to calculate the energies of the valence and con-
duction band edges at all points of the Brillouin zone (BZ).
From the band edges the local band gap at all points of the BZ
can be determined, and by averaging the midgap value across
the BZ an estimate of the CNL is obtained [9–11]. In prac-
tical calculations a choice of the relevant k-points at which
to evaluate the band edges must be made. Several schemes
are discussed in [12] and references therein. As a side note,
it has been found that the donor/acceptor transition level of
hydrogen can also be used as an estimate of the CNL in many
materials [13].

For materials where both the valence and conduction band
have low dispersion throughout the Brillouin zone the aver-
aged midgap energy discussed above is close to the middle of
the fundamental band gap, Eg, defined as the energy difference
between the conduction band minimum (CBM) and valence
band maximum (VBM). Most conventional semiconductors,
including Si, Ge, and most binary III-Vs fit this description,
and consequently their CNLs are found to lie well within the
band gap as illustrated in figure 1(a) [7, 11, 13–15].

Interestingly, density functional theory (DFT) computa-
tions have predicted that certain more ionic materials, e.g.
CdO, InN, In2O3, SnO2 and ZnO should, due to signifi-
cant dispersion of their conduction bands, have CNLs above
their respective conduction band minima, as illustrated in
figure 1(b). This would allow the existence of high carrier con-
centrations before the introduced defects begin to self compen-
sate the material, thereby partly explaining their surprisingly
high conductivities [12, 16, 17]. For CdO and In2O3 these
predictions have found experimental support by x-ray pho-
toelectron spectroscopy, infrared reflectivity and Hall effect
measurements of doped or room temperature ion irradiated
samples, indicating that the intrinsic defects are donors even
when the samples are heavily n-type [9, 10, 18].

A recent report [19] on the electrical properties of low tem-
perature ion irradiated In2O3, however, shows indications of
a more complex defect evolution than what was found ear-
lier [10]. Also, a range of elements implanted in ZnO at room
temperature or above have all been found to considerably
increase the resistivity of the samples, in contrast to the pre-
dicted behaviour for a material with the charge neutrality level
positioned within the conduction band [20, 21].

These discrepancies merit further studies of the defect evo-
lution in semiconducting oxide materials and in this work we
investigate and compare the influence of defect concentration
on the electrical properties of CdO, β-Ga2O3, In2O3, SnO2

and ZnO thin films. Controlled defect concentrations are intro-
duced by low temperature ion irradiation, i.e. ion implantation
at energies sufficient for allowing the incident ions to travel
through the film of interest and into the substrate. This leaves
a cascade of controllable concentration of intrinsic defects in
the thin-film material of interest. At select doses, the resistiv-
ity of the sample is probed by in situ current–voltage (IV)
measurements. Correlating these measurements with defect
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Table 1. Deposition technique, nominal film thickness, substrate material, dimensions, dopant as well as room
temperature carrier concentration before (nas dep.) and after (nirr.) irradiation for all the examined samples. For the
deposition techniques, MBE refers to molecular beam epitaxy, while PLD refers to pulsed laser deposition.

Material Deposition Thickness (nm) Substrate Size (mm) Dopant nas dep. (cm−3) nirr. (cm−3)

CdO MBE 150 r-Al2O3 5 × 5 none 1.5 × 1019 1.6 × 1020

Ga2O3 PLD 600 c-Al2O3 10 × 10 1% Si 9.5 × 1018 —
In2O3 PLD 800 c-Al2O3 10 × 10 none 1.1 × 1019 6.0 × 1019

SnO2 MBE 150 r-Al2O3 5 × 5 Sb 2.0 × 1018 —
ZnO MBE 180 c-Al2O3 5 × 5 none 1.6 × 1017 4.6 × 1018

charge states and transition levels calculated by hybrid den-
sity functional theory we propose a defect generation model
which expands on the previously introduced amphoteric defect
model.

2. Experiments

Semiconducting CdO, Ga2O3, In2O3, SnO2 and ZnO films of
thickness in the range of 150–800 nm were grown on c- or r-
plane sapphire substrates by pulsed laser deposition (PLD) or
molecular beam epitaxy (MBE), as summarized in table 1. The
CdO, In2O3 and ZnO films were nominally undoped, while the
Ga2O3 and SnO2 samples were doped with Si or Sb, respec-
tively. 100 nm thick aluminium contacts were deposited on top
of 10 nm titanium adhesion layers in each corner of the sam-
ples. The depositions were made by electron beam evaporation
in an Angstrom Engineering EvoVac loaded with metal pellets
of at least 99.99% purity. The base pressure before starting
the evaporation was 2 × 10−6 torr, and the Ti and Al were
deposited sequentially without breaking vacuum.

Prior to irradiation, temperature dependent Hall effect mea-
surements were conducted in the van der Pauw geometry using
a Lakeshore 7604 Hall measurement system. The applied mag-
netic field was 10 kG, and all samples were measured over a
temperature range from 20 to 300 K in steps of 10 K. The Hall
scattering factor was assumed to be unity for all measurements.

For the ion irradiation, Si2+ ions were accelerated to an
energy of 3 MeV in an NEC Tandem ion implanter. The
implantation chamber was evacuated to <5 × 10−7 torr and,
in order to limit defect diffusion and dynamic annealing, the
samples were cooled to 50 K (Ga2O3 and In2O3) or 70 K
(CdO, SnO2 and ZnO) using a closed cycle helium cryostat.
From Monte Carlo simulations using the SRIM code [22], the
ions are predicted to have a projected range of approximately
1.5 μm, i.e. well within the substrate for all samples, and
this was verified using secondary ion mass spectrometry. Any
observed changes in the films should thus be caused only by the
intrinsic defects induced by the ion beam, and not by the sili-
con ions. IV measurements were performed across the surface
diagonal of the samples at a range of irradiation doses up to
3 × 1016 cm−2 (CdO, SnO2, ZnO) or 1017 cm−2 (Ga2O3,
In2O3) with a Keithley 6487 voltage source/picoammeter
using bias voltages in the range (+/−) 2 V.

