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ABSTRACT 

Zirconium and hafnium doped indium tin oxide (ITO) thin films are fabricated via atomic layer deposition (ALD) at 200◦C from 

trimethylindium, tetrakis(dimethylamido)tin, tetrakis(dimethylamido)zirconium, and tetrakis(diethylamido)hafnium, using 
water as oxidant. Grazing incidence X-ray total scattering employing synchrotron radiation reveals a highly disordered structure 
with a short-range order, exhibiting correlation lengths of up to ∼ 13 Å. This is also reflected in high-resolution transmission electron 
microscopy, revealing an amorphous intermixed state of all constituting components. Increasing amounts of fully coordinated 
oxygen species with increasing amounts of dopant are evidenced by X-ray photoelectron spectroscopy analysis and attributed to 
zirconium and hafnium’s ability to form strong oxygen bonds, and thereby suppressing the formation of oxygen vacancies. The Zr- 
and Hf-doped ITO thin films are integrated into thin-film transistor (TFT) devices to evaluate their suitability as semiconducting 
material. The electrical measurements reveal saturation mobilities ( µs at ) of 1.92–9.81 cm2 V− 1 s− 1 , with high current on/off ratios 
( IOn /IOff ) of 106 –108 . This study demonstrates the subtle influence of small amounts of Zr and Hf on TFT performance. This proves 
the ability to control the electrical behavior of TFT devices by controlled incorporation of dopants like Zr and Hf into their active 
channel layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The significance of thin-film transistors (TFTs) has been well-
established over the past several decades. TFTs have found
application in switching and driving devices in large OLED TV
displays [ 1, 2 ], sensors [ 3 ] and thin film solar cells [ 4 ], to only
name a few. Transparent semiconducting oxides are of significant
interest due to their numerous distinctive characteristics, includ-
ing high optical transparency, high mobility, low off-current,
and low processing temperature [ 5–7 ]. Following the initial
report on amorphous indium-gallium-zinc-oxide (a-IGZO) [ 5 ]
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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as a semiconductor for the active channel in TFT devices,
there has been a considerable increase in the research interest
concerning amorphous oxide semiconductor (AOS) based TFT 
channel materials. Due to its exceptional characteristics, research 
has been predominantly focused on IGZO [ 8 ]. However, other
materials have also demonstrated their potential as active channel
material. Numerous studies have reported the fabrication of TFTs
with multicomponent materials that exhibit desirable properties. 
These include In-Zn-O (IZO) [ 9, 10 ], In-Zn-Sn-O (IZTO) [ 11, 12 ],
Zn-Sn-O (ZTO) [ 13, 14 ], and Al-Zn-Sn-O (AZTO) [ 15 ], exhibiting
mobilities between 4.5 and 41 cm2 V− 1 s− 1 [ 9, 12 ]. 
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Schematic of the ALD process for Zr- and Hf-doped ITO 

thin films. The sequence is shown in detail for indium oxide: (1) TMI is 
pulsed into the reaction chamber, where it reacts with OH-groups of the 
substrate; (2) water is introduced and oxidizes surface groups, forming 
hydroxyl groups and CH4 , followed by an argon purge restoring the 
conditions for the next deposition; repetition of (1) and (2) is denoted as 
step 3. From TDMASn (4) and H2 O (5), tin oxide is deposited (step 6), 
while TDEAHf (7-Hf) or TDMAZr (7-Zr) and H2 O (8) are used to deposit 
hafnium- or zirconium oxide (step 9-Hf or 9-Zr). Repetition of a supercycle 
increases the film’s thickness, and alternating the supercycle leads to a 
mixed Hf/Zr or Zr/Hf heterostack. 
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Substantial research has been dedicated to enhancing the elec-
trical characteristics, particularly the mobility, of AOS-based
TFTs. A number of possibilities have been reported, including
increasing the indium ratio of a multicomponent material [ 16,
17 ] or controlling the oxygen vacancy concentration [ 8, 18 ]. An
increased indium ratio leads to an increased charge carrier con-
centration, consequently increasing the off-current and resulting
in poor switching behavior of the respective TFT [ 17, 19 ]. Typi-
cally, the concentration of oxygen vacancies is regulated by the
introduction of an ion that forms a strong oxygen bond (M ─O),
and is thereby able to suppress the formation of these vacancies.
Gallium is frequently selected for this purpose, though alternative
materials, including hafnium [ 20, 21 ], zirconium [ 22 ], yttrium
[ 23 ], magnesium [ 24, 25 ], and aluminum [ 26 ], have been reported
to demonstrate comparable effects when incorporated into the
semiconducting film [ 8 ]. The incorporation of these ions has also
been reported to enhance the stability of the resulting TFTs by
passivating the trap density at the dielectric/semiconductor inter-
face [ 20, 22, 23 ]. However, a balance must be established between
the suppression of oxygen vacancies and the enhancement of the
stability, as both are crucial for optimal TFT device operation.
Therefore, it is imperative to carefully modulate the cation and
oxygen ratio [ 27 ]. 

