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Amorphous Doped Indium Tin Oxide Thin-Films by Atomic
Layer Deposition.Insights into Their Structural, Electronic
and Device Reliability

M. Isabelle Büschges, Vanessa Trouillet, Ann-Christin Dippel, and Jörg J. Schneider*

Thin semiconducting films of magnesium doped indium- and tin oxide are
prepared by thermal atomic layer deposition (ALD). The metal oxide films are
deposited at 200 °C from the precursors trimethylindium, tetrakis
(dimethylamido)tin, bis(ethylcyclopentadienyl)magnesium and water as
oxidant. These thin-films are observed to be amorphous by electron
microscopy and X-ray diffraction. However, they exhibited a near-range atomic
order with correlation lengths of up to 10 Å, as demonstrated by high energy
total scattering at grazing incidence employing synchrotron radiation. Even
minor alterations in composition reveal a significant impact on the thin-film
transistor (TFT) device parameters, due to magnesium’s high oxygen binding
capability and its ability to inhibit the formation of oxygen vacancies, resulting
in a decrease of free charge carriers in the material. Stability tests indicate a
device degradation after storage in ambient conditions due to water
adsorption on the surface, which could be reversed by an additional annealing
step which qualify the films as robust. This studie demonstrate the possibility
of employing minor amounts of high band gap oxides such as MgO to
manipulate and control the electric behavior of the active channel layer
performance in inorganic TFT devices.
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1. Introduction

Metal oxide-based thin-film transistors
(TFTs) are vital components in modern
electronic devices. They offer high charge
carrier mobilities and high optical trans-
parency and have been integrated into a
multitude of prominent devices, includ-
ing transparent and flexible displays.[1–3]

Basic and applied research is presently
focused on active layers comprising of
In2O3, ZnO, SnO2, and Ga2O3, par-
ticularly on ternary and quaternary
combinations of these metal oxides
such as In─Zn─O (IZO),[4–7] Zn─Sn─O
(ZTO),[8,9] In─Zn─Sn─O (IZTO),[10,11]

and In─Ga─Zn─O (IGZO).[12–15] A sig-
nificant proportion of research in this
field is devoted to In2O3, largely due to its
advantageous properties, including high
chemical stability and resistance to oxi-
dation. Its thin-films exhibit noteworthy
carrier mobilities, along with electrical
uniformity, and high transparency to
visible light (Eg = 3.7 eV).[16–18] SnO2
represents an attractive alternative,

exhibiting n-type semiconducting properties with low resistivity
values and high transparency, attributed to its wide bad gap (Eg =
3.6 eV).[19] Indium tin oxide (ITO), a transparent conductive film
material, has been established as the material of choice for dis-
play devices in, e.g., optoelectronics due to its unique optical and
electrical properties.[20] These properties, including a relatively
low resistivity and high visible transmittance, contribute to ITO’s
suitability for these applications.[20,21] However, ITO also exhibits
an inherently high carrier density of ≈1020 cm−3, which results
in metallic-like conductivity. Consequently, it appears to be an
unsuitable material for use in TFT applications.[20–22] Further-
more, polycrystalline ITO films frequently present inhomoge-
neous device performance over larger areas.[21] These issues can
be mitigated by doping indium tin oxide with titanium (Ti-doped
ITO), a material capable of inhibiting the formation of oxygen
vacancies and, consequently, modulating the carrier density.[22]

The enhancement of ZTO TFTs has been achieved through
the incorporation of metals, including aluminum (AlZnSnO),[23]

zirconium (ZrZnSnO),[24] gallium (GaZnSnO),[25] and magne-
sium (MgZnSnO).[18] Due to their relatively low electronegativ-
ity, the tendency to form strong M─O bonds increases, thereby
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reducing the amount of oxygen vacancies. As oxygen vacancies
represent the primary source of charge carriers in amorphous ox-
ide semiconductors (AOS), these metals serve as effective charge
carrier suppressors, as evidenced by previous research.[16,18] The
efficacy of incorporating metal ions to suppress charge carriers
has been demonstrated in a multitude of systems[26] including
MgZnO,[27] MgInO,[28–30] HfInZnO,[31,32] Al-doped ITO,[33] and
ZrInZnO.[34,35] The fabrication of such multi-component thin-
films is made possible by employing a method such as atomic
layer deposition (ALD). With ALD, excellent conformality and
composition- and thickness control on the atomic scale can be
achieved even at low growth temperatures (<350 °C).[36,37] ALD is
a highly developed thin-film deposition technique, based on the
sequential exposure of precursors and co-reactants to the surface
of a solid substrate. The reactions are self-limiting on the surface,
allowing a layer-by-layer growth.[36–39] The ALD approach of em-
ploying supercycles allows the deposition of homogeneous multi-
component and multilayered thin-films with control of the cation
distribution by adjusting the cycle ratios of the individual binary
materials.[37,39] In such a multi-component system, each metal
cation can contribute to different functions in the resulting film,
such as main charge carrier, charge carrier suppressor or struc-
ture stabilizer.[39] By fabricating amorphous IGZO by ALD using
such a supercycle approach, mobilities (μ) of up to 74 cm2 V−1 s−1

have been achieved with a threshold voltage (Vth) of −1.3 V and
a subthreshold swing (SS) of 0.26 V dec−1.[40,41] With its advan-
tages of depositing oxides over large areas with good uniformity
and compositional control, ALD has become the most reliable de-
position technique for semiconductor processes,[36,39,42] and has
therefore even attracted interest in other application areas such
as energy storage,[43] photovoltaics,[44] and catalysis.[45] In this
study, we report, for the first time, on the doping of ITO thin-
films with the large band gap oxide MgO using ALD as fabrica-
tion method. Our approach of doping ITO with magnesium oxide
is based on the specific properties of the material and findings
from published literature,[26–30] which substantiate the modula-
tion of the charge carrier concentration through the introduction
of an element with a high binding energy. Moreover, the iden-
tified shortcomings of ITO can be mitigated. Magnesium oxide
was selected as the doping material due to its cost-effectiveness,
availability, and precedent for use in similar systems. The dop-
ing of ITO with magnesium oxide was investigated in our sys-
tem, as this material combination proved to be promising for the
intended purposes. The objective of this study is to examine the
subtle impact of MgO on the semiconducting characteristics of
ITO films. This work demonstrates how MgO, as an oxide with
a high oxygen binding energy, can be employed as a controllable
charge carrier suppressor for these films. The ultrathin films ob-
tained in this study were found to be amorphous, as determined
by high-resolution transmission electron microscopy (HRTEM).
Of particular interest was the revelation of near-atomic scale or-
dering through grazing incidence X-ray diffraction (GIXRD) un-
der synchrotron radiation.