Following the final irradiation, the samples were heated to
room temperature before a temperature dependent Hall effect
measurement was performed using the same parameters as
described above.

To evaluate the electrical behaviour of native defects
in ZnO, defect calculations were performed using the
Heyd–Scuseria–Ernzerhof (HSE) [23] screened hybrid func-
tional and the projector augmented wave method [24], as
implemented in the VASP code [25]. The fraction of screened
Hartree–Fock exchange, α, was set to 37.5%, which results
in an accurate description of the experimental band gap and
lattice parameters of ZnO [26]. Thermodynamic charge-state
transition levels of defects were calculated by following the
standard formalism described in [27].

For charged defects we applied the anisotropic [28]
Freysoldt-Neugebauer-Van de Walle correction [27]. Defect
calculations were performed using a 96-atom supercell, a
plane-wave basis set with an energy cutoff of 500 eV, and a
special k-point at

(
1
4 , 1

4 , 1
4

)
. For defects involving VO, however,

a larger 192-atom supercell was required to ensure converged
energy levels, as discussed in more detail elsewhere [29, 30].
Ionic relaxations were performed until the forces were reduced
to less than 20 meV Å−1, and spin-polarization was included.

3. Results and discussion

The results from the temperature dependent Hall effect mea-
surements conducted before and after irradiation are presented
in figure 2. Before irradiation all the studied samples have
carrier concentrations (n) varying only very weakly with tem-
perature with no sign of carrier freeze out. The strong positive
temperature (T) dependence of the mobilities (μ) of SnO2 and
in particular ZnO indicate that these films are non-degenerate
and that their carrier transport is limited by ionized impurity
scattering [31]. The mobility of the In2O3 sample is seen to
followμ(T ) ∝ T , indicating that the sample is degenerate with
transport limited by grain boundary scattering [32]. For the
lowest temperatures, the carrier concentration of both SnO2

and ZnO seems to increase slightly. This is attributed to some
form of parallel conduction either at the surface, or at the
TCO/substrate interface [33, 34]. For CdO the negative tem-
perature dependence of the mobility indicates that phonons
are the dominant scattering mechanism, but also here a paral-
lel conduction pathway could be present [35]. For Ga2O3 the
mobility is seen to increase slowly with temperature, but at
a lower rate than the μ ∝ T3/2, which is expected for purely
ionized impurity scattering in a non-degenerate material.
A possible explanation for this temperature dependence could
be that both ionized impurities and phonons together limit
the carrier transport, possibly also aided by grain boundary
scattering.
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Figure 2. Temperature dependent Hall effect measurements before (open symbols) and after (filled symbols) irradiation of CdO, In2O3 and
ZnO, as well as before irradiation of Ga2O3 and SnO2. The carrier concentrations (n, blue) and mobilities (μ, orange) are plotted against the
left and right vertical axis, respectively, and the legend applies to all the panels.

After irradiation to the maximum dose available in our
setup, the carrier concentrations of CdO, In2O3 and ZnO
have all increased compared to their as-deposited values. The
strongest relative change is found in ZnO which increases from
n = 1.6 × 1017 cm−3 to 4.3 × 1018 cm−3 at room temperature,
while the carrier concentrations of CdO and In2O3 increase
from 1.6 × 1019 and 1.1 × 1019 cm−3 to 1.6 × 1020 and
6× 1019 cm−3, respectively. Due to their high resistivities, Hall
effect measurements on the Ga2O3 and SnO2 samples were,
unfortunately, not possible after irradiation.

For CdO and ZnO, the irradiation causes a considerably
reduced mobility with a weak positive temperature depen-
dence, suggesting that grain boundary scattering and/or other
structural defects are the dominant scattering mechanisms.
This is consistent with earlier work on the mobility of CdO
[36]. The mobility of In2O3 on the other hand is, interestingly,
found to increase after the irradiation. The increased carrier
concentration and a temperature independent mobility, main-
taining a value of 6.5 cm2 (V s)−1 throughout the measured
temperature range, indicates that the irradiation has rendered
the material degenerate. Furthermore, the increase in mobil-
ity could imply a decreased concentration of compensating
defects.

To relate the carrier concentrations found from the Hall
effect measurements to the defect charge state transition lev-
els and predicted CNLs we calculate the Fermi level of each
material in its as-deposited state by iteratively solving the
Fermi–Dirac integral numerically [37]. The effective masses

Table 2. Band gaps (Eg), effective masses (m∗), and Fermi levels
(EF) relative to the VBM. The Fermi levels were calculated from the
room temperature Hall effect carrier concentrations by iterative
numerical integrations of the Fermi–Dirac integral [37]. The band
gaps are taken from [1, 5, 32, 38, 39] and the effective masses from
[1, 32, 39–41].

CdO Ga2O3 In2O3 SnO2 ZnO

Eg (eV) 2.31 4.80 2.79 3.35 3.37
m∗ (me) 0.26 0.28 0.18 0.30 0.30
EF (eV) 2.39 4.85 2.88 3.34 3.29

used in the calculations along with the band gaps of the mate-
rials and their calculated Fermi levels are presented in table 2.
This shows that the CdO, Ga2O3 and In2O3 samples are degen-
erate, while the SnO2 and ZnO are not. Due to the relatively
low carrier concentrations in the as deposited samples, the
conduction bands of the samples are assumed parabolic [42].