The composition of the semiconductor is primarily controlled
by the processing technique. Conventional methods such as
physical vapor deposition or sputtering have been shown to
exhibit certain disadvantages, including high processing tem-
peratures, inhomogeneous film thickness distribution, and con-
strained compositional control [ 27 ]. Atomic layer deposition
(ALD) is a fabrication method that addresses the aforementioned
challenges and allows for the straightforward deposition of
multicomponent thin films. ALD allows for the fabrication of
thin films exhibiting high quality and homogeneity, with precise
thickness and compositional control at growth temperatures
below 350◦C [ 28 ]. The ALD process is predominantly charac-
terized by sequential surface reactions. The metal precursor
and co-reactant are successively brought into contact with the
substrate on which the thin film is deposited, separated by
an inert gas purging step [ 29 ]. These surface reactions are
self-limiting in nature, as the precursor reaches a state of
self-saturation once all active surface sites are occupied [ 27 ].
Consequently, a maximum of one monolayer is deposited per
reaction cycle, with the growth rate per cycle (GPC) generally
being less than one Ångstrom per cycle [ 28 ]. The layer-by-
layer deposition process allows for precise thickness control at
the angstrom level [ 28 ]. Furthermore, a supercycle approach
enables the modulation and variation of the composition and
cation distribution in multicomponent materials through the
successive deposition of multiple binary ALD cycles. In the
field of semiconductor materials, compositional control is of
particular significance due to its substantial impact on the
electrical characteristics of the resulting TFT devices [ 27 ]. By
varying the ratio of indium, gallium, and zinc in IGZO thin
films, they were able to obtain mobility values ranging from
30.24–81.6 cm2 V− 1 s− 1 , with a subthreshold swing between 0.09–
0.5 V dec− 1 , and an on/off ratio between 1 × 108 –3.5 × 108 [ 30 ].
The advantages of ALD, including homogeneous film growth
over large areas, precise thickness and compositional control, and
low processing temperatures, have established this process as a
next-generation deposition technique for the fabrication of high-
2 of 17
mobility and high-stability semiconducting thin films for TFT
applications. 

In this study, we investigated the doping of indium tin oxide (ITO)
thin films with zirconium and hafnium oxide. Both Zr and Hf
are elements with a high tendency to form strong oxygen bonds.
The fabrication of the thin films by ALD enables precise control
over the compositional ratios and film thicknesses. Following a
thorough material characterization process, the thin films were 
integrated into TFT devices to ascertain the impact of the doped
ions on the device’s electrical performance. Our findings enabled
the fabrication of TFT devices incorporating both Zr and Hf,
showing a distinct influence on the TFT performance parameters.

2 Results and Discussion 

Figure 1 provides a schematic representation of the employed
ALD deposition process. The initial step ( 1 ) in the process
involves the exposure of the substrate to the metal precursor
(TMI: trimethylindium). The reaction of surface OH-groups with 
precursor molecules leads to the formation of surface bonds,
accompanied by the release of volatile by-products. Following 
a designated exposition time, an argon purge is employed to
remove excess precursor and by-products. Subsequently, water 
is introduced as oxidant into the reaction chamber ( 2 ), where
it reacts with the organic groups of the previously deposited
metal precursor molecules, forming hydroxyl groups on the films’
surface, thereby producing by-products. Another argon purge 
is then employed to remove these molecules from the reac-
tion chamber, thus restoring the environment for a subsequent
Advanced Electronic Materials, 2026
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FIGURE 2 Stacking sequence of the metal oxides, shown in one 
supercycle for (a) Zr-ITO, (b) Hf-ITO, (c) Hf/Zr-ITO, and (d) Zr/Hf-ITO. 
For Hf/Zr-ITO, the Zr-ITO supercycle is stacked on top of the Hf-ITO 

supercycle, and for Zr/Hf-ITO the order is inverted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1 Compositional overview for the Zr-ITO, Hf-ITO, and 
mixed Hf/Zr- and Zr/Hf-ITO thin films. 

Sample In2 O3 SnO2 ZrO2 HfO2 Super cycles 

Zr-ITO 1 26 15 1 — 8 
Zr-ITO 2 26 15 2 — 8 
Zr-ITO 3 26 15 3 — 8 
Hf-ITO 1 26 15 — 1 8 
Hf-ITO 2 26 15 — 2 8 
Hf-ITO 3 26 15 — 3 8 
Hf/Zr-ITO 26 15 2 2 4 
Zr/Hf-ITO 26 15 2 2 4 

FIGURE 3 HRTEM cross-section of the thin film Hf-ITO 2. The 
highly conformal layer thickness is observable in (a), while (b) reveals an 
amorphous nature of the thin film (but see also discussion below). 
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reaction cycle. Repetition of the preceding steps ( 1 and 2 ) enables
the modulation of the layer thickness of the individual oxide
(Step 3 ). The deposition of doped ITO thin films is achieved
through the utilization of trimethylindium (TMI) for indium
oxide, tetrakis(dimethylamido)tin(IV) (TDMASn) for tin oxide,
tetrakis(dimethylamido)zirconium(IV) (TDMAZr) for zirconium
oxide, and tetrakis(diethylamido)hafnium(IV) (TDEAHf) for
hafnium oxide, respectively. Water is employed as the oxidant in
each deposition process. For the Zr- and Hf-doped ITO thin films
under investigation, the deposition of indium oxide is conducted
in 26 cycles, succeeded by 15 cycles of tin oxide ( 4 , 5 , Step 6 ).
Doping is achieved by the subsequent deposition of 1–3 cycles of
hafnium ( 7-Hf , 8 , Step 9-Hf ) or zirconium oxide ( 7-Zr , 8 , Step 9-
Zr ), respectively. The thin films doped with both Zr and Hf were
deposited employing two cycles of hafnium- and two cycles of
zirconium oxide, respectively. 