The influence of magnesium oxide on the TFT performance
parameters under ambient dry and wet conditions was further
investigated by incorporating the thin-films into TFT devices, as
was the stability of the thin-films under illumination with differ-
ent wavelength.

Figure 1. Schematic of the ALD process for the heterostack preparation
of MITO. For the deposition of indium oxide from TMI and H2O the steps
are shown in detail (step 1–3). In step 1 the TMI molecules react with OH-
groups on the surface of the substrate; by purging with argon the residual
precursor molecules are flushed from the reaction chamber. In step 2 H2O
is introduced, reacting with the newly formed surface groups to produce
new OH-groups and CH4 as by-product. With a subsequent argon purge
unreacted molecules and by-products are removed from the chamber. By
repetition of steps 1–2 the thickness of the indium oxide layer can be mod-
ulated (step 3). For depositing tin oxide from TDMASn (steps 4–6) and
magnesium oxide from (EtCp)2Mg (steps 7–9), the process is performed
as described above. Thin-films with a composition of InxOy/SnOx/MgO
26:15:1 (MITO 1), 26:15:2 (MITO 2), and 26:15:3 (MITO 3) are deposited
in eight supercycles.

2. Results and Discussion

Three heterostacks consisting of indium oxide, tin oxide, and
magnesium oxide are fabricated via ALD by depositing the single
oxides with a fixed number of cycles for indium- and tin oxide,
while the number of magnesium oxide cycles was varied between
one and three in order to study the influence of an insulating
material on the morphology of the thin-films and in particular
on the semiconducting properties of the MgInSnO (Magnesium-
Indium-Tin Oxide; MITO) heterostructure stack when integrated
into a thin-film transistor device. In Figure 1 schematic of the
deposition process for one supercycle is depicted. In the first
step metal precursor molecules, here trimethylindium (TMI),
react with surface OH-groups of the substrate (step 1), thereby
In─O bonds are formed. The following purge step with inert
gas (argon) removes excess metal precursor and gaseous re-
action by-products. Subsequently the oxidizing agent (H2O)
is introduced into the reaction chamber (step 2). Remaining
methyl groups of the TMI react to CH4 and new OH-groups
are formed on the surface. After purging the chamber with
argon, the sequence is repeated (step 3) until the desired film
thickness of indium oxide is obtained. Tin oxide and magne-
sium oxide are deposited from tetrakis(dimethylamido)tin
(TDMASn, steps 4–6) and bis(ethylcyclopentadienyl)
magnesium ((EtCp)2Mg, steps 7–9), respectively, and oxidized
with water, as described for indium oxide above. By performing
steps 1–9 one ALD cycle is completed, which is repeated to
achieve the desired overall film thickness. This process enables
the deposition of a heterostack with a defined composition, as

Adv. Mater. Interfaces 2024, 2400758 2400758 (2 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400758 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 2. Cross-sectional HRTEM bright field image of the heterostack
MITO 2 with the composition InxOy/SnOx/MgO 26:15:2. The conformal
layer thickness over a large area can be observed a). The amorphous na-
ture of the heterostack at a higher magnification is shown b).

well as control over the thickness of the individual oxides on an
atomic level. In the experimental section the exact parameters
for the deposition of each precursor is given. Thin-films with a
composition of 26 cycles indium oxide, 15 cycles tin oxide, and
one to three cycles of magnesium oxide are deposited in eight
complete supercycles (see caption of Figure 1 for denotation of
individual samples).

The heterostructure composition is investigated using high
resolution transmission microscopy (HRTEM), high energy to-
tal X-ray scattering in gracing incidence (GIXRD), X-ray photo-
electron spectroscopy (XPS), and UV–vis spectroscopy. To assess
the semiconducting properties of the heterostacks with different
compositions, they were integrated into thin-film transistor de-
vices.

High resolution transmission electron microscopy (HRTEM)
is performed on a focused ion beam (FIB) prepared cross-section
of the sample MITO 2 to investigate the homogeneity and mor-
phology of the thin-film (Figure 2). The HRTEM of the het-
erostack MITO 2 reveals a uniform film thickness of ≈10 nm over
an extensive area with a high degree of homogeneity, revealing
the conformity during the deposition process. The thin-film ap-
pears to be amorphous over the whole stack, without a noticeable
layered architecture as seen in other ALD deposited thin-films,
employing aluminum oxide instead of magnesium oxide in com-
bination with indium oxide and tin oxide.[33] The amorphous na-
ture of magnesium oxide films has already been reported for ALD
deposited MgO at temperatures of 200 °C,[46] while crystallinity
was only observed at temperatures above 500 °C.[47]

To gain further insight into the structure of the heterostack
thin-films, grazing incidence X-ray total scattering (GI-XTS) mea-
surements using synchrotron radiation are conducted. Pair dis-
tribution function (PDF) analysis is used to study the atomic
short-range order of the samples, as well as to elucidate the in-
fluence of the magnesium oxide incorporation on the thin-films
structure. In Figure 3 the obtained PDF data for the ALD pre-
pared samples MITO and ITO (Figure 3a), together with refer-
ences for pure In2O3

[48] and ITO of different compositions[49–51]

(Figure 3b,c) are shown. The PDFs of the two ALD samples
MITO and ITO show a very disordered structure with correlation
lengths of ≈10 Å (Figure 3a), with three rather distinct peaks at
≈2.1, 3.4, and 3.8 Å and broader signals at interatomic distances
greater than 5 Å. As the PDFs for both samples are very simi-

lar, regardless of their composition and thickness, they are not
discussed separately.