Figure 3 shows the resistances calculated from the IV-
measurements as functions of displacement damage dose (Dd)
for all the investigated samples. The top horizontal axis shows
an approximate vacancy concentration for ZnO. This was cal-
culated from the accumulated ion dose and vacancy profiles
simulated using SRIM [22], where the displacement energies
of zinc and oxygen were set to 34 and 44 eV, respectively [43].
The strong dynamic annealing of ZnO [21] was accounted
for by assuming that only 1% of the generated vacancies sur-
vived immediate recombination [44]. The displacement dam-
age dose shown on the bottom x-axis is the product of the
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Figure 3. Resistance as function of accumulated displacement
damage dose (Dd) measured at low temperature in situ between each
irradiation step with the ion beam blanked. The datapoints plotted in
the grey shaded region are outside the measurement range of our
instrument.

ion dose and the non-ionizing energy loss (NIEL), which was
calculated from SRIM simulations according to the proce-
dure described in [45]. For these calculations, the displacement
energies of zinc and oxygen in ZnO were set to 34 and 44 eV,
as before. As reliable values are not readily available for
all the studied materials, the displacement energies for both
cations and oxygen in all the other samples were set to 15 eV,
a common value for semiconductors [19, 46, 47]. The SRIM
simulations were run for 20 000 primary ions and to avoid
surface effects the 10 data points closest to the surface were
discarded. The resulting NIEL values were 57.2, 56.2, 49.1,
51.7 and 60.6 MeV cm2 g−1 for CdO, Ga2O3, In2O3, SnO2

and ZnO, respectively. Recalculating the NIEL for ZnO with
15 eV displacement energies for both Zn and O gives a value
of 65.6 MeV cm2 g−1.

As the dimensions of the samples do not change between
measurements, and assuming that the resistance of the con-
tacts remains constant, any observed change in resistance is
necessarily caused by a change in resistivity, i.e. a change in
carrier concentration and/or mobility of the samples. The resis-
tivity of In2O3 follows the same trend as observed in a recent
paper by Vines et al [19]. At displacement damage doses below
∼5 × 1013 MeV g−1, the resistivity shows a minor decrease,
followed by a stronger increase between ∼ 5 × 1013 and
2.5 × 1016 MeV g−1. At even higher displacement damage
doses the resistivity again starts to decrease, and does not seem
to stabilize at any ultimate value within the studied dose range.
At the last datapoint, corresponding to a displacement damage
dose of 4.9 × 1018 MeV g−1, the sample has a lower resistivity
than in its as-deposited state.

For Ga2O3 the resistivity increases monotonically, and for
displacement damage doses greater than 3.4 × 1014 MeV g−1

the resistance is beyond the measurement range of our setup,
indicated by the shaded region along the top of figure 3. The
immeasurably high resistance is retained until at least a dis-
placement damage dose of 5.6 × 1018 MeV g−1, confirming
and extending the findings in [19], where the same behaviour
was observed but the irradiation was aborted after an ion dose
of 1014 cm−2, corresponding to Dd ∼ 5.6 × 1015 MeV g−1.

In a recent report, proton irradiation of Ga2O3 to doses
�2 × 1013 cm−2 has also been shown to decrease the car-
rier concentration dramatically, to the point that no response
is obtained in capacitance-voltage measurements [48]. Subse-
quent heat treatment at temperatures of ∼180–380 ◦C were
found to greatly recover the carrier concentration, and the
required temperature for recovery correlated positively with
the irradiation dose. For our Ga2O3 sample irradiated to a dis-
placement damage dose of 5.6 × 1018 MeV g−1, no sign of
electrical recovery was observed after annealing at tempera-
tures up to 900 ◦C in air. We attribute this to the higher defect
concentration introduced in our experiment.

The SnO2 and ZnO samples qualitatively exhibit an inter-
mediate behaviour compared to Ga2O3 and In2O3. Both dis-
play an initial, slow decrease in resistivity for displacement
damage doses below 5 × 1014 MeV g−1, followed by a rapid
increase for doses up to at least 1.8 × 1016 MeV g−1 (ZnO)
or 2.6 × 1016 MeV g−1 (SnO2). Like Ga2O3, the SnO2 sam-
ple remains highly resistive throughout the remainder of the
dose range, whereas the ZnO sample behaves more like In2O3,
showing a monotonically decreasing resistivity after a dis-
placement damage dose of 1.8 × 1017 MeV g−1. Kucheyev
et al have previously observed a similar behavior for ZnO
[20, 49]. They attributed the decreasing resistivity at high
doses to the onset of hopping conduction [50], but this was
not discussed in further detail in their work. Using Arrhenius
plots of the measured resistivities before and after irradiation
(not shown) we examined whether conduction by pure- or
phonon-assisted hopping is likely to take place in our sam-
ples. No evidence of such conduction mechanisms was found
for any sample, however the temperature dependences of the
resistivities were too weak for the analysis to be conclusive.

The CdO sample exhibits a remarkably dose independent
resistivity throughout the range. A minor drop in resistivity
can be observed after a displacement damage dose of about
5.8 × 1015 MeV g−1 followed by a slight increase to a peak
at 5.8 × 1017 MeV g−1 and at the last data point the resis-
tivity again seems to decrease. Room temperature ion irradi-
ation experiments on CdO have previously shown monotonic
increases in the carrier concentration with increasing dose until
saturating at 2.2 × 1020 cm−3 or 5 × 1020 cm−3 [9, 18]. This
was interpreted as a consequence of the charge neutrality level
being located above the conduction band minimum in CdO,
and that the irradiation induced defects pushes the Fermi level
towards the CNL. For CdO specifically, such an explanation
could well fit our results presented in figures 2 and 3. The
results for In2O3, SnO2, and ZnO on the other hand, do not
seem to fit the model. In particular, the facts that the resistivi-
ties neither change monotonically, nor stabilize at any ultimate
value does not seem to fit with the idea of the CNL posi-
tion being a reliable predictor of the outcome of a low tem-
perature ion irradiation experiment in general. An underlying
assumption of the charge neutrality model is that the stabil-
ity and probability of formation of a given defect species is
determined by its formation energy. Although the introduc-
tion of a specific species is easily accommodated in theo-
retical computations, and despite its appealing simplicity, we
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Figure 4. Thermodynamic defect charge state transition levels in ZnO. In (a) plotted in the conventional fashion as function of formation
energy. The calculations for the zinc and oxygen vacancies were first published in [52], while the data for the VZnVO divacancy are
published in [30]. Panel (b) shows the same dataset, but plotted in a more suitable way for the following discussion. Here, VB and CB refers
to the valence- and conduction band minima, respectively, and the purple dashed line below the CB represents the calculated Fermi level of
the as-deposited sample, as given in table 2. The columns labelled VZn +VO and Oi,oct +VZn show the sum of the charge states of the
individual point defects, while the columns VZnVO and OZn show the states for the complexes as calculated by DFT. The data for VZn and
VO, and VZnVO are reused from [30, 52], respectively, with permission.