As illustrated in Figure 1 , the Zr-ITO ALD cycle and the Hf-
ITO ALD cycle are representative of the deposition of a single
supercycle of the heterostack. The supercycle is repeated until the
desired overall film thickness is attained. In the case of the Zr- and
Hf-doped ITO thin films, the supercycle is repeated eight (8) times
in order to obtain a film thickness of approximately 8 nm. The
deposition of the thin films doped with both Zr and Hf is achieved
through the alternation of the Zr-ITO and Hf-ITO supercycles.
For instance, the process of the Zr/Hf-ITO deposition is initiated
by the Zr-ITO supercycle, which is subsequently succeeded by the
Hf-ITO supercycle. For the Hf/Zr-ITO deposition, the sequence of
the supercycles is reversed. In order to achieve an approximately
equivalent overall film thickness, the process is repeated a total
of four (4) times, with each repetition unit consisting of one Hf-
ITO supercycle and one Zr-ITO supercycle. Figure 2 provides a
schematic representation of the employed stacking sequence of a
single supercycle. An overview of the composition of each sample
is given in Table 1 . 

The high-resolution transmission electron microscopy (HRTEM)
image of a cross-section of the thin film Hf-ITO 2, prepared by
Advanced Electronic Materials, 2026
focused ion beam (FIB) is depicted in Figure 3 (for Zr-ITO 2
and Zr/Hf-ITO see Figure S1 ). The HRTEM image (Figure 3a )
reveals a uniform film thickness of ∼ 8 nm over a substantial
range, exhibiting a high degree of homogeneity, proving the
conformality of the deposition process. The amorphous nature 
of the thin film is revealed by the high-resolution image in
Figure 3b ). It is notable that the presence of isolated and obviously
crystalline areas in the one nm regime or even below reflecting
ordered structures can be detected by visual inspection under
high resolution on a computer screen. This observation is in full
accord with grazing incidence X-ray total scattering (GI-XTS)
studies, which allow to detect nearest atomic ordering with a
correlation length of ∼ 10–13 Å (see below). The individual layers
of the single oxides have undergone interdiffusion, resulting in
the formation of a single homogeneous layer. The observation
of interdiffusion is also supported by the thermal post annealing
process of the thin films at 300◦. A similar observation was made
in our earlier study on magnesium-doped ITO thin films [ 25 ].
The presented results are consistent for all investigated samples
(Hf-ITO 2, Zr-ITO 2, and Zr/Hf-ITO). 

X-ray photoelectron spectroscopy (XPS) was employed to obtain 
further insight into the composition of the doped ITO het-
erostacks, with a particular focus on the individual concentra-
tions of Zr and Hf dopant elements. The O 1 s core level (Figure 4a )
is deconvoluted into two peaks situated at binding energies (BE)
of 530 and 531.6 eV. While the former can be attributed to fully
coordinated oxygen species (M ─O) associated with metal oxides
[ 31–34 ], the latter can be assigned to metal hydroxide species
3 of 17
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FIGURE 4 (a) O 1 s core level spectra of the Hf/Zr-ITO thin film, 
deconvoluted into two peaks. All spectra are referenced to the C 1 s peak 
at 285 eV. In (b), the ratio of M ─O (530 eV) to M ─OH (531.6 eV) for the Zr- 
ITO (orange) and Hf-ITO (red) thin films is depicted, while (c) illustrates 
the ratios Zr/In (top) and Hf/In (bottom) calculated from the Zr 3 d , Hf 4 d , 
and In 3 d core levels (Table S2 ) for all doped ITO thin film. 
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(M ─OH) present within the thin film and on the samples’ surface
[ 31, 32, 34 ]. As the concentration of Zr and Hf increases in the
thin films, the amount of the fully oxidized M ─O species also
increases. For Zr-ITO, the amount of M ─O tendentially increases
from 37.6 to 39.5 at%, and for Hf-ITO, it increases from 37.3 to
39.9 at%, respectively. Simultaneously, the contribution of M ─OH
decreases with increasing amounts of Zr and Hf content (Table
S1 ). The concurrent increase of M ─O (530 eV) and decrease of
M ─OH (531.6 eV) of the Zr-ITO, Hf-ITO, and mixed Hf/Zr- and
Zr/Hf-ITO thin films is illustrated in Figure 4b as the ratio M-
O/M ─OH. The increase in M ─O species can be attributed to
the bond dissociation energies (BDE) of the metal oxides that
comprise the thin films. A comparison of the M ─O bonding
properties of zirconium (766.1 ± 10.6 kJ mol− 1 ) [ 35, 36 ], hafnium
(801 ± 13 kJ mol− 1 ) [ 35, 36 ], indium (346 ± 30 kJ mol− 1 ) [ 35,
36 ], and tin (528 kJ mol− 1 ) [ 35, 36 ] reveals that the former two
tend to form stronger oxygen bonds. Consequently, an increase
in the amount of these high BDE elements results in more
fully coordinated oxygen species and therefore to fewer oxygen
vacancies. 