The values of the three peaks for the ALD samples can be cor-
related with interatomic distances found in the crystalline refer-
ence structures, which show similar peaks in the range of 1.75–
4.75 Å.[48–51] In the crystalline ITO-references, In1.88Sn0.12O3
(space group Ia3̄, cubic), In4Sn3O12 (space group R3̄, trigonal),
and Sn(Sn2In4)O12 (space group R3̄, trigonal), a distance of 2.1 Å
correlates with nearest neighbor metal-oxygen bonds (In/Sn─O).
Metal-metal next-nearest neighbor distances exhibit values of
≈3.4 Å, while mixed longer distances show values of ≈3.8 Å. Cu-
bic In2O3 (space group I213)[48] shows peaks at 2.3, 3.4, and 3.8 Å,
correlated to In─O bonds and metal-metal distances, respectively.
The comparison of the samples’ PDFs with the reference In2O3
and the three crystalline ITO-compositions (Figure 3c) shows that
the peak at 2.1 Å corresponds to nearest neighbor metal-oxygen
distances (In/Sn─O) in the ITO-references, while the peaks at 3.4
and 3.8 Å fit with values found for metal-metal distances in In2O3
and ITO with a high indium content (In1.88Sn0.12O3). Therefore,
it can be concluded that both ALD samples (MITO and ITO) ex-
hibit a short-range order resembling those found in the reference

Figure 3. a) Normalized PDFs obtained for the ALD samples MITO and
ITO shown over the full r range (0-30 Å). In b) and c) a comparison of the
samples and calculated PDFs for reference In2O3 (blue) and indium tin
oxide (violet, magenta, orange) of different compositions, b) shown in a
stacked plot and c) as overlay for a better comparison of the interatomic
distances of the ALD samples and references. For clarity, only the low-r
region from 1.75–4.75 Å is shown. A graph of the full distance range can
be found in Figure S1 (Supporting Information).
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Figure 4. Coordination polyhedra as found for In3+ and Sn4+ ions in
In1.88Sn0.12O3

[49] and b) In4Sn3O12.[50] Different colors indicate different
polyhedral geometries.

compounds In2O3 and In-rich ITO.[48,49] However, there is no
clear difference in the structural parameters concerning the in-
clusion of magnesium oxide. Either, this might simply be related
to its low content in the MITO thin-film (cycle ratio Mg/(In+Sn)
= 0.049), or the incorporated magnesium oxide could inhibit the
crystallization of the otherwise crystalline ITO. For both spec-
ulations, further structural studies are necessary (PDFs of all
reference phases, including the pure metal oxides SnO2

[52] and
MgO,[53] can be found in Figure S1, Supporting Information). As
the metal-oxygen and metal-metal distances found in the PDFs
of the ALD samples do not show a considerable effect of Mg in-
corporation (see Figure 3b,c) and correlate well with those found
for the crystalline references of In-rich ITO phases,[49,50] it can
be suggested that the nearest neighbor polyhedral coordination
geometries of the metal cations in the ALD samples are similar
to the crystalline ITO phases In1.88Sn0.12O3

[49] and In4Sn3O12
[50]

(Figure 4). In the former In1.88Sn0.12O3 (Figure 4a) the metal
cations (In3+/Sn4+) are coordinated by six oxygen anions and
two empty anion sites in a cube like geometry.[49] In the crystal
structure of In4Sn3O12

[50] (Figure 4b) the metal cations show
two different coordination geometries. Sn4+ cationic sites are
surrounded by six oxygen anions in a trigonally compressed
octahedron (blue), while In3+/Sn4+ cationic sites are coordinated
by seven oxygen anions in a geometry described as a highly
distorted cube with one missing corner (purple).[49,50]

The heterostack compositions MITO 1-3 with varying magne-
sium oxide content were studied by X-ray photoelectron spec-
troscopy (XPS). The O 1s core level (Figure 5a) is deconvoluted
into three peaks, allocated to different oxygen species present
within the thin-films. The peak at lower binding energies (BE)
of 530.0 eV can be assigned to fully coordinated oxygen species
(M─O),[5,6] related to the metal oxides indium oxide, tin oxide,
and magnesium oxide. The signal at a higher BE of 531.8 eV can
mainly be attributed to metal hydroxide species, M─OH, typically
present on the surface of the sample.[6,54,55] However, weak con-
tributions from ─C═O (carbonyl species) and/or MgCO3,[56] may
appear in the same BE region. This is further supported by the
corresponding peaks observed in the C 1s core level (Figure 5b,
described later). In addition, the third peak of the deconvolution
at 533.2 eV can be assigned to ─C─O fragments, probably origi-

nating from minor residues of the precursor (EtCp2)Mg.[57,58] It
should be mentioned that often O 1s peak assignments in the
BE range of 531–532 eV are attributed to lattice oxygen atoms in
close proximity to “oxygen vacancies”.[59–62] However, this attribu-
tion can neither be straightforward nor fully justified especially
as such vacancies often do not modify the coordination number
of the vaccancies’ neighbor oxygen atoms in the oxide.[63] Further-
more, the presence of surface species in the similar BE range is
often ignored and/or the full width at half maximum (FWHM)
are set to smaller values than they should be. With respect to our
study no clear-cut spectroscopic evidence justifies the considera-
tion of further species in this range of BE. In addition, particular
attention has been paid to the FWHM for each component. They
amount to the reasonable and well-known values of 1.5 eV for
lattice oxygen in an oxide and 1.9 eV for hydroxide, carbonate or
other carbon species.

With an increasing magnesium oxide content, the MITO
samples’ amount of fully oxidized M─O species decreases from
28.4 at% to 20.7 at%, while the contribution from the peak
at 531.8 eV (M─OH) increases from 18.6 at% to 23.9 at%.
Considering the relatively small ─C═O content, as detected
in the C 1s spectrum, increasing from 3.1 at% up to 5.5 at%,

Figure 5. a) O 1s and b) C 1s XPS core level spectra of the heterostructure
MITO 2. All spectra are referenced to the C 1s peak at 285.0 eV. In c) the
ratio of M─OH (531.8 eV) to M─O (530.0 eV) is depicted, while d) rep-
resents the ratios of Mg/Sn (red) and Mg/In (black) calculated from at%
of the core level spectra In 3d, Sn 3d, and Mg 1s for the three thin-films
MITO 1-3, deposited with one, two, and three cycles of magnesium oxide.
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this latter O 1s peak is essentially correlated to M─OH species.
Therefore, the increase of M─OH contributions along the
MITO 1-3 series can be followed by the ratio M─OH (531.8 eV)
versus M─O (530.0 eV) (see Figure 5c). This increased amount
of hydroxide species generated in the thin-films can be explained
by an ongoing hydroxylation through the oxidant H2O of already
deposited magnesium oxide in subsequent ALD cycles. This is
supported by reports of Santamaria et al., who confirmed the
formation of an increasingly thicker hydroxide layer by XPS,
when exposing a MgO film to an aqueous solution for a longer
period of time.[64] The C 1s core level is deconvoluted into four
peaks, located at 285.0, 286.7, 289.1, and 290.0 eV. The main peak
at 285.0 eV can be associated with ─C─C and ─C─H groups in
the form of hydrocarbon contaminations,[65,66] while the peak
at 286.7 eV can be ascribed to ─C─O groups originating from
(EtCp)2Mg precursor residues.[58] Additionally, the peaks at 289.1
and 290.0 eV are attributed to carboxylic groups[65] and to a very
minor extent (0.5 at%) to carbonate, MgCO3, respectively[66,67]

(all data can be found in Table S2, Supporting Information).
In Figure 5d ratios for Mg/Sn and Mg/In based on the at% of
the core level spectra of In 3d, Sn 3d, and Mg 1s for the three
thin-films MITO 1-3, are given. Both ratios (Mg/Sn and Mg/In)
follow the same trend: with an increasing number of magnesium
oxide cycles, the values of the ratios increase, confirming that the
composition set during the deposition process is also obtained
in the deposited heterostructures.

