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Analysis of Electrical Transport Properties of Amorphous Oxide Semiconductors
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We investigate the electrical transport in amorphous oxide semiconductors by applying the percolation-
based random band-edge model proposed by Nenashev et al. [Phys. Rev. B 100, 125202 (2019)] to
multicationic, multianionic, and multinary materials. We modify the model by introducing the Hall-
scattering factor. This allows us to evaluate, besides the conductivity, the temperature-dependent free
charge-carrier concentration and Hall mobility, additionally enabling the inclusion of localized tail states
in the model. The extended model allows analysis of pulsed-laser deposited amorphous zinc tin oxide,
magnetron-sputtered amorphous zinc oxynitride, and zinc magnesium oxynitride thin films with carrier
concentrations ranging from 1016 to 1019 cm−3 at room temperature. Excellent agreement of the extended
model data with the measured electrical properties is found for the investigated temperature regime of 50
to 300 K. In addition, we extract critical parameters of the random band-edge model and discuss them
with regard to varying deposition parameters and different anion and cation concentrations. In particular,
we find the standard deviation of the mobility edge distribution to be ranging between 20 and 60 meV for
the investigated materials.

DOI: 10.1103/PhysRevApplied.17.024007

I. INTRODUCTION

Research on amorphous oxide semiconductors (AOSs)
has developed rapidly over the last two decades driven by
the search for thin-film-transistor (TFT) channel materi-
als suitable for the backplanes of transparent and flexible
high-definition displays. AOSs show remarkable transport
properties despite their disordered structure. In contrast
to polycrystalline materials, the charge-carrier transport
in AOSs is not limited by grain-boundary scattering and
occurs via delocalized s-orbital states above the mobility
edge [1]. In 2005, the amorphous multication compound
zinc tin oxide (a-ZTO) and in 2009 the amorphous mul-
tianion compound zinc oxynitride (a-ZnON) with room-
temperature electron mobility values up to 15 cm2 V−1 s−1

and up to 100 cm2 V−1 s−1, respectively, have been
proven to be indium-free alternatives to amorphous indium
gallium zinc oxide (a-IGZO) for pixel drivers in active
matrix displays [2,3]. Since then numerous studies on
TFTs with isolated gates comprising these channel mate-
rials have been published. Besides, reports also exist on
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other devices, for instance, a-ZTO-based p-n diodes [4],
Schottky diodes [5], metal-semiconductor field-effect tran-
sistors (MESFETs) [6,7] and more complex circuit ele-
ments as inverters [8,9] and ring oscillators [10]. And
quite recently, we demonstrated a-ZnON-based MESFETs
[11] and junction-gate field-effect transistors (JFETs) [12].
Despite considerable device research progress, a compre-
hensive description of charge-carrier transport in AOS
materials is still under debate. Hopping and trap-limited
transport in the sense of the conventional multiple trap
and thermal release model have been thoroughly discussed
for a-IGZO [13,14], a-ZTO [15,16], and a-ZnON [17],
but these theories are hardly compatible with a prop-
erly measured Hall effect, without Hall sign anomaly, for
free charge carriers with comparably large mobility val-
ues above 10 cm2 V−1 s−1 in the investigated temperature
regimes [18,19]. Several approaches have also been fol-
lowed to explain the observed temperature dependence of
the electrical conductivity σ(T) and the thermally activated
mobility for AOSs with the percolation theory applied to
bandlike transport in extended states of a disordered sys-
tem. The most established studies analyzing the charge
transport in the framework of percolation theory in AOSs
as a-IGZO presume a spatially varying potential landscape
with random barrier heights above a distinct mobility edge
[20–24]. However, this is in contrast to the assumption
of the percolation approach by Adler et al. [25], which is
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often quoted in this context. There, the absence of a sharp
mobility edge in disordered semiconductors is emphasized.
A brief description of the possible transport mechanisms
in AOSs and their limitations are summarized in Ref. [26].
Further, the detailed theoretical description of the so-called
random barrier model and its applicability to AOSs can
be found in Ref. [27]. In their recent publication Nena-
shev et al. [26] proposed a percolation description for the
random band-edge model suggested by Fishchuk et al.
[19], which takes spatial variations of the mobility edge
position due to structural disorder into account. The main
difference between the analytical models of Adler et al.,
Fishchuk et al., and Nenashev et al. lies in the applied
averaging procedures, which are also discussed in detail
in Ref. [26]. In this paper, we examine the applicability
of the random band-edge model formalism according to
Nenashev et al. [26] to various AOS thin films aside from
a-IGZO. For this purpose, we evaluate the electronic trans-
port properties of the multication compound a-ZTO, the
multianion compound a-ZnON and the combined multica-
tion and multianion compound zinc magnesium oxynitride
(termed chemically nonexactly Zn-Mg-ON). In addition to
the work of Nenashev et al., we extend the model by con-
sidering the Hall-scattering factor in order to use besides
temperature-dependent conductivity also Hall-effect data,
free charge-carrier concentration and mobility, and thus
reducing the number of degrees of freedom and enhancing
the quality and reliability of the fit results. We show that it
is possible to obtain consistent reliable physical quantities
from the extended random band-edge model as: position
of the Fermi level, intrinsic drift charge-carrier mobility,
and most useful a band-disorder parameter describing the
structural disorder in AOS materials. Since we increase
the number of boundary conditions in the extended model
compared to Nenashev et al., we are able to include local-
ized tail states and determine the density of localized states
at the band edge as an additional parameter.