question whether such a model is generally capable of describ-
ing the outcome of an ion irradiation experiment.

In order to understand the detailed process of defect intro-
duction, a short review of the ion irradiation process is relevant.
When a primary ion hits an atom in the sample, the atom may
be ejected from its lattice site into an interstitial position, thus
creating a Frenkel pair. During irradiation, this Frenkel pair
generation takes place on each of the sublattices of the sam-
ple in a random process [51]. The defect generation mainly
depends on the energy of the ion beam, mass of the ion species
and the displacement energies of the different sublattices of
the sample. Due to the high energy of the incident ion, the for-
mation energies of the individual defects are expected to play
only a negligible role in their formation probability, but may
still be relevant for their thermal stability. Although they may,
in principle, be formed in any allowed charge state, each defect
will quickly accept or donate electrons until it is in the most
favourable charge state, as governed by the Fermi level.

To explain the observed dose dependence of the resistivity
shown in figure 3, we assume that the primary 3 MeV Si2+

ions are sufficiently energetic to produce Frenkel pairs at both
the cation and anion sublattices. As our experiments are per-
formed at low temperatures, clustering of the primary defects
due to diffusion and defect reactions are expected to be sup-
pressed for low irradiation doses. In the following the details
of the defect generation will be discussed for each material
separately, starting with ZnO.

3.1. ZnO

Thermodynamic charge states and transition levels for the
intrinsic point defects in ZnO, as calculated by hybrid func-
tional DFT, are illustrated in figure 4. Panel (a) is a conven-
tional formation energy diagram showing the favoured charge

state and formation energy of the defects. In panel (b) the for-
mation energy is discarded to highlight the information needed
for the following discussion, namely the charge states as func-
tions of Fermi level position. In addition to the point defects,
two small complexes, the divacancy (VZnVO) [30] and the oxy-
gen antisite (OZn), are shown. The shaded regions represent the
valence- (VB) and conduction bands (CB), and the estimated
Fermi level before irradiation is indicated by the dashed line.
Based on these predictions, introducing a Frenkel pair on the
zinc sublattice in n-type ZnO will not yield any net change in
the carrier concentration as the zinc vacancy is doubly nega-
tive for Fermi level positions >2 eV above the valence band,
while the interstitial is doubly positive throughout the bandgap.
It should be noted that the interstitial is known to be mobile
at temperatures above 65 K. On the oxygen sublattice on the
other hand, the vacancy is a deep double donor and thus in its
neutral charge state in n-type material (above 2.1 eV) while
the interstitial can be either neutral (Oi, split) or doubly negative
(Oi, oct). When treating defect generation as a ballistic process
and neglecting transitions between the two, the formation of
Oi, oct and Oi, split will be random and thus the concentration
of the two configurations will be equal. Hence, for the indi-
cated EF the average net effect of a Frenkel pair on the oxygen
sublattice is to trap one electron.

Randomly generating Frenkel pairs on both sublattices will
thus compensate n-type material until the Fermi level crosses
the (+2/0) transition of the oxygen vacancy (2.1 eV above
the valence band maximum) at which point no further change
in the carrier concentration will take place. This is qualita-
tively consistent with the observed increase in resistivity seen
for ZnO in figure 3 for displacement damage doses between
6 × 1014 MeV g−1 and ∼6 × 1016 MeV g−1.

As the dose is increased above 1.8× 1017 MeV g−1, figure 3
shows that the resistivity of ZnO starts decreasing. Employing
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only the isolated intrinsic defects, as discussed above, there
should be no driving force towards a lower resistivity as the
Fermi level will be pinned at the deep transition level of the
oxygen vacancy. However, as the dose is increased the distance
between individual defects is reduced, and even though diffu-
sion is suppressed at low temperature, the initial assumption
of not forming defect complexes does no longer apply. As
an example, assuming uniformly distributed point defects at
a concentration of 1019 cm−3, the average distance between
each defect is on the order of 5 nm. Hence, if such concen-
trations of Frenkel pairs are introduced, the probability of one
defect being generated in the immediate vicinity of another is
high, and thus complexes can form virtually without the need
for diffusion. The process behind the decreasing resistance at
displacement damage doses greater than 3 × 1017 MeV g−1

for ZnO is thus believed to be the same as that responsi-
ble for the increasing resistance at lower doses, generation
of Frenkel pairs. The only difference being the concentra-
tion of defects already present in the sample when a new
Frenkel pair is formed. Threshold values for when the isolated
point defects and complexes start to dominate the electrical
characteristics of the ZnO sample are roughly 5 × 1014 and
1016–1017 MeV g−1, respectively, as seen in figure 3.