The quantitative analysis of the Zr 3 d and Hf 4 d core levels
confirms increasing concentrations of Zr and Hf in the thin films
with increasing numbers of deposited TDMAZr and TDEAHf
4 of 17
cycles, respectively. The concentration of Zr increases from 2
to 5 at% for Zr-ITO 1 to Zr-ITO 3, while the Hf concentration
increases from 1.6 to 4 at% for Hf-ITO 1 to Hf-ITO 3 (Table
S2 ). Concurrently, the amount of indium remains constant at
approximately 20 at% for Zr-ITO 1-3 but exhibits a slight decrease
from 20.7 at% for Hf-ITO 1 to 18.5 at% for Hf-ITO 3 (Table S2 ).
The observed trend can also be expressed by the ratios of Zr/In
and Hf/In, which exhibit an increase from 0.10 (Zr-ITO 1) to 0.25
(Zr-ITO 3) and 0.08 (Hf-ITO 1) to 0.22 (Hf-ITO 3) (Figure 4c ). In
the case of Zr/Hf-ITO, the amounts of zirconium and hafnium
are similar with 1.5 and 1.7 at.%, respectively. By contrast, for
Hf/Zr-ITO these values differ to a greater extent, with 2.4 at%
for zirconium and 1 at% for hafnium. Consequently, the ratios
Zr/In and Hf/In exhibit divergent values for the mixed Hf/Zr- and
Zr/Hf-ITO samples, with 0.12 and 0.05 for Hf/Zr-ITO and 0.07
and 0.08 for Zr/Hf-ITO, respectively (Figure 4c ). However, both
mixed Hf/Zr- and Zr/Hf-ITO samples exhibit nearly constant 
values for indium and tin with ∼ 20 and ∼ 6 at%, respectively
(Table S2 ). 

The total carbon content of all samples is found to be constant
at ∼ 15.5 at%, suggesting that the presence of carbon is limited
to the surface and subsurface of the films due to exposure to
the atmosphere during handling (Table S1 ) [ 37, 38 ]. A study on
the effect of the sample storage environment on the adventitious
carbon content on metal oxides gives further support of the
presence of similar carbon contents on the films’ surface and
comparable carbon species [ 39 ]. For the films studied herein,
the C 1 s core level (Figure S2e ) shows three peaks which can
be assigned to ─C ─C and ─C ─H groups at 285 eV, stemming
from hydrocarbon contamination [ 40 ], ─C ─O groups at 286.4 eV,
and carboxylic groups (O ─C ═ O) at 289 eV [ 31, 41 ]. The three
components have contributions for all samples of ∼ 11 at% for
─C ─C/ ─C ─H groups, ∼ 3 at% for ─C ─O groups, and ∼ 2.5 at%
for O ─C ═ O groups, which is in agreement with the range
of concentrations found for similar sample treatment under 
ambient conditions [ 39 ]. The core level spectra for zirconium
(Zr 3 d ), hafnium (Hf 4 d ), indium (In 3 d ), and tin (Sn 3 d ), as
well as the In MNN-Auger line and the valence band (VB)
region are depicted in Figure S2 . The binding energies (BE) of
the Zr 3 d and Hf 4 d core levels (Figure S2a,b ) are consistent
with previously reported values, with Zr 3 d5/2 at 182.1 eV with
a spin orbital split (SOS) of 2.4 eV and Hf 4 d5/2 at 213.2 eV
with a SOS of 10.7 eV [ 42, 43 ]. Both core levels exhibit no
significant BE shift with increasing amounts of Zr or Hf in the
thin films. The Hf 4 d core level was selected for the quantitative
analysis due to the overlap between the Hf 4 f and the In 4 d
core level (Figure S2f ), introducing some uncertainty toward this
point [ 44, 45 ]. The presence of In2 O3 is confirmed by the In 3 d
doublet with In 3 d5/2 at 444.6 eV and the In MNN-Auger line
(Figure S2c,g ), which are in agreement with values reported
previously [ 33, 46 ]. The Sn 3 d doublet with Sn 3 d5/2 at 486.6 eV, in
addition to the valence band maximum (VBM) at ∼ 4.3 eV (Figure
S2d,h ) indicates the presence of Sn(IV), in accord with previous
values [ 47, 48 ]. 

The high optical transparency of the different heterostacks
exhibits slight variability, with 89% for Zr-ITO, 92% for Hf-
ITO, and 93% for the mixed Hf/Zr- and Zr/Hf-ITO thin films
(Figure 5a ). The band gaps of the heterostack structures were
determined by Tauc plot analysis (Figure 5b ) [ 49 ]. 
Advanced Electronic Materials, 2026
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FIGURE 5 (a) Transmission spectra and (b) Tauc plots of the doped thin films: Zr-ITO left, Hf-ITO middle, mixed Hf/Zr- and Zr/Hf-ITO right. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 2 Band gaps calculated from the Tauc plots and correspond- 
ing film thicknesses for Zr-ITO 1–3, Hf-ITO 1–3, and mixed Hf/Zr- and 
Zr/Hf-ITO. 