II. THEORETICAL MODEL DESCRIPTION

In the following, we briefly reproduce the theoretical
description of the random band-edge (RBE) model by
Nenashev et al. [26] and describe our own modifications.
Under the assumption of random long-range potential fluc-
tuations, described by a Gaussian distribution G(Em) of
the mobility edge Em with standard deviation δ, the elec-
trical conductivity σ within the percolation approach is
expressed as [26]

σ(T) = eμ0nmob = eμ0
1

1 − ϑc

∫ +∞

−0.95δ

G(Em)dEm

×
∫ +∞

Em

g(E − Em)f (E) dE, (1)

where g(E − Em), f (E), μ0, and ϑc denote the density
of states (DOS) function, the Fermi function, the intrinsic
drift charge-carrier mobility, and the percolation threshold
[28], respectively. It should be noted that the temperature
T enters only via the Fermi function. The DOS function
g(E − Em) of AOSs is assumed to be close to that of
crystalline semiconductors above Em and having an expo-
nential tail of localized states of the form Nm exp(E/E0)

below Em.
The effective drift mobility μ is described by [26]

μ = μ0
nmob

nfree
, (2)

with nmob being the concentration of mobile electrons dom-
inating the percolation conductivity and nfree being the
averaged total concentration of free electrons above the
mobility edge Em. The parameter μ0 denotes the theoreti-
cal intrinsic drift charge-carrier mobility in the conduction
band without potential fluctuations and is determined by
the effective mass m∗ and the average scattering time 〈τ 〉
in the classical Drude model for the electrical conductiv-
ity: μ0 = e〈τ 〉/m∗. It has to be noted that, for the sake of
simplicity, temperature-dependent scattering mechanisms
are neglected and the parameter μ0 is assumed to be inde-
pendent of temperature in the RBE model. The theoretical
derivation of these formulas according to Ref. [26] are
described in more detail within the Supplemental Material
[29]. Using the above formulas, the measured Hall-effect
quantities can be formulated as follows:

μHall(T) = rH
μ0nmob

nfree
, (3)

nHall(T) = nfree

rH
. (4)

This holds for the assumptions that the effective Hall con-
ductivity (eμHallnHall) is similar to the percolation conduc-
tivity (eμnfree) and that the Hall voltage signal is similar
to that in homogeneous semiconductors. Note that this is
only valid for the case of weak disorder (δ → 0) [19,30].
The so-called Hall-scattering factor, which relates Hall
mobility and carrier concentration to the drift mobility and
free electron concentration, is defined by rH = 〈τ 2〉/〈τ 〉2

[31]. Typical values for crystalline semiconductors range
between rH = 1 for energy-independent scattering mech-
anisms (for degenerate carrier concentrations) and rH =
1.93 if ionized impurity scattering is dominant (for nonde-
generate carrier concentrations) [32]. Therefore, we fix rH
in the range of 1–2, if possible, and consequently neglect
its temperature dependence. If the Fermi level EF lies
above Em or not more than 4kBT below the mobility edge
(degeneracy criteria), rH is assumed to be unity. In the
present model, the position of EF is zero for the mean
mobility edge 〈Em〉 and is defined by the total charge-
carrier concentration ntotal of the semiconductor, which is
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the sum of electrons in localized states below Em as well
as in extended states above Em averaged over the Em distri-
bution [19] (see Supplemental Material [29]). The value of
ntotal is usually not known in AOSs, since unintentional n-
type doping is mainly caused by undercoordinated cations
and therefore the value of EF depends on film growth
conditions and postgrowth processes like annealing [33]
or plasma treatment [34], which in turn also affect the
cationic and anionic disorder, respectively. Besides, the
undercoordination in AOSs can also be influenced under
bias illumination stress [35]. Since the value of ntotal and
its temperature dependence, respectively, is not available
from the conducted experiments, we a priori assume the
Fermi level EF to be temperature independent for the
whole investigated temperature regime from 50 to 300 K.
Implications of this simplification are discussed later on.

In summary, we use Eqs. (1)–(4), with the interdepen-
dence σ = eμHallnHall, yielding four parameters μ0, δ, EF ,
and Nm, in order to fit the experimentally determined elec-
trical properties σ , μHall, nHall via a nonlinear least-squares
algorithm. In contrast to the density of localized states
parameter Nm, the parameter E0 describing the width of
the exponential band tails is assumed to be constant with
a value of about E0 = 30 meV, which is a good estimate
at least for a-ZTO [36] and a-ZnON [17]. We note that it
would be sufficient to fit only the Hall mobility and carrier
concentration in order to determine the model parameters.
But the signal-to-noise ratio of the Hall-effect quanti-
ties can become small at low temperatures, especially for
more resistive samples, providing a much smaller temper-
ature range than the measured sheet resistance. Therefore,
in order to ensure a larger fit range, the electrical con-
ductivity σ is also included in the fit function. Details
on the fit routine can be found within the Supplemental
Material [29].

On a final note, as the parameter δ specifies the width of
the Gaussian band-edge distribution, it is a direct measure
of the degree of disorder introduced at the conduction-band
edge and is therefore called the band-disorder parameter in
the following.