In principle, the following complexes between intrinsic
point defects could be considered: VZnVO, OZn, ZnO and
ZniOi, in addition to larger clusters. ZniOi would be a ZnO
positioned interstitially which, although observed in pelletized
ZnO powders [53], is not expected to be stable in thin films
and is disregarded. To the best of our knowledge, no hybrid
DFT data exists for the Zn antisite, ZnO, hence this complex
is also disregarded in the following. Furthermore, complexes
involving one or more impurity atoms are also possible.

The VZnVO divacancy has been both theoretically and
experimentally found to be stable, at least at temperatures
below 200 ◦C [30, 54]. This divacancy was found to be elec-
trically neutral in a neutron irradiated ZnO crystal, but could
be excited to the +1 charge state by laser illumination at low
temperatures [54]. From hybrid DFT calculations it is sug-
gested that both the −2 and +2 states can also be stabilized
[30]. By correlating positron annihilation spectroscopy (PAS)
and IV measurements on oxygen irradiated ZnO thin films,
Zubiaga et al have shown that the introduction of zinc vacan-
cies increases the resistivity of the film [55]. They also found
that, under their irradiation conditions using O-ions with an
energy of 2 MeV, a maximum VZn concentration of about
2–5 × 1018 cm−3 could be obtained before the formation of
vacancy complexes started. Increasing the dose further did not
significantly change the resistivity, from which it was tenta-
tively concluded that the vacancy complexes were electrically
inactive. The details of the complexes were not discussed, but
results from electron irradiation experiments of ZnO indicate
that the VZn takes part in more than one type of complex
[56, 57]. The onset of cluster formation as a function of dose,
depends on the energy and mass of the irradiated ion, and
although the exact position of the resistance peak as function
of irradiation dose cannot be directly observed (due to the high
resistance in the range 6 × 1015–1.8 × 1017 MeV g−1), our
results qualitatively agree with those of Zubiaga et al [55]. In

the grey shaded region towards the right of figure 4 we show
the effect of two complexes involving VZn on the net charge
state of the material. The column labelled VZn + VO shows
the sum of the charge states of the two defects, while the col-
umn VZnVO shows the charge states of the divacancy complex
as computed by DFT in [30]. It is found that for Fermi levels
between 2.09 and 3.2 eV above the VBM the divacancy has
a higher charge state than the sum of the constituents. Hence,
forming the complex can increase the carrier concentration and
pull EF up to VBM+ 3.2 eV, thus explaining the decreasing
resistivity at higher doses. This complex alone will, however,
not increase the carrier concentration beyond that of the as-
deposited material, and other complexes are needed. The oxy-
gen antisite OZn shown to the far right of figure 4 will not
contribute since, even though it has a higher charge state than
the constituent point defects throughout the band gap, it is still
an acceptor, hence some other, unknown, complex must come
into play.

The remaining, unexplained, feature of the ZnO curve of
figure 3 is the initial decrease in resistivity at low doses.
Although several studies of the dose dependent resistivity of
ZnO have been made in the past [20, 49, 53, 55] this has,
to the best of our knowledge, not previously been observed
in this material. A possible reason is that our irradiation and
IV measurements are performed at low temperature, while the
cited works have all been performed at room temperature or
above. The detailed mechanism behind this resistance drop,
observed also for In2O3 and SnO2, is not clear and warrants
further, dedicated, studies.

3.2. In2O3

The atomic structure of In2O3 consists of two inequivalent In
sites and two different interstitial positions, thus this conse-
quently increases the complexity of the defect structure. As
a result, computing defect charge state transition levels have
proven challenging and the results are heavily dependent on
the details of the computation. Even qualitatively determining
whether the oxygen vacancy is a deep or shallow donor is not
straightforward [58], but several recent hybrid functional DFT
computations have agreed that it is in fact shallow [38, 59, 60].
Due to the excellent agreement between the computed value
and the experimental band gap, we will in the following refer
to the defect levels found in [38], illustrated in figure 5, as the
basis for discussing the In2O3 curve of figure 3.

For the Fermi level indicated in figure 5, a Frenkel pair on
the oxygen sublattice can have a net charge state of−1, 0 or+1
depending on the position of the oxygen interstitial. Assuming
that the positions have equal probabilities of occupation, the
averaged charge of the oxygen Frenkel pairs is thus zero. For
a Frenkel pair on the indium sublattice the net charge state is
negative as long as the Fermi level is higher than 0.21 eV below
the CBM. Random introduction of Frenkel pairs can thus qual-
itatively explain the increase in resistance seen at displacement
damage doses in the range 4.9 × 1014–2.5 × 1016 MeV g−1.
As for ZnO, we argue that the decreasing resistivity at higher
doses is caused by formation of defect complexes. For instance
figure 5 shows that, for Fermi levels in the vicinity of the
CBM, the defect reaction Vb

In + Oc
i → Ob

In will transform
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Figure 5. Thermodynamic charge states and transition levels for intrinsic defects in In2O3. The estimated Fermi level before irradiation is
represented by the dashed purple line 2.88 eV above the VBM. For the antisites towards the right of the figure, we show also the arithmetic
sums of the charges of the constituent point defects to highlight the effect of complex formation. All the transition levels were extracted from
[38] with permission.

two defects with a total charge of −3,−4 or −5 to a complex
of charge −1, thus releasing 2, 3 or 4 electrons to the conduc-
tion band. This complex is still an acceptor, however, and does
not explain why the carrier concentration after the final irradia-
tion dose is higher than in the as-deposited sample. The indium
antisite (InO) formed by combining one Ina

i and one oxygen
vacancy, on the other hand, is a donor which, for Fermi lev-
els within the conduction band, has a higher charge state than
the constituents. This intrinsic complex could thus contribute
to pushing the Fermi level deeper into the conduction band.

3.3. Ga2O3 and SnO2

As seen in figure 3, the dose dependence of the resistances of
Ga2O3 and SnO2 behaves qualitatively different from those of
In2O3 and ZnO. Nevertheless, if we postulate that the com-
plexes forming at higher doses do not release the electrons
trapped by the constituent point defects but rather retain their
acceptor character throughout the dose range, the same general
model as used above can be applied to these materials as well.