Sample 
Band gap 
(eV) Thickness (nm) 

Zr-ITO 1 3.74 7.59 ± 0.13 
Zr-ITO 2 3.81 8.46 ± 0.04 
Zr-ITO 3 3.82 8.88 ± 0.06 
Hf-ITO 1 3.66 8.06 ± 0.03 
Hf-ITO 2 3.88 8.19 ± 0.22 
Hf-ITO 3 3.91 7.97 ± 0.13 
Hf/Zr-ITO 3.75 8.78 ± 0.04 
Zr/Hf-ITO 3.75 8.87 ± 0.03 
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As evidenced by the Tauc plots in Figure 5b , the thin films with
a single cycle of Zr or Hf (Zr-ITO 1 and Hf-ITO 1) exhibit only
a minor deviation in the curve progression when compared to
the samples with two or three layers. This observation is also
reflected by the separation of the respective band gap values for
both Zr-ITO and Hf-ITO (Table 2 ). However, the investigation
revealed a modest broadening of the optical band gap in both
Zr-ITO and Hf-ITO thin films with increasing amounts of Zr
or Hf, respectively. This effect can be anticipated, as zirconium
oxide (5–6.2 eV) [ 50, 51 ] and hafnium oxide (5.5–5.8 eV) [ 52,
53 ] possess larger band gaps in comparison to indium oxide
(3.6–3.7 eV) [ 54 ] and tin oxide (3.6 eV) [ 55 ]. Therefore, the
broadening of the optical band gap is solely attributed to the
compositional changes of the thin films. In our previous studies
on Mg-doped ITO [ 25 ] and Al-doped ITO [ 26 ], we observed a com-
parable phenomenon. Similar observations have been reported
for other systems, including magnesium-doped zinc oxide [ 56 ]
or magnesium-doped aluminum zinc oxide [ 57 ]. Concurrently,
both mixed Hf/Zr- and Zr/Hf-ITO thin films demonstrate nearly
identical curve progressions and thus possess an identical band
gap value of 3.75 eV. 
Advanced Electronic Materials, 2026
Grazing incidence X-ray total scattering (GI-XTS) employing 
synchrotron radiation is used to gain further insight into the
5 of 17
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FIGURE 6 (a) Full r range (0–30 Å) of the normalized PDFs 
obtained for the Zr-ITO and Hf-ITO thin films. In (b) the PDFs of the 
Zr-ITO samples (Zr-ITO 2, Zr-ITO 4, Zr-ITO 6) and in (c) the PDFs of 
the Hf-ITO samples (Hf-ITO 2, Hf-ITO 4, Hf-ITO 6) are depicted along 
with calculated reference PDFs of monoclinic ZrO2 [60] or HfO2 [ 61 ], 
In4 Sn3 O12 [ 62 ], In1.88 Sn0.12 O3 [ 63 ], In2 O3 [ 59 ], and SnO2 [ 58 ]. 
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structure of the Zr-ITO and Hf-ITO thin films. Consequently,
heterostacks with two, four, and six ALD cycles of Zr and Hf are
fabricated to enable more precise evaluation of the impact of the
doped materials on the structure. Pair distribution function (PDF)
analysis is employed to study the atomic short-range order of the
different metal oxides. The obtained PDF data of the Zr-ITO and
Hf-ITO thin films are depicted in Figure 6 , along with reference
data for SnO2 [ 58 ], In2 O3 [ 59 ], and monoclinic ZrO2 [ 60 ] and HfO2 
[ 61 ], as well as two different compositions of indium tin oxide,
In4 Sn3 O12 [ 62 ] and In1.88 Sn0.12 O3 [ 63 ]. (Crystallographic data of all
references can be found in Table S3 ). 

The PDFs of both Zr-ITO and Hf-ITO thin films show a disordered
structure, exhibiting correlation lengths of ∼ 13 Å for Zr-ITO
and of ∼ 10 Å for Hf-ITO, respectively (Figure 6a ). In the low-
r region, between 1.85–4.75 Å, three distinct peaks are observed
at ∼ 2.1, ∼ 3.4, and ∼ 3.7 Å (Figure 6b,c ), while lower and broader
peaks are observable at interatomic distances greater than 5 Å
(Figure 6a ). Typically, in metal oxides, the shortest correlation
length (here ∼ 2.1 Å) is ascribed to nearest-neighbor metal–oxygen
bonds, while the next-nearest-neighbor metal–metal interatomic
distances give rise to a larger peak at slightly higher r (here
∼ 3.4 Å) [ 64 ]. This assertion is validated through comparison
with PDFs of reported crystalline reference structures for ITO
and the pure metal oxides of indium, tin, hafnium, and zirco-
nium (Figure 6b,c ). With the exception of SnO2 , the considered
reference phases yield PDFs that look rather similar in the
low r region representing the short-range order, although they
exhibit different crystal structures and coordinations in addition
to different compositions and stoichiometries. The PDF of the
trigonal ITO-reference, In4 Sn3 O12 (space group R ̄3 ) [ 62 ], displays
distinct peaks at interatomic distances of 2.1, 3.45, and 3.9 Å,
which can be correlated to metal–oxygen bonds in the former
case and metal–metal distances for the two latter. The cubic ITO-
reference, In1.88 Sn0.12 O3 (space group Ia ̄3 ) [ 63 ], exhibits analogous
characteristics. In this structure, the nearest neighbor M ─O bond
length is at 2.1 Å, the metal–metal next-nearest-neighbor distance
is ∼ 3.4 Å, and the correlation length of ∼ 3.8 Å can be attributed
to mixed longer distances. These observations are consistent with
monoclinic ZrO2 and HfO2 references [ 60, 61 ]. In addition, the
less intense signals between 2.6–2.9 Å can be attributed to O–
O distances [ 65 ]. By comparison, tetragonal SnO2 (space group
P 42 / mnm ) [ 58 ] exhibits a slightly shorter metal–oxygen bond
length of ∼ 2.05 Å. In this structure, SnO6 octahedra are connected
both via their edges and their corners, leading to metal–metal
distances of 3.2 and 3.7 Å, respectively. As the corner-sharing
geometry dominates, the PDF peak at 3.7 Å is about four times
as high as the peak at 3.2 Å. 