III. EXPERIMENTAL DETAILS

A. Thin-film deposition

All thin films are deposited on 10 × 10 mm2 Corning
borosilicate glass substrates. The a-ZTO thin films are fab-
ricated by means of pulsed-laser deposition (PLD) at room
temperature. One sample set is ablated from a ceramic
target composed of 33 mol% ZnO and 67 mol% SnO2
corresponding to a zinc-to-tin cation ratio of 1:2 at differ-
ent oxygen partial pressures p(O2), varied between 3.0 ×
10−2 mbar to 3.8 × 10−2 mbar. A second sample set of
a-ZTO thin films with varying cation compositions is
ablated from targets composed of ZnO and SnO2 with

ratios of 1:2, 1:1, and 2:1 at a constant p(O2) = 3.0 ×
10−2 mbar.

For a-ZnON, we reuse the temperature-dependent Hall-
effect data from Reinhardt et al. [37] These a-ZnON thin
films are rf sputtered at different substrates temperatures
from a metallic Zn target in a reactive Ar/N2/O2 gas atmo-
sphere using a long-throw magnetron sputtering system
from Mantis Deposition. More details can be found in
Ref. [37].

The Zn-Mg-ON thin films, as a multinary compound,
are fabricated with the same magnetron sputtering setup as
a-ZnON but with an additional magnesium target for co-
sputtering. Magnesium cation compositions between 2 and
5 at.% are achieved leading to a decrease in charge-carrier
concentration compared to a-ZnON as described in detail
in Ref. [38].

B. Electrical characterization

The four-point probe van der Pauw method is used for
temperature-dependent resistivity and Hall-effect measure-
ments on a-ZTO, a-ZnON, and Zn-Mg-ON thin films with
dc-sputtered Ohmic Au contacts placed on the corners of
the sample. For a-ZTO and Zn-Mg-ON, those measure-
ments are performed with a Quantum Design Physical
Property Measurement System using a magnetic field of
1 T. The electrical characterization of a-ZnON thin films
is conducted with a home-built Hall-effect measurement
setup with a magnetic field of 0.43 T.

IV. RESULTS

A. Model verification

In order to validate the extended RBE model, we firstly
apply it to the same a-IGZO reference data [22,23] as
Nenashev et al. [26]. Following Ref. [26], we use an
effective mass of 0.34 me, which is estimated from the free-
carrier absorption of degenerate a-IGZO [22], and neglect
localized states below the mobility edge by setting Nm = 0.
In contrast to Nenashev et al., we do not assume a fixed
parameter set μ0 and δ for the sample ensemble. Instead,
we fit the curves with individual optimized fit parameters
EF , μ0, and δ since, as already mentioned above, a change
in the n-type doping cannot be considered independently
from the introduced cationic disorder in AOSs. For the
interested reader, results from a multisample fit with fixed
δ are shown within the Supplemental Material [29]. To
reduce the number of fit parameters to a minimum, we fix
the Hall-scattering factor at rH = 1. The model parameters
EF and δ are only slightly correlated with rH , in contrast to
the parameters μ0 and Nm (if considered) that show a non-
negligible dependence on the Hall-scattering factor. Thus
the obtained value of μ0 for rH = 1 displays the upper
limit for the intrinsic band mobility. More details on the
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influence of the Hall-scattering factor can be found within
the Supplemental Material [29].

The obtained fit curves are presented in Figs. 1(a)–1(c)
as solid lines. It can be seen that while the model curves of
the IGZO thin films, labeled with a1 and a2, are in agree-
ment with the experimental data, the thin films with low
free electron concentration (a3 and a4) exhibit deviations
from the model, indicating its limitations. In particular, the
assumption of a constant Fermi level over the whole tem-
perature range is not tenable for the samples a3 and a4.
However, for the determination of the parameters μ0 and
δ the neglection of the EF temperature dependence plays
only a minor role (see Supplemental Material [29]). It
should also be emphasized that when modeling conductiv-
ity data only, it is possible to obtain mathematically better
fit results with the smallest deviations for all a-IGZO sam-
ples as presented within the Supplemental Material [29].
However, our experience with various AOS materials has
shown that in most cases no physically meaningful param-
eter values for μ0 and δ can be achieved by modeling
only the conductivity, whereas the extended model leads
to physically plausible results for all investigated AOSs, as
shown later on.

The resulting fit parameters for a-IGZO are shown in
Fig. 1(d) and are summarized in Table I. As the model
parameters EF and δ are cross-correlated, it is not possi-
ble to identify unique parameter values within reasonable
uncertainty limits for the temperature-independent trans-
port data of the highly degenerate a-IGZO thin film (a1).
The presented fit curve is thus obtained by fixing δ at
25 meV as obtained from the multisample fit. Due to
the same argumentation, the calculated best-fit parame-
ters for the sample a2 (without fixing δ) are clearly outlier
overestimating μ0 and δ. Even if considering the temper-
ature dependence of EF or limiting the fit range to the
low-temperature region, where a constant EF is a good
approximation, it is not possible to fit the whole data set
satisfactorily with reasonable parameter values. Overall,
the inclusion of measurement errors would help to increase
the confidence level of the fit parameters, but unfortunately
such data are not available here. We note that such ambi-
guities do not occur when modeling our experimental data.
However, as the obtained EF values are close to the mean
mobility edge (within 4kBT), the assumption of rH = 1 is
reasonable and the obtained μ0 values should be realistic
estimates for the intrinsic band mobility of a-IGZO, in the
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FIG. 1. Results of modeling the temperature-dependent Hall mobility μHall (a), Hall electron concentration nHall (b), and correspond-
ing electrical conductivity σ (c) according to the extended RBE model for a-IGZO thin films deposited by means of PLD with oxygen
partial-pressure variation p(O2) as indicated by the arrow: data (symbols) adopted from Takagi et al. [22] and fit curves (solid lines).
(d) Resulting best fit parameters δ and μ0. The error bars indicate the fit errors.
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TABLE I. Fit parameters for the individually modeled Hall mobility, free-carrier concentration, and conductivity of a-IGZO thin
films shown in Fig. 1.