In [48], a thorough search for defects responsible for the
irradiation induced resistivity in Ga2O3 was undertaken by
deep level transient- and optical spectroscopy and DFT cal-
culations. Their results suggest that a combination of VGa,
Gai and GaO pins the Fermi level at least 0.5 eV below the
CBM, thus causing its high resistivity. Positron annihilation
spectroscopy has shown that isolated gallium vacancies can
be formed in concentrations greater than 5 × 1018 cm−3 dur-
ing film growth [61], and VGa generated from ion irradiation
has also been evidenced [62]. In the latter reference it is found,
however, that the VGa concentration alone is too low to account
for the observed charge carrier removal rate, and it is argued
that the main cause of increased resistivity is that the irradi-
ation induced defects form neutral complexes with shallow
donors. The details of these complexes are still unknown, but
neutron irradiation experiments followed by deep level spec-
troscopy shows both a considerably increased concentration
of a defect level situated 2.00 eV below the conduction band

minimum, and the introduction of a new state at 1.29 eV below
the CBM [63]. These defects are correlated with a reduc-
tion in the electron concentration from ∼1.2 × 1017 cm−3 to
∼4.0 × 1016 cm−3 after irradiation to an 1 MeV equivalent
dose of 1.7 × 1015 cm−2.

Figure 6 shows the defect levels calculated in [48], with
the Fermi level of the as-deposited sample superimposed. If
a Frenkel pair is generated on the Ga sublattice for the given
Fermi level, the net charge state will be −1, while for the oxy-
gen sublattice it will be either 0 or −2 depending on the details
of the oxygen interstitial. Assuming again equal probability of
the interstitial sites, the average charge state will be −1 and
thus random generation of Frenkel pairs on both sublattices is
expected to reduce the carrier concentration and increase the
resistivity of the sample. Comparing the charge states of indi-
vidual gallium interstitials, oxygen vacancies and gallium anti-
sites, it is found that the formation of a gallium antisite from its
constituent point defects decreases its charge state for all the
oxygen sites. Hence, this particular complex will not reduce
the resistance if formed at high doses, and unless other, donor
like, complexes form the carrier concentration will remain low
and the resistivity high as observed in figure 3.

For SnO2 it has been suggested that removal of sub-
stitutional hydrogen as well as introduction of intrinsic
acceptors, e.g. VSn, Oi or OSn, is responsible for the dose
dependent increase in resistivity [64]. Like for ZnO, DFT cal-
culations predict a deep (+2/0) transition level for VO, while
tin interstitials and antisites are expected to be positively ion-
ized throughout the band gap [65]. Based on this, Frenkel
pairs on the tin sublattice are expected to give zero net con-
tribution to the carrier concentration. On the oxygen sublat-
tice, the deep VO means that Fermi levels close to the CBM
will cause a surplus of electrically active acceptors to form,
hence explaining the increasing resistivity at doses greater than
1.5 × 1015 MeV g−1. In addition, the dual valency of Sn can
possibly also play a role. If the irradiation somehow induces
a reduction of Sn4+ to Sn2+ this will trap two electrons and
contribute to the observed increase in resistivity.
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Figure 6. Thermodynamic charge states and their transition levels for intrinsic defects in Ga2O3. The estimated Fermi level before
irradiation is represented by the dashed purple line 4.85 eV above the VBM. For the GaI

O antisite towards the right of the figure, we show
also the arithmetic sum of the constituent VI

O and Gai point defects. All the transition levels were sourced from [48] (licensed under a
Creative Commons Attribution (CC BY) license).

As Ga2O3 and SnO2 have a markedly different dose depen-
dent resistance behaviour from the other three materials stud-
ied in this paper it is interesting to note another feature where
they are different. Unlike most other metal oxides, Ga2O3 and
SnO2 have two possible positions for the hydrogen interstitial.
One position disrupts the anion-cation bonds of the host mate-
rial, and gives the H(+/−) level associated with the CNL, as
found in other materials as well [13]. The other configuration
places the hydrogen on an oxygen lone-pair and may give an
energetically favourable donor state well within the conduction
band [66]. As discussed in [64] it is possible that removal of
such pre-existing hydrogen donors contribute to the increasing
resistance with irradiation.

3.4. CdO

For CdO only a minor change in the resistivity is observed
across the dose range. This can possibly be explained by
hybrid-DFT calculations, which indicate that all the intrinsic
defects, as well as interstitial and substitutional hydrogen, will
be either neutral or in a positive charge state until the Fermi
level is about 0.6 eV above the CBM [67]. A likely reason
why the introduction of such positively charged defects does
not considerably decrease the resistivity could be a simultane-
ous, comparable decrease in mobility. The Hall effect results
indeed show that irradiation to a displacement damage dose
of 1.7 × 1018 MeV g−1 yields an increase in electron concen-
tration from 1.34 × 1019 to 1.65 × 1020 cm−3 and a decrease
in mobility from 285 to 22.9 cm2 (V s)−1 at a temperature
of 70 K, as illustrated in figure 2. It should be noted that
the sample was stored at room temperature for approximately
two weeks between the IV- and Hall effect measurements.
Diffusion and/or defect reactions may in principle have taken
place during this time, hence the carrier concentration and
mobility measured by the Hall effect may differ somewhat
from their values during the IV measurements. Nevertheless,
these values seem to explain the observation that the resistance

is close to constant as a function of irradiation dose for CdO
in figure 3.