For the two sets with varying Hf and Zr contents, the PDFs of
the Zr-ITO and Hf-ITO samples show notable similarities on the
short-range order scale as illustrated in Figure 6b,c . While the
peak positions shift slightly within the data series, a significant
shift in the height ratio of the two peaks at ∼ 3.4 and ∼ 3.7 Å
is evident with increasing amounts of Zr and Hf, respectively.
When looking at this peak height ratio, it can be argued that for
samples with low concentrations of Zr and Hf, the local structure
resembles that of In1.88 Sn0.12 O3 [ 63 ] and shifts toward a local
structure more similar to that of In4 Sn3 O12 [ 62 ] with increasing
amounts of Zr and Hf. A comparison of the two ITO references
reveals differences in both their crystal symmetry and coordina-
6 of 17
tion geometries. In the cubic In1.88 Sn0.12 O3 [ 63 ], the cations In3 + 
and Sn4 + are surrounded by six oxygen atoms and two vacant
anion sites, exhibiting a geometry resembling a distorted cube
[ 63 ]. In the trigonal In4 Sn3 O12 [ 62 ], the cations demonstrate two
different coordination geometries. Sn4 + cations are coordinated 
in a trigonally compressed octahedron by six oxygen anions,
Advanced Electronic Materials, 2026
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FIGURE 7 AFM topography images of the heterostructured thin 
films (a) Zr-ITO 2, (b) Hf-ITO 2, (c) Hf/Zr-ITO, and (d) Zr/Hf-ITO and 
their corresponding root-mean-square roughness ( RRMS ) values. 
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while the In3 + /Sn4 + cations are surrounded by seven oxygen
anions, resulting in a highly distorted cube geometry with one
corner missing [ 62 ]. The described coordination polyhedra for
both ITO references are depicted elsewhere [ 25 ]. However, this
sole presence of the In1.88 Sn0.12 O3 in the Hf-ITO 2 and Zr-ITO 2
samples does not account for the dominance of the peak at ∼ 3.7 Å
over the peak at ∼ 3.4 Å when the Hf and Zr contents are low.
Here, a comparison with the calculated PDF of SnO2 may suggest
that these samples contain a certain fraction of pure SnO2 which
adds to the peak height at ∼ 3.7 Å representing corner-sharing
SnO6 octahedra. This hypothesis is supported by the slight peak
shift toward lower r for the shortest M ─O bonds as an overlap
of 2.1 Å of the two ITO reference phases and 2.05 Å for the
SnO2 reference phase. In principle, the presence of pure In2 O3 
next to SnO2 may be taken into account. In cubic In2 O3 (space
group I 21 3) [ 59 ], the first three correlation lengths are ∼ 2.3, 3.4,
and 3.9 Å and thus sufficiently close to the observed interatomic
distances in the experimental data, though not as good an overall
match as the ITO phases. However, it was not possible to precisely
reproduce the experimental data by linear combinations of SnO2 
with either In2 O3 or In1.88 Sn0.12 O3 (Figure S3 ). While the peak
ratio between 3 and 4 Å matches rather well for x = 0.15 in (1 − x)
In2 O3 + x SnO2 and x = 0.25 in (1 − x) In1.88 Sn0.12 O3 + x SnO2 , the
peak stemming from the nearest-neighbor M ─O bonds at ∼ 2.1 Å
is narrower in the experimental PDFs. Consequently, the data
suggest that the disordered samples are mostly single-phase with
different octahedral coordination compared with the crystalline
ITO counterparts with for example, more corner-sharing regular
SnO6 octahedra or more of the distorted octahedral motifs with
interatomic distances of ∼ 3.7 Å. 

It is noteworthy that the ZrO2 and HfO2 reference PDFs comprise
two peaks in the range between 3 and 4 Å at nearly the
same positions as the two ITO reference phases, but with an
intermediate peak height ratio. For the samples with the highest
Zr and Hf contents, a shoulder on the right side of the peak
at ∼ 3.7 Å is visible that matches well with the M–M and M–
O distances of ∼ 3.9 Å present in the monoclinic hafnia and
zirconia phases. Therefore, the occurrence of the shoulder feature
in combination with the shift in peak height ratio could possibly
be indicative of the presence of HfO2 and ZrO2 layers within
the layered stack. Nevertheless, the fact that the ITO and In2 O3 
references exhibit correlation lengths of ∼ 3.9 Å as well, it is
not possible to unambiguously distinguish the emergence of
HfO2 /ZrO2 from the occurrence of octahedral coordination more
similar to crystalline ITO and In2 O3 . 