The core level spectra for tin oxide, indium oxide, and mag-
nesium oxide, as well as the valence band (VB) region and the
In MNN-Auger line are shown in Figure S2a–e (Supporting In-
formation). The Sn 3d doublet with Sn 3d5/2 at 486.5 eV, together
with the valence band pattern with a maximum at 4.5 eV reveal
the presence of Sn(IV) and are in agreement with previously re-
ported values (see Figure S2a,d, Supporting Information).[68,69]

The VB spectrum of MITO has a band width of nearly 9 eV and
shows no change due to Mg doping when compared to SnO2
deposited by chemical vapor deposition.[69] In 3d with In 3d5/2
at 444.5 eV (see Figure S2b, Supporting Information) and In
MNN Auger (see Figure S2e, Supporting Information) prove the
presence of In2O3.[70] The Mg 1s core level peak is located at
1304.0 eV (see Figure S2c, Supporting Information) and situated
between the binding energy of both pure MgO and Mg(OH)2
(1303.2 eV) and MgCO3 (1304.6 eV).[71] Interestingly, the BE
value does not change with increasing magnesium oxide incor-
poration (heterostacks MITO 1-3), meaning the carbonate con-
tent remains low and stable over the deposition process. Thus,
the majority of Mg(II) species in the thin-films are present in the
form of oxide and hydroxide. Furthermore, UV-vis spectroscopy
was employed to assess the optical properties of the heterostacks
MITO 1-3. All thin-films show a high optical transparency of
> 95% in the visible region (Figure 6a). To determine the opti-
cal band gaps of the heterostacks Tauc plots were generated from
the transmission data, shown in Figure 6b. Tauc plots were calcu-
lated with respect to the individual film thicknesses of the three
samples.[72]

The Tauc plots exhibit different curve progressions for the
three thin-films investigated, showing a strong influence of only
small amounts of magnesium oxide on the optical properties.
Nevertheless, the difference becomes less noticeable in the val-
ues determined for the optical band gaps by applying a linear

Figure 6. Transmission spectra a) and Tauc plots b) of the three investi-
gated heterostructures MITO 1 (red), MITO 2 (blue), and MITO 3 (green).

fit. The band gap widens with an increasing amount of mag-
nesium oxide in the thin-films from 3.57 eV for MITO 1 to
3.71 eV for MITO 3 (Table 1). With MgO as a material exhibiting
a larger band gap (≈7.8 eV)[73–75] than In2O3 (3.6–3.75 eV)[76,77]

and SnO2 (3.6 eV),[19] this widening of the optical band gap is
expected when increasing the amount of magnesium oxide in
the MITO thin-films. A widening of the band gap through Mg-
doping has also been reported for aluminum zinc oxide (AZO)
films.[78]

2.1. Studies on the Semiconducting Properties of MITO
Thin-Films

To assess the semiconducting properties of the three in-
dium/tin/magnesium oxide heterostructures and to study the
specific influence of the magnesium oxide doping, the thin-films
were integrated into TFT devices with a bottom-gate-bottom-
contact geometry. After the deposition of the thin-films and post-
deposition annealing at 350 °C, the electrical characterization of
the obtained TFT devices was performed by means of current-
voltage (I–V) measurements. From the transfer characteristics
the significant TFT performance parameters such as the satura-
tion mobility (μsat), on-voltage (Von), threshold-voltage (Vth), cur-
rent on/off ratio (Ion/Ioff), and subthreshold swing (SS) were ex-
tracted. The collective transfer characteristics, as well as individ-
ual output curves are shown in Figure 7, while the corresponding
values are summarized in Table 2.

From the transfer characteristics it is noticeable that the
amount of magnesium oxide in the heterostructure stack exerts

Table 1. Calculated band gaps obtained from the corresponding Tauc plots
and respective film thicknesses of the thin-films with different magnesium
oxide content MITO 1-3.

Composition In:Sn:MgO Band gap [eV] Thickness [nm]

26:15:1 MITO 1 3.57 9.55

26:15:2 MITO 2 3.62 10.65

26:15:3 MITO 3 3.71 12.49

Adv. Mater. Interfaces 2024, 2400758 2400758 (5 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a) Collective transfer characteristics of the TFT devices incorporating the heterostructures with one (red), two (blue), and three (green) cycles
of deposited magnesium oxide MITO 1-3, and the corresponding output characteristics of b) MITO 1, c) MITO 2, and d) MITO 3. In b), the measuring
equipment reached its compliance limit of 50 mA at VGS = 30 V.

an apparent influence on the off-current (Ioff), especially when
increasing the number of magnesium oxide cycles from one to
two, while the increase from two to three does not show a simi-
lar drop of Ioff. At the same time, the on-current (Ion) decreases
to a smaller extent with an increasing amount of magnesium ox-
ide in the stack. This is illustrated in the values for Ion/Ioff start-
ing at 1.2·105 for MITO 1, increasing to 5.3·107 for MITO 2 and
slightly decreasing for MITO 3 to 3.4·107 (Figure 7a). The de-
crease in conductivity with increasing amounts of magnesium
oxide is also apparent from the individual output characteristics
(Figure 7b-d). Accompanying the decrease of Ioff is a significant
decline in the mobility values, starting at 10.64 cm2 V−1 s−1 for
MITO 1 and dropping to 3.06 cm2 V−1 s−1 for MITO 3. These sim-
ilar trends are expected when increasing the amount of the insu-
lating component in the thin-films, as magnesium oxide, with
its high resistivity in the range of 1011 Ω cm,[79] decreases the
amount of free electrons in the semiconducting MITO film and
also lowers the ability of the electrons to move, thus decreases