To summarize, for displacement damage doses greater than
approximately 5 × 1014 MeV g−1 three types of behaviour are
possible. (i) If the net charge state of the point defects and their
complexes is positive the carrier concentration will increase.
This tends to reduce the resistivity, with a magnitude depen-
dent on the evolution of the mobility. If the mobility decreases
comparably to the increase in carrier concentration, the resis-
tivity will remain constant, as seen for CdO. (ii) If the net
charge state of the point defects is negative, while that of their
complexes is positive, the resistivity will initially increase fol-
lowed by a decrease as the dose is increased further, resulting
in a peak behaviour. This is seen for In2O3 and ZnO. (iii) If
the net charge state of the point defects and their complexes
is negative, the resistivity will increase and remain high for
arbitrarily high doses, as observed for Ga2O3 and SnO2.

This model assumes that the irradiation forms Frenkel pairs
on all sublattices of the sample and that, at low doses, the
point defects do not agglomerate into complexes. Further, we
assume that complexes are able to form as the dose, and con-
sequently the point defect concentration, increases above a
threshold value. Depending on the charge states of the defects
and their complexes, this can result in a 2-stage behaviour
of the defect concentration dependent Fermi level. In cases
(i) and (iii) above, the Fermi level will change monotoni-
cally with defect concentration towards the CNL, and in these
cases our model is identical to the ADM. In case (ii), as we
observe for materials ZnO, In2O3 and CdO, a more involved
defect/complex balance is observed. This behavior is found
when the overall charge balance is changed when going from
isolated defects towards the formation of defect complexes.
We believe the model to be general and applicable to any semi-
conducting material. At present it cannot explain the decreas-
ing resistivity seen for In2O3, SnO2 and ZnO at the lowest
doses, and investigating this requires further studies outside
the scope of this work.
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4. Conclusions

In conclusion, it has been found that some materials can be
made heavily n-type by introducing intrinsic defects, whereas
others become highly resistive. The evolution of sample resis-
tance with dose has been found to proceed along one of three
possible routes. Ga2O3 and SnO2 irradiated to displacement
damage doses of 5.6 × 1018 or 1.6 × 1018 MeV g−1, respec-
tively, were found to be highly resistive. For In2O3 and ZnO the
irradiation ultimately turned the samples less resistive than in
their respective as-deposited states, but a more resistive state is
observed at intermediate doses. The resistance of CdO changes
only weakly with irradiation, probably caused by complemen-
tary changes in carrier concentration and mobility. For CdO,
In2O3 and ZnO, the irradiation was found to increase the car-
rier concentration, and for In2O3 the mobility was increased as
well. This work shows that the combined charge state of ran-
domly introduced Frenkel pairs can explain the evolution of the
charge carrier concentration as function of ion irradiation dose.
For all the samples except SnO2 the change in carrier concen-
tration after irradiation is qualitatively in accordance with the
respective charge neutrality levels [66].

Furthermore, the formation of defect complexes is found to
be important in order to understand the behaviour at displace-
ment damage doses exceeding about 1016 MeV g−1, even in
low temperature experiments due to the high density of gen-
erated defects. Thus, this work contributes as a further devel-
opment of the amphoteric defect model for defect evolution
in irradiated samples. Finally, it should be noted that the dif-
fering behaviour between the various materials is expected
to be caused by differences in their thermodynamic defect
charge state transitions. In particular, the position of the oxy-
gen vacancy relative to the divacancy or other small complexes
is believed to play a major role, thus showing both the impor-
tance of defect complexes in general and also the potential for
using hybrid DFT calculations to explain the defect evolution
in a range of wide band-gap oxides.
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S, Avrutin V, Cho S-J and Morkoç H 2005 A comprehensive
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[59] Ágoston P, Albe K, Nieminen R M and Puska M J 2009 Intrinsic
n-type behavior in transparent conducting oxides: a compar-
ative hybrid-functional study of In2O3, SnO2, and ZnO Phys.
Rev. Lett. 103 245501