For each structure, an area of 1 × 1 µm2 was scanned in AFM
tapping mode and is depicted in Figure 7 . The Hf-ITO thin film
exhibits significantly lower surface roughness than the Zr-ITO
thin film, with RRMS values of 0.354 and 0.719 nm, respectively.
Additionally, both mixed Hf/Zr- and Zr/Hf-ITO thin films show
a significant difference in RRMS values with 0.370 and 0.639 nm,
respectively. The findings suggest that zirconium exerts a more
pronounced influence on the roughness of the thin film when
deposited first in the heterostack, while hafnium appears to have
a mitigating effect on the overall film roughness. Therefore, it
can be deduced that the cumulative effect of the entire stack
on the surface roughness is significantly more pronounced than
the individual impact of the last deposited material. The surface
roughness of all investigated thin films is in accordance with
Advanced Electronic Materials, 2026
previously reported RRMS values for ALD deposited thin films and
appears rather smooth overall [ 50, 66, 67 ]. 

2.1 Evaluation and Comparison of Hf- and 

Zr-Doped ITO Thin Films Integrated Into TFT 

Devices 

The evaluation of the doped ITO thin films as a semiconducting
layer, and the study of the influence of zirconium- and hafnium
oxide on the semiconducting properties, were conducted by inte-
grating the heterostacks into thin film transistor (TFT) devices
with a bottom-gate-bottom-contact (BGBC) geometry. Follow- 
ing the deposition process and post-deposition annealing at 
350◦C, the electrical characterization was performed as current–
oltage (IV) measurements. K ey performance parameters such 
as saturation mobility ( µs at ), threshold voltage ( Vth ), on-voltage
( VOn ), on/off-ratio ( IOn /IOff ), and subthreshold swing ( SS ) were
extracted from the respective transfer characteristics. The collec- 
tive transfer characteristics of all investigated TFTs are depicted
in Figure 8a . To enhance clarity, the transfer characteristics of
Zr-ITO, Hf-ITO, and the mixed Hf/Zr- and Zr/Hf-ITO TFTs are
shown separately in Figure 8b–d ). The extracted performance
parameters are summarized in Table 3 . 

The investigation revealed that both Zr-ITO and Hf-ITO thin films
exhibit a decline in mobility with an increasing amount of oxide
dopant (either zirconium- or hafnium oxide). The mobility ( µs at )
values for Zr-ITO demonstrate a substantial decline, commencing 
at 8.76 cm2 V− 1 s− 1 for Zr-ITO 1 and decreasing to 1.92 cm2 V− 1 s− 1 
for Zr-ITO 3. A less pronounced decrease is observed for Hf-ITO,
with mobility values starting at 9.81 cm2 V− 1 s− 1 for Hf-ITO 1 and
decreasing to 3.65 cm2 V− 1 s− 1 for Hf-ITO 3. Concurrently, as the
quantity of Zr and Hf increases, the on-voltage VOn and threshold
voltage Vth increase simultaneously, for both Zr-ITO and Hf-ITO. 
The subtle shift of VOn can be observed in Figure 8b,c for Zr-ITO
and Hf-ITO, respectively. 
7 of 17
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FIGURE 8 Collective transfer characteristics of all doped ITO thin films are shown in (a), while (b–d) separately depict the transfer characteristics 
for Zr-ITO, Hf-ITO, and the mixed Hf/Zr- and Zr/Hf-ITO thin films, respectively. Solid lines represent the forward sweep, while dashed lines denote the 
backward sweep of the measurement. For Hf-ITO 1, the compliance limit of 0.05 A was reached. 

TABLE 3 TFT performance parameters and trap densities including standard deviations of the doped ITO heterostructure TFT devices. 

Sample 
Mobility, µs at 
(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 ) 

Trap density Ntrap 
(1 eV− 1 cm− 2 ) 

Zr-ITO 1 8.76 ± 0.13 − 2 ± 0.4 3.8 ± 0.4 6.9 ( ± 0.5) × 106 660 ± 17 2.3 ( ± 0.1) × 1012 

Zr-ITO 2 3.97 ± 0.08 − 1 ± 0 5.9 ± 0.5 8.5 ( ± 0.5) × 107 569 ± 23 2 ( ± 0.1) × 1012 

Zr-ITO 3 1.92 ± 0.15 0 ± 0 8.7 ± 0.3 4.4 ( ± 0.4) × 107 689 ± 19 2.4 ( ± 0.1) × 1012 

Hf-ITO 1 9.81 ± 0.33 − 2 ± 0.5 3.3 ± 0.4 4.4 ( ± 0.5) × 106 539 ± 14 1.8 ( ± 0.1) × 1012 

Hf-ITO 2 5.81 ± 0.08 − 1 ± 0 4.8 ± 0.1 1.1 ( ± 0.3) × 108 446 ± 18 1.5 ( ± 0.1) × 1012 

Hf-ITO 3 3.65 ± 0.13 0 ± 0.4 6.9 ± 0.1 1.9 ( ± 0.2) × 108 534 ± 20 1.8 ( ± 0.1) × 1012 