the mobility. The TFT incorporating two cycles of magnesium
oxide (MITO 2) shows the overall best performance of the inves-
tigated compositions with μsat = 6.45 cm2 V−1 s−1, Vth = 7.2 V,
Ion/Ioff = 5.3·107, and SS = 644 mV dec−1. While a lower amount
of magnesium oxide (MITO 1) leads to a significantly higher mo-
bility and a lowered threshold voltage, the current on/off ratio
and the subthreshold swing deteriorate; with a higher number
of magnesium oxide cycles (MITO 3) a sufficient Ion/Ioff is still
reached but at the expense of a significantly lower electron mo-
bility, as well as the subthreshold swing. The obtained values
for MITO fall within the range of values reported in the litera-
ture for heterostack InZnO TFTs fabricated via ALD[6] with μ =
6.5 cm2 V−1 s−1, Vth = 8.9 V, Ion/Ioff = 4.6·107, and SS= 0.7 V dec−1

and also for MgInO TFTs fabricated via spin-coating[28] with μ
= 13.77 cm2 V−1 s−1, Vth = 2.84 V, Ion/Ioff = 2.36·107, and SS =
0.85 V dec−1. With respect to our earlier studies on aluminum
oxide doped ITO thin-films (ITAO),[33] employing the same ALD
process and TFT fabrication procedures, it is apparent that

Table 2. TFT performance parameters and corresponding standard deviations of the heterostructure TFT devices of the semiconducting MITO thin-films.

Composition In:Sn:MgO Mobility, μsat
[cm2 V−1 s−1]

On-voltage, Von [V] Threshold voltage, Vth [V] Current on/off ratio,
Ion/Ioff

Subthreshold swing, SS
[mV dec−1]

26:15:1 MITO 1 10.64 ± 0.18 −2.0 ± 0.2 2.8 ± 0.2 1.2 (±0.27)·105 816 ± 27

26:15:2 MITO 2 6.45 ± 0.14 −1.0 ± 0.2 7.2 ± 0.3 5.3 (±0.30)·107 644 ± 33

26:15:3 MITO 3 3.06 ± 0.04 0.0 ± 0.1 12.4 ± 0.1 3.4 (±0.48)·107 1211 ± 11
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aluminum exerts a stronger influence on the TFT performance
parameters than magnesium. This is noticeable in the lower mo-
bility values of 2.28 and 6.45 cm2 V−1 s−1 for ITAO and MITO,
respectively. With its distinctly higher bond dissociation energy
(Al─O 501.9 kJ mol−1),[80,81] the incorporated aluminum oxide
can suppress oxygen vacancy formation more efficiently than
magnesium oxide (Mg─O 358.2 kJ mol−1),[80,81] thus leading to
a lowered density of free charge carriers, influencing the electri-
cal characteristics of the transistor to a significant extent.[25] Hall
measurements in van der Pauw geometry were conducted to ob-
tain the charge carrier densities of the three heterostacks. With
the least amount of magnesium oxide, the MITO 1 thin-film ex-
hibits the highest Hall carrier density with 5.9·1019 cm−3, while
the MITO 3 film shows the lowest value with a measured car-
rier density of 1.1·1019 cm−3. The MITO 2 heterostack gives an
intermediate value of 2.2·1019 cm−3. These values for the carrier
densities follow the same trend as the mobility values obtained
from the IV-measurements (Table 2), solidifying the hypothe-
sis, that an increase of magnesium oxide decreases the number
of free charge carriers in the heterostack. Furthermore, the ob-
tained values correspond to values reported in literature with 3–
5·1019 cm−3 for P-doped ZnMgO[82] and are in the upper range of
1016–1020 cm−3 determined for different types of IGZO.[83] The
values for the charge carrier densities found for MITO are also
in accord with the trends in the performance parameters when
comparing MITO with ITAO,[33] as the carrier density for ITAO is
lower, owing to the significantly higher bond dissociation energy
of Al─O compared to Mg─O.

The carrier transport in semiconducting materials can mainly
be described by two different mechanisms: trap-limited conduc-
tion (TLC) and percolation conduction (PC). When the Fermi-
Level (EF) is located below the conduction band minimum
(CBM), the charge carrier transport is primarily controlled by
multiple trapping and releasing events of carriers in localized tail
states, viz. TLC is the dominant transport mechanism.[84] Perco-
lation conduction becomes dominant when EF moves above the
CBM and thereby fills tail states.[84] At this point only a distribu-
tion of potential barriers within the conduction band (CB) limits
the mobility of the charge carriers.[85] The electrons move around
those barriers, taking the path of least resistance.[84] To gain in-
side into the carrier transport mechanism of the fabricated semi-
conducting heterostructures MITO 1-3, the field-effect mobility
(μFE) is plotted logarithmically against the gate-source voltage and
a power law fit is applied (Figure 8).

𝜇FE = K
(
VGS − Vth,P

)𝛾
(1)

with K as prefactor and VGS, Vth, and VP denoting the gate-source,
threshold, and percolation voltages, respectively. The exponent 𝛾
is obtained and is correlated to the prevailing conduction mecha-
nism. TLC is dominant if 𝛾 reaches a value of 0.7, while a value of
0.1 indicates a PC dominated mechanism.[7,84] The obtained val-
ues for 𝛾 along with the corresponding mobilities and conduction
mechanisms are summarized in Table 3.

As indicated by the values for 𝛾 , the carrier transport mech-
anism changes from clearly PC to TLC dominated with an
increasing amount of magnesium oxide in the heterostructure
stack. With its smaller band gap of 3.57 eV and higher conduc-
tivity, compared to MITO 2 and MITO 3, the Fermi-level in the

Figure 8. Dependency of the field-effect mobility (μFE) on the gate-source
voltage (VGS), plotted logarithmically, with the applied power law fit to ob-
tain values for 𝛾 .

heterostack with one cycle magnesium oxide, MITO 1, appears
to be positioned above the CBM, showing a clear distinction to
the other two thin-films, exhibiting a PC dominated conduction
mechanism. By increasing the amount of magnesium oxide,
the band gap widens to 3.71 eV (MITO 3) and the conductivity
diminishes, therefore EF moves to a position below the CBM
enabling tail states to act as electron traps.[84] Another reason for
the clear shift from PC to TLC in the MITO thin-films when the
Mg content is steadily increased could be found in the increase
in weakly bonded oxygen which leads to the formation of trap
states, as it is reported for amorphous Ga2Ox films.[86] This
data shows the strong influence of only small amounts of a
material with a strong M─O bond on the carrier concentration
and therefore on the device performance, as has been reported
for Ga2O3,[40,41,87] here at the advantage of a low cost and abun-
dant material in the form of magnesium oxide. As apparent
from the XPS data, the amount of fully coordinated oxygen
species (M─O) decreases with increasing numbers of deposited
magnesium oxide cycles, while the amount of hydroxide species
(M─OH) increases simultaneously, which is in accord with
our assumptions. Since the temperature dependency of the
mobility is a further indication and can substantiate the afore
mentioned studies to determine the 𝛾 value for the prevailing
transport mechanism,[84] variable low temperature measure-
ments of the transistor characteristics were conducted. Figure 9

Table 3. Values for the exponent 𝛾 and mobility μFE with their correspond-
ing standard deviations and the prevalent conduction mechanism for the
three heterostructures MITO 1-3.