a-IGZO EF (meV) δ (meV) μ0 (cm2 V−1 s−1) Nm (cm−3 eV−1) rH m∗ (me)

a1 210 25 15 · · · 1 0.34
a2 −32 54 37 · · · 1 0.34
a3 −40 25 9.3 · · · 1 0.34
a4 −92 24 2.9 · · · 1 0.34

case of correctly chosen EF and δ values. Since no values
for the Fermi level are published in Ref. [26] and the results
for μ0 and δ are only given for the whole sample ensem-
ble, a direct parameter comparison for each model curve
is not possible, only mean values can be compared. The
mean values of our fit parameters, δ = 32 meV and μ0 =
16 cm2 V−1 s−1, compared to the values δ = 36 meV and
μ0 = 47 cm2 V−1 s−1 published in Nenashev et al. [26],
show an excellent agreement for the band-disorder param-
eter δ but a strong deviation for the intrinsic band mobility
μ0. This deviation is related to the differences in the model-
ing approaches, in particular, to the Hall-scattering factor.
Due to the mentioned parameter correlations in the RBE
model, fitting only the conductivity data, and with that
ignoring the Hall-scattering factor, can lead to significant
over- or underestimation of the parameter μ0 (see Sup-
plemental Material [29] for more details). The additional
boundary condition of rH = 1 prevents such incorrect esti-
mates. Therefore, the herein obtained μ0 compares well
with the result of Fishchuk et al. [19], δ = 40 meV and
μ0 = 14 cm2 V−1 s−1, who also considered the Hall-
scattering factor for modeling the same a-IGZO data based
on an effective medium approximation of the RBE model.
The differences in δ can be assigned to different assump-
tions on the value of the total carrier concentration in the
system, which determine EF .

In summary, it is shown that the presented approach
is capable of obtaining reasonable values for the disorder
parameters μ0 and δ within the discussed uncertainties.
Moreover, we can now apply our extended percolation-
based RBE model to temperature-dependent electrical
transport data of various AOS materials and correlate
different growth conditions with the degree of disorder
introduced at the conduction-band edge.

B. Modeling of a-ZTO thin-film conductivity

The effect of cationic disorder in a-ZTO is investi-
gated by modeling temperature-dependent Hall-effect data,
shown in Fig. 2, of a-ZTO thin films deposited under
nominal identical conditions from targets with varying
zinc-to-tin cation ratio Zn/Sn of 1:2, 1:1, and 2:1. Regard-
ing the cation ratio in the as-deposited thin films, we
observe a favorable tin-atom transfer from the PLD tar-
get into the growing films compared to zinc atoms. Due to

their higher atomic mass, scattered tin atoms are deflected
less on their way towards the substrate compared to the
lighter zinc atoms. Therefore, the corresponding zinc-to-
tin cation ratios in the deposited thin films are with 1:2.3,
1:1.1, and 2:1.3, respectively, slightly lower than in the
PLD target, which is confirmed by energy dispersive x-ray
spectroscopy (EDX) measurements and is in agreement
with former studies [39]. In the following, given Zn/Sn
ratios refer to the target composition.

Theoretical calculations predict an effective electron
mass m∗ of 0.18 me − 0.19 me for c − ZnSnO3 [40]
and 0.23 me − 0.26 me for c − Zn2SnO4 [41], which are
slightly increased in the corresponding amorphous com-
pounds [42]. Thus, for modeling we assume a value of
0.2 me for Zn/Sn = 1 : 1 and 0.3 me for the other cation
ratios. We note that the choice of m∗ has only a minor influ-
ence on the fit parameters in the present model, except for
the choice of rH and with that μ0, as shown below.

The corresponding fit parameters are plotted in Fig. 2(d)
as a function of the cation ratio and are summarized in
Table II. For Zn/Sn = 1 : 1 and 2:1 we find similar low δ

values of about 22 meV. In accordance with several theo-
retical and experimental studies, indicating a (nonuniform)
structural disorder increase with increasing Sn content
in a-ZTO [42,43], we obtain the highest band-disorder
parameter δ between 40–60 meV for a-ZTO thin films with
Sn/(Sn + Zn) ≈ 70%, the highest amount of Sn atoms.
The density of localized states at the band edge Nm is
found to range between (0.11–1.50) × 1020 cm−3 eV−1,
which is consistent with tail-state densities extracted from
temperature-dependent current-voltage measurements on
ZTO thin-film diodes and transistors, respectively [16,36].
Besides, similar fit parameters are obtained if localized
tail states are neglected by setting Nm = 0 (see Table II).
The largest Nm values are observed for Zn/Sn ratios
of 1:2 and 2:1. This can be explained by undercoordi-
nated metal atoms mainly causing localized states below
the conduction-band minimum, especially in oxygen-poor
compositions [42,44].