11

https://doi.org/10.1088/1361-648x/aa9e2a
https://doi.org/10.1088/1361-648x/aa9e2a
https://doi.org/10.1063/1.1518560
https://doi.org/10.1063/1.1518560
https://doi.org/10.1063/1.1518560
https://doi.org/10.1063/1.1518560
https://doi.org/10.1103/physrevb.67.094115
https://doi.org/10.1103/physrevb.67.094115
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.77.245202
https://doi.org/10.1103/physrevb.77.245202
https://doi.org/10.1103/revmodphys.86.253
https://doi.org/10.1103/revmodphys.86.253
https://doi.org/10.1103/revmodphys.86.253
https://doi.org/10.1103/revmodphys.86.253
https://doi.org/10.1103/physrevb.89.195205
https://doi.org/10.1103/physrevb.89.195205
https://doi.org/10.1063/1.4992128
https://doi.org/10.1063/1.4992128
https://doi.org/10.1103/physrevb.99.174106
https://doi.org/10.1103/physrevb.99.174106
https://doi.org/10.1063/1.4775691
https://doi.org/10.1063/1.4775691
https://doi.org/10.1016/j.spmi.2005.08.013
https://doi.org/10.1016/j.spmi.2005.08.013
https://doi.org/10.1016/j.spmi.2005.08.013
https://doi.org/10.1016/j.spmi.2005.08.013
https://doi.org/10.1088/0268-1242/23/5/055021
https://doi.org/10.1088/0268-1242/23/5/055021
https://doi.org/10.1002/pssb.201900639
https://doi.org/10.1002/pssb.201900639
https://doi.org/10.1063/1.3562141
https://doi.org/10.1063/1.3562141
https://arxiv.org/ftp/arxiv/papers/0811/0811.0116.pdf
https://arxiv.org/ftp/arxiv/papers/0811/0811.0116.pdf
https://doi.org/10.1103/physrevmaterials.3.074604
https://doi.org/10.1103/physrevmaterials.3.074604
https://doi.org/10.1103/physrevb.90.155413
https://doi.org/10.1103/physrevb.90.155413
https://doi.org/10.1002/pssb.201451551
https://doi.org/10.1002/pssb.201451551
https://doi.org/10.1002/pssb.201451551
https://doi.org/10.1002/pssb.201451551
https://doi.org/10.1103/physrevb.93.045203
https://doi.org/10.1103/physrevb.93.045203
https://doi.org/10.1103/physrevb.77.155107
https://doi.org/10.1103/physrevb.77.155107
https://doi.org/10.1103/physrevlett.95.225502
https://doi.org/10.1103/physrevlett.95.225502
https://doi.org/10.1063/1.4948241
https://doi.org/10.1063/1.4948241
https://doi.org/10.1109/23.819126
https://doi.org/10.1109/23.819126
https://doi.org/10.1109/23.819126
https://doi.org/10.1109/23.819126
https://doi.org/10.1103/physrev.111.432
https://doi.org/10.1103/physrev.111.432
https://doi.org/10.1103/physrev.111.432
https://doi.org/10.1103/physrev.111.432
https://doi.org/10.1103/physrevb.55.10498
https://doi.org/10.1103/physrevb.55.10498
https://doi.org/10.1103/physrevb.55.10498
https://doi.org/10.1103/physrevb.55.10498
https://doi.org/10.1063/1.5054826
https://doi.org/10.1063/1.5054826
https://doi.org/10.1063/1.1542939
https://doi.org/10.1063/1.1542939
https://doi.org/10.1063/1.1542939
https://doi.org/10.1063/1.1542939
https://doi.org/10.1063/1.1663366
https://doi.org/10.1063/1.1663366
https://doi.org/10.1063/1.1663366
https://doi.org/10.1063/1.1663366
https://doi.org/10.1103/physrevb.95.094105
https://doi.org/10.1103/physrevb.95.094105
https://doi.org/10.1088/1361-6463/aaa992
https://doi.org/10.1088/1361-6463/aaa992
https://doi.org/10.1063/1.4945703
https://doi.org/10.1063/1.4945703
https://doi.org/10.1103/physrevb.78.035125
https://doi.org/10.1103/physrevb.78.035125
https://doi.org/10.1103/physrevb.72.085206
https://doi.org/10.1103/physrevb.72.085206
https://doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.cap.2011.03.051
https://doi.org/10.1016/j.cap.2011.03.051
https://doi.org/10.1016/j.cap.2011.03.051
https://doi.org/10.1016/j.cap.2011.03.051
https://doi.org/10.1103/physrevlett.103.245501
https://doi.org/10.1103/physrevlett.103.245501


J. Phys.: Condens. Matter 32 (2020) 505701 J Borgersen et al

[60] Buckeridge J et al 2018 Deep vs shallow nature of oxy-
gen vacancies and consequent n-type carrier concentra-
tions in transparent conducting oxides Phys. Rev. Mater. 2
054604

[61] Korhonen E, Tuomisto F, Gogova D, Wagner G, Baldini M,
Galazka Z, Schewski R and Albrecht M 2015 Electrical com-
pensation by Ga vacancies in Ga2O3 thin films Appl. Phys.
Lett. 106 242103

[62] Polyakov A Y et al 2018 Defects responsible for charge
carrier removal and correlation with deep level intro-
duction in irradiated β-Ga2O3 Appl. Phys. Lett. 113
092102

[63] Farzana E, Chaiken M F, Blue T E, Arehart A R and
Ringel S A 2019 Impact of deep level defects induced by
high energy neutron radiation in β-Ga2O3 APL Mater. 7
022502

[64] Gupta S, Singh F, Lalla N P and Das B 2017 Swift heavy ion
irradiation induced modifications in structural, microstruc-
tural, electrical and magnetic properties of Mn doped SnO2
thin films Nucl. Instrum. Methods Phys. Res. Sect. B: Beam
Interact. Mater. Atoms 400 37–57

[65] Janotti A and Van de Walle C G 2011 LDA + U and hybrid
functional calculations for defects in ZnO, SnO2, and TiO2
Phys. Status Solidi b 248 799–804

[66] Swallow J E N, Varley J B, Jones L A H, Gibbon J T, Piper L
F J, Dhanak V R and Veal T D 2019 Transition from elec-
tron accumulation to depletion at β-Ga2O3 surfaces: the role
of hydrogen and the charge neutrality level APL Mater. 7
022528

[67] Burbano M, Scanlon D O and Watson G W 2011 Sources of
conductivity and doping limits in CdO from hybrid density
functional theory J. Am. Chem. Soc. 133 15065–72

12

https://doi.org/10.1103/physrevmaterials.2.054604
https://doi.org/10.1103/physrevmaterials.2.054604
https://doi.org/10.1063/1.4922814
https://doi.org/10.1063/1.4922814
https://doi.org/10.1063/1.5049130
https://doi.org/10.1063/1.5049130
https://doi.org/10.1063/1.5054606
https://doi.org/10.1063/1.5054606
https://doi.org/10.1016/j.nimb.2017.03.155
https://doi.org/10.1016/j.nimb.2017.03.155
https://doi.org/10.1016/j.nimb.2017.03.155
https://doi.org/10.1016/j.nimb.2017.03.155
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1002/pssb.201046384
https://doi.org/10.1063/1.5054091
https://doi.org/10.1063/1.5054091
https://doi.org/10.PMID: 21854046
https://doi.org/10.PMID: 21854046
https://doi.org/10.PMID: 21854046
https://doi.org/10.PMID: 21854046

	Experimental exploration of the amphoteric defect model by cryogenic ion irradiation of a range of wide band gap oxide materials
	1.  Introduction
	2.  Experiments
	3.  Results and discussion
	3.1.  ZnO
	3.2.  
	3.3.   and 
	3.4.  CdO

	4.  Conclusions
	Acknowledgments
	ORCID iDs
	References