Composition
In:Sn:MgO

𝛾 Mobility μFE
[cm2 V−1 s−1]

Conduction
mechanism

26:15:1 MITO 1 0.09 ± 0.03 10.64 ± 0.18 PC

26:15:2 MITO 2 0.46 ± 0.02 6.45 ± 0.14 PC/TLC

26:15:3 MITO 3 0.72 ± 0.01 3.06 ± 0.04 TLC
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Figure 9. Arrhenius plot of the saturation mobility of the transistors
MITO 1-3 (red, blue, green) as a function of the inverse temperature in
the range of 295 – 148 K.

displays the Arrhenius plot of μsat between 295 and 148 K for the
compositions MITO 1-3 of the transistors.

From the plot (Figure 9) it is evident that the transistor with
the highest amount of magnesium oxide incorporation (MITO 3)
shows a distinct temperature dependent behavior, which is ex-
pected for a TLC-dominated transport mechanism. Here, the mo-
bility values remain nearly constant in the temperature range
from 295 to 248 K at 3–3.4 cm2 V−1 s−1 and then decreases
significantly to 1.64 cm2 V−1 s−1 at 148 K. In contrast, the
mobility for MITO 1 remains at an almost constant value of
≈10.5 cm2·V−1 s−1 in the range of 295–173 K, with only a slight
decrease to 9.77 cm2 V−1 s−1 at 148 K. These findings are indica-
tive for PC being the prevalent electron conduction mechanism.
As for MITO 2, the mobility shows a steady decrease with low-
ering temperatures, although not as drastic as for MITO 3, and
therefore a trap-limited conduction is most likely to prevail (data
for the whole temperature range can be found in Table S3, Sup-
porting Information).

To assess the thermal and ambient stability of the heterostruc-
ture TFTs, the performance of the devices was evaluated after
storage for 30 days at ambient conditions (air and humidity con-
tact) under the exclusion of light. When measuring the devices
without further annealing, the performance of the devices de-
teriorated to a significant extent (Figure S3, Supporting Infor-
mation). The heterostack MITO 1 showed a strong shift toward
conducting behavior, while MITO 2 and MITO 3 still displayed
semiconducting behavior, although exhibiting a strong increase
in Ioff and a negative shift of Von. After a repeated annealing step
at 350 °C for 30 min, all devices exhibit semiconducting behav-
ior and the performance parameters from before storage could
partially be recovered. Interestingly enough, the mobility, thresh-
old voltage and subthreshold swing of the devices MITO 2 and
MITO 3 even exceed the initial values (Table S4, Supporting In-
formation). Further experiments were conducted to elucidate the
reason for the changing behavior. After storage for seven months
in ambient conditions MITO 2 TFTs showed similar deteriora-
tion of the performance parameters and a subsequent annealing

step was able to recover the performance to a certain extent, as
described above. To verify the hypothesis that adsorbed water on
the surface is responsible for the device degradation, the TFT sub-
strate was immersed in water (HPLC Grade) for 30 min at room
temperature and dried of with compressed air in order to restore
the device. Afterwards the device performance showed a shift to-
ward the behavior of the stored device, with a lower Ion/Ioff ra-
tio, a negative shift of Von and an increased subthreshold swing
(Figure S4 and Table S5, Supporting Information). The anneal-
ing and also the immersion in water was repeated two times,
with a measurement following each step to get insight into the
TFT performance under these harsh conditions and the need
for encapsulation in humid environments in a real world appli-
cation scenario. Each time the behavior changed as described
above, however, recovering the electronic parameters following
the annealing and deteriorating after the reaction with water. This
leads to the conclusion that the intermittent deterioration of the
devices after only a short period of time does originates from the
adsorption of water molecules on the surface of the device, but
can be reversed by thermal treatment. These findings are sup-
ported through reports by Hou et al. who found H2O adsorp-
tion on the surface of MgO at room temperature, leading to a
hydroxide surface layer, and the reversibility of the process at
temperatures well above 100 °C.[88] Additionally, the dehydration
of Mg(OH)2 to MgO is reported to be occurring at temperatures
ranging from 300 to 400 °C,[88–90] supporting the chosen anneal-
ing temperature of 350 °C. The hygroscopic nature of magne-
sium oxide has been reported in the literature and utilized in the
form of a passivation layer for amorphous IGZO TFTs.[91] By em-
ploying a 20 nm thick layer of MgO on the back channel of the de-
vices, the stability under positive bias stress and in humidity test
could be improved, due to MgO reacting with water molecules
from the air to form Mg(OH)2.[91]

Further investigations on the performance stability of the
heterostack TFT devices are conducted in the form of IV-
measurements under illumination with light of different wave-
length, ranging from the visible to the near ultraviolet region
(2.0 – 3.7 eV). The devices are exposed to the specific wavelength
for 10 min before and also during the IV-measurements and are
referenced to a measurement performed under the exclusion of
light. Figure 10 shows the individual transfer curves of the three
heterostacks MITO 1-3 with increasing energies of illumination.