In order to corroborate these result, we also evalu-
ate Hall-effect data of a-ZTO thin films deposited from
a PLD target with Zn/Sn = 1 : 2 under different oxy-
gen partial pressures p(O2) (see Fig. 3 and Table II).
Indeed, we find that the density of localized states at
the band edge decreases with increasing p(O2) as well
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FIG. 2. Results of modeling the temperature-dependent Hall mobility μHall (a), Hall electron concentration nHall (b), and correspond-
ing electrical conductivity σ (c) according to the random band-edge model [Eq. (1)] for a-ZTO thin films deposited from PLD targets
with various zinc-to-tin cation ratios of 1:2, 1:1, and 2:1: measured data (symbols) and fit results (solid lines). (d) Obtained band-
disorder parameter δ and density of localized states at the band edge Nm in dependence on the target cation ratio. All fit parameters are
summarized in Table II.

as the band-disorder parameter δ, which is attributed to
the reduction of oxygen deficiency. A significant change
of the cation ratio with p(O2) can be excluded in this
narrow deposition pressure window, confirmed by EDX.
Theoretical as well as experimental studies confirmed
that reducing anion deficiency in a-ZTO, which coin-
cides with a reduced amount of oxygen-vacancy related

defects, results in a reduction of deep as well as conduction
band-edge-near-subgap states originating from underco-
ordinated cations [44,45]. Therefore, an oxygen partial-
pressure increase results in a reduced a-ZTO thin-film
conductivity. The decrease of δ with increasing p(O2)

can be understood as a reduction of spatially random
atomic distance variations, which are presumably caused

TABLE II. Fit parameters for the modeled Hall mobility and free-carrier concentrations of a-ZTO thin films shown in Figs. 2 and 3 in
dependence on the cation ratio and the deposition pressure p(O2), respectively. Values in parentheses denote the obtained fit parameter
if localized tail states are neglected (Nm = 0).

a-ZTO EF (meV) δ (meV) μ0 (cm2 V−1 s−1) Nm (cm−3 eV−1) rH m∗ (me)

Zn/Sn ratio
1:2 −40 (−38) 38 (41) 12 (13) 1.0 × 1020 1 0.3
1:1 −82 (−82) 22 (22) 8.4 (8.3) 1.1 × 1019 1 0.2
2:1 −156 (−148) 22 (23) 14 (14) 1.5 × 1020 1 0.3
p(O2) (10−2 mbar)
3.0 −38 58 20 7.0 × 1020 1 0.3
3.5 −39 33 9.4 4.6 × 1019 1.6 0.3
3.8 −87 27 2.0 <1 × 1019 4 0.3
3.8 −90 27 4.3 <1 × 1019 2 0.2
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FIG. 3. Results of modeling the temperature-dependent Hall mobility μHall (a), Hall electron concentration nHall (b) and correspond-
ing electrical conductivity σ (c) according to the random band-edge model [Eq. (1)] for a-ZTO thin films deposited at different oxygen
partial pressures p(O2) from a PLD target with 1:2 Zn/Sn ratio: measured data (symbols) and fit results (solid lines). (d) Obtained
band-disorder parameter δ and density of localized states at the band edge Nm in dependence on the oxygen partial pressures p(O2).
All fit parameters are summarized in Table II.

by the nonuniform distribution of tin atoms with different
coordination number.

As the obtained parameter value for the intrinsic mobil-
ity μ0 depends on the choice of rH , it has the largest
absolute uncertainties. Nevertheless, the calculated values
for rH = 1 are comparable and in a reasonable range of
μ0 = 8–20 cm2 V−1 s−1 for a-ZTO. Also, the observed
trend is in agreement with other reports on the depen-
dence of electron transport on the cation ratio in a-ZTO.
In particular, Siah et al. showed that a mobility reduc-
tion is correlated with increasing structural disorder due to
Sn increase in Zn-rich a-ZTO, whereas mobility increases
again in Sn-rich a-ZTO thin films [43]. The former is
attributed to a reduced hybridization strength between
Zn4s and O2p orbitals and the latter to the larger ionic radii
of the Sn5s orbitals predominating the electron conduction
paths [42,43].

For the pressure series it is not possible to fit the whole
Hall-effect data set with rH = 1. In particular, fitting with
m∗ = 0.3 me delivers rH = 4 for the most resistive a-ZTO
thin film deposited at p(O2) = 3.8 × 10−2 mbar. Interest-
ingly, a more reasonable rH value of 2, which is expected if

ionized impurity scattering is dominant, can only be mod-
eled with lower effective mass m∗ = 0.2 me. In both cases
the obtained values for Nm are below 1019 cm−3 eV−1,
which is negligible. It can be seen that the intrinsic
mobility μ0 is underestimated by a factor of 2 at most if
rH = 4 is considered, whereas the other fit parameters do
not significantly change. Nevertheless, irrespective of rH ,
a decrease of μ0 is observed with increasing oxygen par-
tial pressure, which could be explained by a reduced Sn5s
orbital overlap or other additional scattering sources lim-
iting the electron mean free path in the extended states.
Due to the deposition at room temperature it is quite
likely that there are some inhomogeneities in the growing
amorphous thin film. Possible local microstructural inho-
mogeneities or spatial variations in cation distributions
are not detectable with EDX. Also, the formation of local
nanocrystalline phases causing additional spatial potential
fluctuations or scattering centers cannot be excluded for
certain, but all investigated a-ZTO thin films are at least
X-ray amorphous.