For the three investigated heterostack TFT devices MITO 1-
3, a clear difference between the measurements performed in
the dark and the ones performed during illumination is evident.
For MITO 1 and MITO 2 Ioff is significantly increased, while a
negative shift of Von is visible for all three devices, when going
from dark to illuminated. Comparing the transfer characteristics
of the illumination experiments only, minor shifts are evident,
especially for the heterostack MITO 3 with the highest amount
of magnesium oxide incorporated into the film. For MITO 1 the
increase of Ioff amounts to 8.7·10−7 A, while for MITO 2 and
MITO 3 the increase is merely 1.5·10−9 and 1.2·10−10 A, respec-
tively, showing a favorable stability of all investigated heterostruc-
tures when exposed to light of a broad energy range (for perfor-
mance parameters see Table 4). With MITO 3 exhibiting a band
gap of 3.71 eV (Figure 6, Table 1), it is not surprising that no sig-
nificant changes in the transfer characteristics and the respective
performance parameters are apparent, as the highest energy of
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Figure 10. Transfer characteristics of the three TFT devices under illumination with energies ranging from 2.0 to 3.7 eV for the heterostacks
MITO 1-3 a–c).

illumination exhibits the same value as the band gap. The band
gaps of MITO 1 and MITO 2 with 3.57 and 3.62 eV, respectively,
are slightly lower compared to the wavelength employed which
might therefore show a stronger influence during the illumina-
tion experiments. Nevertheless, the influence on the TFT perfor-
mance of light in the range of 2.0 to 3.7 eV is not as significant
for the material combination MITO as it has been reported for
other combinations, such as ITAO[92] or IZO[7] with consider-
able increases of Ioff and negative shifts of Von. These changes
were assigned to the phenomenon of persistent photoconduc-
tivity (PPC), where charge carriers are generated in the semi-
conducting channel region by illumination.[93,94] These findings
reveal that with the incorporation of only small amounts of
magnesium oxide an increased stability under illumination
with energies close to the band gap of the material can be
achieved.

3. Conclusion

Thin-film heterostructures with a combination of insulating
and conducting metal oxides have been fabricated via ALD.
Indium-, tin-, and magnesium oxide were deposited at 200 °C
by employing trimethylindium, tetrakis(dimethylamido)tin(IV),
and bis(ethylcyclopentadienyl)-magnesium(II) as metal precur-
sors and water as the oxidizing agent. With the layer-by-layer
deposition process, the thickness of the individual oxides, and
therefore the composition of the heterostack can be controlled
accurately. The thin-films were found to exhibit a very disordered
structure with correlations length of ≈10 Å, showing a high opti-
cal transparency of>95 % in the visible region, with a broadening
of the optical band gap with increasing amounts of magnesium
oxide. The influence of magnesium oxide on the performance pa-
rameters was studied by integrating the MITO heterostructures

Table 4. TFT performance parameters obtained under illumination with UV-light (3.7 eV) and in the dark for the heterostructures MITO 1-3 (Von and Ioff
for all energies can be found in Table S6).

Composition
In:Sn:MgO

Mobility μsat [cm2 V−1 s−1] On-voltage Von [V] Threshold-voltage Vth [V] Off-current Ioff [A] Current on/off ratio
Ion/Ioff

Subthreshold swing
SS [mV dec−1]

dark 3.7 eV dark 3.7 eV dark 3.7 eV dark 3.7 eV dark 3.7 eV dark 3.7 eV

26:15:1 MITO 1 10.64 10.73 −2.0 −3.0 2.8 0.6 4.0·10−7 1.5·10−6 1.2·105 4.3·104 816 1059

26:15:2 MITO 2 6.45 6.82 −1.0 −2.0 7.2 6.6 6.6·10−10 3.3·10−9 5.3·107 1.0·107 644 699

26:15:3 MITO 3 3.06 2.81 0.0 −1.0 12.4 10.6 2.6·10−10 4.5·10−10 3.4·107 2.3·107 1211 1116
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into TFT devices. The optimized transistor (MITO 2) demon-
strated a good overall device performance with an average satura-
tion mobility (μsat) of 6.45 cm2 V−1 s−1, a current on/off (Ion/Ioff)
ratio of 5.3·107, on-voltage (Von) of −1.0 V, and a subthreshold
swing (SS) of 644 mV dec−1. By incorporating even small amount
of magnesium oxide, a strong influence on the TFT performance
parameters was apparent, making it a suitable material for the
reduction of oxygen vacancies, similar to Ga2O3, at the benefit of
being an abundant, low-cost oxide. Additionally, the stability of
the devices was investigated after storage under ambient condi-
tions. The results showed a deterioration of the performance pa-
rameters after only a short period of time; however the electronic
parameters could be recovered to a certain extent by an annealing
step at 350 °C. This phenomenon was attributed to the adsorp-
tion and desorption of water molecules on the surface of the thin-
films, pointing toward the need for encapsulation of these TFT
devices under operating conditions. Furthermore, the behavior
of the performance parameters under the influence of irradiation
with light of different wavelengths was studied. By maintaining
their semiconducting behavior with only minor changes of the
performance parameters, especially an increase in Ioff and a neg-
ative shift of Von, the heterostructures MITO 1-3 demonstrated
a favorable stability even under intense UV irradiation, owing
to their wide optical band gap. The presented results outline a
general strategy of employing a material combination of insulat-
ing and conducting oxides as semiconducting channel layer for
TFTs. Considering the performance parameters being closely re-
lated to the composition of the thin-films, ALD is a superior fab-
rication technique, as the content of the individual oxides can be
controlled on an atomic level.

4. Experimental Section
Methods: The deposition of the heterostacks was performed with

an ALD Savannah S 100 system (Cambridge Ultratech) at a base pres-
sure of 2.2 torr. During the process the ALD reactor was set to a tem-
perature of 200 °C, while a constant flow of carrier gas (argon) of
20 sccm was ensured. Prior to deposition, the samples were kept in-
side the ALD reactor for 20 min at 200 °C under a constant argon flow.
Precursors employed for the metal oxides were trimethylindium (TMI,
99.999 %, AkzoNobel), tetrakis(dimethylamido)tin (TDMASn),[95] and
bis(ethylcyclopentadienyl)magnesium, (EtCp)2Mg,[96] for indium oxide,
tin oxide, and magnesium oxide, respectively. Water (HPLC grade, Sigma–
Aldrich) was used as oxidizing agent. TMI and water were kept at room
temperature, while TDMASn and (EtCp)2Mg were heated to 60 and 90 °C,
respectively. As carrier gas Argon (99.9999 %, AlphaGaz) was used and
set to a constant flow of 20 sccm during the deposition process. The
parameters for the deposition of indium oxide were: TMI pulse 1 s, ex-
position 10 s, argon purge 30 s, H2O pulse 0.1 s, exposition 1.5 s, ar-
gon purge 20 s. For tin oxide the sequence was: TDMASn pulse 0.5 s,
exposition 1.5 s, argon purge 30 s, H2O pulse 0.015 s, exposition 1.5 s,
argon purge 30 s. For magnesium oxide the following parameters were
used: (EtCp)2Mg pulse 1 s, exposition 10 s, argon purge 30 s, H2O pulse
0.015 s, exposition 1.5 s, argon purge 20 s. For the compositional modula-
tion the numbers of indium oxide and tin oxide cycles were kept constant
at 26 and 15, respectively, while the number of magnesium oxide cycles
were varied between one and three. The overall thickness of the film was
modulated by the repetition of an ALD supercycle with a constant com-
position: Here, eight iterations were found to produce the optimal film
thickness.