In summary, except for the discussed uncertainty for
the most resistive ZTO sample, we can conclude that the
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present extended random band-edge model is adequate
for quantitative modeling of the temperature dependence
of Hall mobility and carrier concentration in multica-
tionic AOSs. The obtained model parameters and their
correlations regarding deposition conditions for a-ZTO
thin films are in agreement with the existing literature.

C. Modeling of a-ZnON thin-film conductivity

As the measured Hall-effect data for a-ZnON thin
films show a percolation conduction behavior similar to
multicationic AOSs, we also evaluate the application of
the extended random band-edge model to this multianion
AOS. It is obvious that long-range potential fluctuations in
a single-cation AOS like a-ZnON can not be ascribed to
an inhomogeneous distribution of multiple metal cations
with different ionic radii. Nevertheless, spatial inhomo-
geneities are expected due to the following explanation:
the amorphous nature of ZnON results from the competi-
tion of different crystal structures, namely hexagonal ZnO
and cubic Zn3N2, during the sputtering process from a
metallic Zn target with two reactive gases O2 and N2.
Further, due to the much higher reactivity of oxygen

compared to nitrogen a careful control of the oxygen par-
tial pressure is necessary in order to ensure a sufficient
nitrogen incorporation in the thin film and prevent target
oxidation during reactive sputtering. Thus, spatial inho-
mogeneities like density and compositional fluctuations or
even nanocrystalline regions in the as-deposited thin films
can easily occur during oxynitride synthesis and it needs
precise anion control to avoid them. Several experimental
studies employing high-resolution transmission electron
microscopy confirmed the inhomogeneous nature of ZnON
thin films depending on anion ratios and deposition condi-
tions, respectively [46–48]. Therefore, the application of
a random band-edge model for this single-cation AOS is
justified.

In Fig. 4 the fit results for as-deposited a-ZnON thin
films with varying free carrier concentrations between
7 × 1017 cm−3 and 5 × 1018 cm−3, depending on the depo-
sition temperature TS, are depicted. The extended random
band-edge model fits the data well yielding reasonable
model parameters as exemplarily presented in Fig. 4(d)
and summarized in Table III. For modeling, we assume an
effective electron mass of 0.2 me for a-ZnON [17,49]. In
contrast to a-ZTO, a non-negligible density of localized
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FIG. 4. Results of modeling the temperature-dependent Hall mobility μHall (a), Hall electron concentration nHall (b), and corre-
sponding electrical conductivity σ (c) according to the random band-edge model [Eq. (1)] for a-ZnON thin films deposited at different
substrate temperatures TS: measured data (symbols) and fit results (solid lines). (d) Obtained band-disorder parameter δ and density of
localized states at the band edge Nm in dependence on the substrate temperature TS . All fit parameters are summarized in Table III.
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TABLE III. Fit parameters of the modeled Hall-effect data shown in Fig. 4 of a-ZnON thin films deposited at different substrate
temperatures TS .

a-ZnON EF (meV) δ (meV) μ0 (cm2 V−1 s−1) Nm (cm−3 eV−1) rH m∗ (me)

TS (◦C)
Room temperature −61 24 32 4.5 × 1020 1 0.2
50 −37 28 44 2.3 × 1020 1 0.2
100 −27 36 53 2.9 × 1020 1 0.2
150 −17 36 60 3.2 × 1020 1 0.2

states at the band edge Nm in the order of 1020 cm−3 eV−1

at the conduction-band edge has to be considered in
this case in order to adequately fit the Hall-effect data
of a-ZnON thin films with a Hall-scattering factor of
rH = 1. This is in agreement with the observation of trap-
limited conduction in a-ZnON channel TFTs, where the
effective field-effect mobility is affected by charge-carrier
trapping in localized conduction-band tail states [17,50].
Furthermore, our determined fit values correspond well
with the extracted density of 2 × 1020 cm−3 eV−1 from
TFT transport measurements reported by Lee et al. [17].
Such localized tail states below the conduction-band mini-
mum in a-ZnON are attributed to nitrogen-related defects,
like nonstoichiometric ZnxNy bonds or N-N dimers, and
therefore their density strongly depends on the anion
composition and chemical bonding states [46,48,51]. For
N-rich ZnON films with N/(N+O) ≥ 60% Jang et al.
showed that the exponential density of tail states, extracted
from monochromatic photonic capacitance-voltage mea-
surements on ZnON TFTs, decrease with increasing N
content, whereas a Gaussian-distributed shallow donor
level peaking at 0.15 eV below the conduction-band min-
imum, attributed to nitrogen vacancies, clearly arises for
N/(N+O) ≥ 80% [48,52].

From modeling of the measured temperature depen-
dence of a-ZnON conductivity and Hall-effect data, we
find that the density of localized tail states at the
conduction-band edge significantly decreases when going
from room-temperature deposition to 50 ◦C substrate tem-
perature, suggesting an improved nitrogen incorporation
in the growing thin film according to the above expla-
nations. Nm increases again with further substrate tem-
perature increase, which in turn suggests the out diffu-
sion of loosely bound nitrogen. Further, we observe a
slight increase of the band-disorder parameter δ from
24 to 36 meV and almost a doubling of μ0 from 32
to 60 cm2 V−1 s−1 with increasing deposition tempera-
ture TS for a-ZnON thin films. These findings indicate,
on the one hand, an increase of global disorder intro-
duced to the mobility edge and, on the other hand, a
local disorder decrease resulting in an increased intrinsic
mobility μ0.

The above results may be interpreted to result from
the reduction of loose metal-anion bonds by providing

additional thermal energy, which likely reduce defect
states and scattering centers, but also promotes the for-
mation of nonuniformly distributed nanocrystalline phases
in the mainly amorphous films [47,51]. However, this
cannot be clarified for certain without additional experi-
mental information on the microstructure and the chemical
bonding states.

Nevertheless, the temperature dependence of the elec-
trical conductivity, Hall mobility, and free-carrier con-
centration of rf-sputtered a-ZnON thin films can be
satisfactorily modeled with the extended random band-
edge model including tail states with a reasonable small
band-disorder parameter δ of 24–36 meV as expected
for a single-cation AOS. Furthermore, this analysis of
transport measurements by applying the random band-
edge model in combination with other characterization
methods could provide a valuable tool to shed a light
on the complex nature of electron transport in a-ZnON
covering trap-limited and percolation conduction mecha-
nisms.

D. Modeling of Zn-Mg-ON thin-film conductivity

Besides multianion and multication AOS materials we
investigate the validity of the extended random band-edge
model for the combined multianion and multication com-
pound Zn-Mg-ON. The electrical, optical, and structural
properties of this AOS material have been discussed thor-
oughly in Ref. [38]. The temperature-dependent Hall-effect
data for samples with varying magnesium cation concen-
trations between 2 and 5 at.% are modeled including non-
negligible localized tail states and with a Hall-scattering
factor of rH = 1 as for a-ZnON for a useful comparison.
For further results with rH > 1 see Supplemental Mate-
rial [29]. The effective mass is slightly adjusted due to the
additional magnesium cations contributing to conduction-
band states. We choose m∗ = 0.3 me as a rough estimate
taking into consideration the effective mass of pure a-
ZnON m∗ = 0.2 me and the effective mass of Zn-Mg-O
m∗ = (0.2 − 0.5) me, which varies strongly depending on
the magnesium content and from publication to publication
[53,54]. The fit results are presented in Figs. 5(a)–5(c) and
the corresponding fit parameters are depicted in Fig. 5(d)
and in Table IV. We observe that the density of localized
states at the band edge is insignificantly larger for the
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FIG. 5. Results of modeling the temperature-dependent Hall mobility μHall (a), Hall electron concentration nHall (b), and corre-
sponding electrical conductivity σ (c) according to the random band-edge model [Eq. (1)] for Zn-Mg-ON thin films fabricated with
magnetron co-sputtering a magnesium cation concentration between 2 and 5 at.%: measured data (symbols) and fit results (solid lines).
(d) Obtained band-disorder parameter δ and density of localized states at the band edge Nm. All fit parameters are summarized in
Table IV.

Zn-Mg-ON thin films with 2 at.% magnesium content
Nm = 5.3 × 1020 cm−3 eV−1 compared to the results of
a-ZnON Nm = 4.5 × 1020 cm−3 eV−1 at room tempera-
ture. Further, the localized tail-state density significantly
increases with increasing magnesium content from 2 at.%
up to 4 at.%. This effect might be assigned to differences
in anion composition. Due to the strong oxidation poten-
tial of the magnesium target, magnesium addition leads to
a correlated increase in the oxygen and decrease in the
nitrogen content as known from Ref. [38]. This change
from the nitrogen-rich a-ZnON with N/(N+O) ≈ 60% to
the oxygen-rich Zn-Mg-ON phase with N/(N+O) ≤ 50%

leads to less nitrogen-zinc bonds and therefore to more
nitrogen-related tail states.

Furthermore, the global disorder increases from δ = 20
to 42 meV. This can be assigned to an inhomogeneous
distribution of metal zinc and magnesium cations caus-
ing enhanced potential fluctuations of the mobility edge.
Up to a magnesium content of 4 at.% the intrinsic mobil-
ity decreases from 27 cm2 V−1 s−1 to 19 cm2 V−1 s−1.
This might be explained by a local disorder increase due
to additional magnesium cations in the Zn-Mg-ON amor-
phous matrix. For even higher magnesium concentrations
of 5 at.% the intrinsic mobility increases significantly up

TABLE IV. Fit parameters for the modeled Hall mobility, free-carrier concentration, and conductivity of Zn-Mg-ON thin films shown
in Fig. 5 in dependence on the magnesium content Mg/(Mg + Zn).

Zn-Mg-ON EF (meV) δ (meV) μ0 (cm2V−1s−1) Nm (cm−3eV−1) rH m∗ (me)

Mg/(Mg + Zn) (at. %)
2 −91 20 27 5.3 × 1020 1 0.3
3 −143 25 23 3.3 × 1021 1 0.3
4 −218 27 19 1.2 × 1022 1 0.3
5 −263 42 52 9.4 × 1021 1 0.3
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to 52 cm2 V−1 s−1. Certainly, the Hall-scattering fac-
tor should not be close to unity for the obtained Fermi
level. For rH = 2 the determined intrinsic mobility value
is 25 cm2 V−1 s−1. Since the Zn-Mg-ON thin films with
5 at% Mg are no longer X-ray amorphous and crystalline
magnesium oxide and zinc oxide phases are present [38],
the intrinsic band mobility might be comparable to the in-
grain mobility of ZnO with local crystalline order, whereas
on the global scale grain boundaries cause additional
potential fluctuations and therewith lead to an increased
long-range disorder.