Material Characterization: Film thicknesses were obtained by ellip-
sometry using a spectroscopic ellipsometer M2000 (J.A. Woollam) in a
spectral range of 370–1690 nm and an angular range of 45–85°. Sam-

ples used were coated Si/SiO2-Substrates, annealed at 350 °C for 40 min.
For UV–vis characterization coated and annealed (40 min @ 350 °C)
quartz substrates were measured with an Evolution 600 spectrometer
(Thermo Scientific) in a wavelength range from 190–900 nm. For high res-
olution transmission electron microscopy (HRTEM) investigations TFT-
substrates with the deposited ALD heterostacks were used as samples.
These were annealed at 350 °C for 40 min and electrically characterized
beforehand. HRTEM was performed with a FEI Tecnai G2 F20 with an
operating voltage of 200 keV.[97] Samples for focused ion beam (FIB)
were prepared using a gallium-focused ion beam (FEI Helios NanoLab
460F1 FIB-SEM) and a subsequent coating with a platinum layer.[98] X-
ray photoelectron spectroscopy (XPS) measurements were performed us-
ing a K-Alpha+ XPS spectrometer (ThermoFisher Scientific, East Grin-
stead, UK). Data acquisition and processing using the Thermo Avantage
software is described elsewhere.[99] All samples were analyzed using a
microfocused, monochromated Al K𝛼 X-ray source (400 μm spot size).
The K-Alpha+ charge compensation system was employed during anal-
ysis, using electrons of 8 eV energy, and low-energy argon ions to pre-
vent any localized charge build-up. The spectra were fitted with one or
more Voigt profiles (BE uncertainty: ±0.2 eV) and Scofield sensitivity fac-
tors were applied for quantification.[100] All spectra were referenced to the
C 1s peak (C─C, C─H) at 285.0 eV binding energy controlled by means of
the well-known photoelectron peaks of metallic Cu, Ag, and Au, respec-
tively. Coated and annealed (40 minutes @ 350 °C) Si/SiO2 substrates
were used as samples. Grazing incidence X-ray total scattering (GI-XTS)
measurements were conducted at beamline P21.1 at the storage ring PE-
TRA III, DESY, Germany. The X-ray beam of 101.6 keV was focused by
means of compound refractive lenses to a size of ≈2 × 150 μm2 (ver-
tical by horizontal).[101] A PerkinElmer XRD1621 amorphous silicon flat
panel detector was mounted at a sample distance of ≈400 mm. Data
was collected through single exposure at an incidence angle of 0.02° with
an optimized signal-to-background ratio. For the azimuthal integration
of the 2D diffraction patterns pyFAI[102] was used, while the conversion
into the PDF was carried out using PDFgetX3[103] implemented into the
xPDFsuite package.[104] Quartz slides with a size of 10 × 10 mm2 and a
thickness of 0.12 mm were used as substrates. Thin-films with a composi-
tion of 26:15:2 (MITO) and 26:15 (ITO) were deposited in 16 supercycles,
with film thicknesses of 22.0 and 14.4 nm, respectively. After the deposi-
tion the samples were annealed on a hot ceramic plate for 60 minutes at
350 °C.

Electrical Characterization: Commercial substrates (Fraunhofer IMPS,
Dresden) with prefabricated source-drain electrodes in a bottom-gate-
bottom-contact (BGBC) device geometry were used for TFT characteri-
zation. The substrates comprise of highly n-doped silicon with a 90 nm
silicon dioxide layer on top. Source-drain electrodes exhibit an interdigital
structure with a channel length of L = 20 μm and width of W = 10 mm
(W/L = 500), consisting of 40 nm gold with a 10 nm thick indium tin
oxide (ITO) adhesion layer below.[105] All used substrates (TFT, Si/SiO2,
quartz) were cleaned via ultrasonication using acetone, water, and iso-
propanol (HPLC grades, Carl Roth GmbH & Co. KG) for 10 min, subse-
quently. Directly before deposition the substrates were treated with UV
light (UV Ozone Cleaner UVC-1014, NanoBioAnalytics) for 10 min, at a
wavelength of 254 nm employing an optical power of 4 W.[106] Character-
ization of the TFTs was performed under exclusion of white light, in an
inert environment inside a glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm),
employing a B1500A Semiconductor Device Analyzer (Agilent Technolo-
gies). Prior to the electrical measurements, all deposited thin-films were
annealed in air at 350 °C for a duration of 40 min. The characteriza-
tion under illumination was done using individual light emitting diodes
(Roitner Laser Technik GmbH) of different wavelength ranging from the
visible to the UV region (605, 532, 470, 405, 389, 360, and 340 nm).
Measurements at low temperatures were performed by means of cool-
ing with liquid nitrogen, with temperatures ranging from room temper-
ature to 148 K. The temperature was reduced in steps of 25 K, main-
taining the samples at the set temperature for 30 min before the mea-
surement. From a linear fit of the square root of the source-drain cur-
rent (IDS), as function of the gate-source voltage (VGS), the charge car-
rier mobility (μsat) and threshold voltage (Vth) were extracted. For each
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composition 16 transistors were measured, fabricated in four independent
ALD processes.

For Hall-measurements the thin-films were deposited on quartz sub-
strates with 80 nm Pt/Pd contacts on all four corners and annealed at
350 °C for 30 min. Measurements were performed at room temperature in
the form of 4-point measurements using the Van der Pauw geometry with
a magnetic field of 1.3 T and currents ranging from 2·10−1 – 5·10−3 mA.
A LakeShore EM4-HVA magnet with 52 mm pole caps with a LakeShore
Model 643 Electromagnet power supply was used. The magnet and power
supply are water cooled. The magnetic field is controlled by a LakeShore
475 DSP Gaussmeter and the currents for the measurements are provides
by a Keithley 2635A System SourceMeter. Additionally, a Keithley 2700 Mul-
timeter with installed 7709 Switching Card was used.
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