V. DISCUSSION

There are some uncertainties of the model parameters
that have to be taken into consideration when interpreting
the presented results. As already mentioned, uncertainties
in the assumptions made on the values of m∗, rH , and
Nm can give rise to relatively large uncertainties in the
extracted fit parameters due to the inherent interdepen-
dence of the parameters of the model functions. In par-
ticular, an underestimation of the effective mass m∗, which
determines the effective DOS at the mobility edge, can eas-
ily result in an overestimation of the localized tail-state
density Nm at the mobility edge, and vice versa, in order
to fulfill the rH = (1 · · · 2) condition. As a consequence,
the model parameter μ0, representing the intrinsic band
mobility, is wrongly determined. Therefore, the knowledge
of some parameter values from additional measurements
(e.g., effective mass from free-carrier absorption, total
carrier concentration from capacitance-voltage measure-
ments) is helpful for increasing the confidence level of
the fit parameters when evaluating the electron transport
data. In order to adequately cope with this, we particularly
take care that the obtained fit parameters yield total carrier
concentrations that are consistent with measured approx-
imate values from capacitance-voltage measurements, if
available. For the calculation of ntotal the assumed value
for the characteristic energy of the exponential band tails
E0 of about 30 meV leads to reasonable results for all
investigated AOS materials.

Another, more general, inherent issue of the model is
the disregard of temperature-dependent scattering mecha-
nisms, which leads to the assumption that the intrinsic band
mobility μ0, and accordingly the Hall-scattering factor, are
temperature independent. Actually, this is only for highly
degenerate oxide semiconductors a good assumption. But
we note that, whereas an understanding of different scatter-
ing mechanisms in crystalline multication compounds like
c-IGZO already exists [55,56], the contribution to the drift
mobility in AOSs is more unclear due to the complexity of
transport phenomena [57].

Further, the assumption that the fluctuating mobility
edge Em can be described by a Gaussian distribution could
be insufficient. Particularly for multicomponent AOS

materials with varying cation composition, it is possible
that the potential fluctuations are not Gaussian normally
distributed due to cation clustering. It is worthwhile to
note, in AOSs a conventional mobility edge, as defined for
covalent amorphous semiconductors, which clearly sepa-
rates localized from extended states, does not exist. More
specifically, the assumption that all conduction-band tail
electrons are localized and therefore do not contribute to
conductivity is not realistic for AOSs. In fact, the electrons
in the exponential conduction-band tail states of AOSs
are at most weakly localized [57,58]. Also, the assumed
exponential distribution of localized tail states can be ques-
tioned at all. Actually, theoretical and experimental studies
report fully occupied, Gaussian-shaped, localized deep-
subgap states originating from undercoordinated atoms
and exponential band tailing due to structural disorder
in AOSs [33]. To solve these questions and to further
improve the quantitative description of charge transport in
AOS materials, a more reliable knowledge about the local
microscopic and electronic structure and its influence on
scattering mechanisms in AOSs, particularly for multian-
ion compounds, is essential. Certainly, due to the complex
nature of the investigated AOSs this remains challenging.

VI. CONCLUSION

The presented extended percolation-based random
band-edge model is adequate for quantitative modeling of
the experimentally determined temperature dependence of
Hall mobility and carrier concentration of all investigated
AOS materials, namely multication a-IGZO and a-ZTO,
multianion a-ZnON and multinary Zn-Mg-ON. The nec-
essary introduction of the Hall-scattering factor is proven
to result in reasonable band-disorder parameters after sev-
eral parameter correlations of the model are figured out.
Moreover, the observed parameter trends in dependence
on growth conditions can be interpreted in accordance
with the current state of research. In particular, for a-ZTO
we find a standard deviation of the mobility edge distri-
bution ranging between 20 to 60 meV, which increases
with increasing Sn content and decreases with increasing
oxygen partial deposition pressure. For the single-cation
compound a-ZnON the mobility edge is expectedly less
spatially distributed with the standard deviation increasing
from 23 to 36 meV with increasing deposition temperature.
For the multinary compound Zn-Mg-ON we find that the
addition of magnesium cations leads to an increase in stan-
dard deviation from 20 to 40 meV for the mobility edge
distribution. In addition, for the latter two it turns out that
localized tail states below the mobility edge are crucial
factors for the charge-transport description and cannot be
neglected, contrary to the findings for the multication com-
pounds a-IGZO and a-ZTO, which is in agreement with
the expectations and experimental findings, respectively.
Thus, evaluating the temperature-dependent Hall-effect
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thin-film data of AOSs within this model provides a valu-
able tool for elucidating the effect of anionic and cationic
disorder on the electronic structure of the conduction-
band minimum and as such contributes to a profound
understanding of charge transport in AOSs, which in turn
could aid enhancing device performance. Even more, it
is possible to gain insights into the influence of process
parameters if device processing is not yet successful and
allows for tuning the desired properties once the relation-
ship between process parameters and Hall-effect data is
systematically analyzed.
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