Hf/Zr-ITO 5.22 ± 0.07 − 1 ± 0 5.1 ± 0.4 1.5 ( ± 0.4) × 108 466 ± 18 1.6 ( ± 0.1) × 1012 

Zr/Hf-ITO 5.25 ± 0.08 − 1 ± 0.5 4.8 ± 0.4 2.1 ( ± 0.8) × 108 484 ± 14 1.6 ( ± 0.1) × 1012 
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Furthermore, Figure 8b,c reveal decreasing on- and off-currents
( IOn , IOff ) for both Zr-ITO and Hf-ITO with increasing amounts
of Zr and Hf, respectively. However, the decline in IOff is
more pronounced than that of IOn , consequently leading to
an increase in the IOn /IOff ratio. This trend is particularly
evident in the case of Hf-ITO, exhibiting an increase by
8 of 17
two orders of magnitude when the number of Hf deposi-
tion cycles is increased, with 4.4 × 106 for Hf-ITO 1 and
1.9 × 108 for Hf-ITO 3. For Zr-ITO, an increase is also observed,
although less pronounced, with an on/off ratio for Zr-ITO 1
of 6.9 × 106 and an increase of one order to 4.4 × 107 for
Zr-ITO 3. 
Advanced Electronic Materials, 2026
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The subthreshold swing ( SS ) demonstrates a similar trend for Zr-
ITO and Hf-ITO, exhibiting a decline from one to two deposition
cycles and an increase from two to three cycles, reaching values
comparable to one cycle or even greater (see Table 3 ). This
phenomenon of an initial decline followed by an increase in SS
has also been observed in our previous studies on Al-doped ITO
[ 26 ] and Mg-doped ITO [ 25 ], where the trend was even more
pronounced. 

The TFT performance parameters for the mixed Hf/Zr- and
Zr/Hf-ITO TFTs demonstrate notable comparability with each
other (see Figure 8d ) and also with values obtained for Zr-ITO 2
and Hf-ITO 2. The mobility values of 5.22 and 5.25 cm2 V− 1 s− 1 
for Hf/Zr- and Zr/Hf-ITO, respectively, are comparable to µs at 
for Hf-ITO 2 with a value of 5.81 cm2 V− 1 s− 1 , while VOn as well
as Vth are similar to the values obtained for Zr- and Hf-ITO 2
with VOn = − 1 V for both mixed Hf/Zr- and Zr/Hf-ITO TFTs and
Vth = 5.1 and 4.8 V for Hf/Zr- and Zr/Hf-ITO, respectively. Further-
more, the on/off-ratio for Hf/Zr-ITO with 1.5 × 108 and Zr/Hf-ITO
with 2.1 × 108 fall within the same range as the values obtained for
Hf-ITO 2/3. Last, the SS values of the mixed Hf/Zr- and Zr/Hf-
ITO TFTs demonstrate comparable values to those of Hf-ITO 2.
At this point, it is crucial to emphasize that the deposition of the
Hf/Zr-ITO thin film occurs through the exchange of every second
supercycle in the Hf-ITO 2 process by a Zr-ITO 2 supercycle, and
vice versa for the Zr/Hf-ITO thin film. In consideration of these
factors, a comparative analysis of the performance parameters
reveals that zirconium- and hafnium oxide exhibit analogous
effects, suggesting their interchangeability within this particular
context. 

The decline of µs at and the decrease in IOff with increasing
amounts of dopant can be attributed to the high bond dissociation
energies of zirconium oxide (766.1 ± 10.6 kJ mol− 1 ) [ 35, 36 ] and
hafnium oxide (801 ± 13 kJ mol− 1 ) [ 35, 36 ]. As their bond dis-
sociation energies are significantly higher than those of indium-
and tin oxide (In ─O 346 ± 30 kJ mol− 1 , Sn ─O 528 kJ mol− 1 ) [ 35,
36 ], they form stronger bonds with oxygen. Consequently, they
inhibit the formation of oxygen vacancies to a significant extent,
thereby hindering the generation of charge carriers. Similar
observations, including a decline in mobility, a decrease in IOff ,
and a consequent rise in IOn /IOff , have been reported for Hf-IZO
[ 68 ] and Zr-IZO TFTs [ 22 ]. For the optimized Hf-IZO TFT values
of µs at = 3.53 cm2 V− 1 s− 1 , Vth = 1.28 V, IOn /IOff = 1.4 × 107 , and
SS = 0.95 V dec− 1 were obtained [ 68 ]. In contrast, the optimized
Zr-IZO TFT exhibited values of µs at = 3.9 cm2 V− 1 s− 1 , Vth = 1.6 V,
IOn /IOff = 107 , and SS = 0.98 V dec− 1 [ 22 ]. 

The subthreshold swing and hysteresis are both associated with
the quality of the interface between the active channel (semi-
conductor) and the gate dielectric. A hysteresis is observed when
charge trapping occurs at this particular interface, and is related
to defect states [ 69, 70 ]. This correlation can be observed from
the SS values presented in Table 3 and the hysteresis exhibited
in Figure 8b–d . For Hf-ITO 1 and Zr-ITO 1, negligible hysteresis
is observed, while it becomes more pronounced for Hf-ITO 2/Zr-
ITO 2 and even more so for Hf-ITO 3/Zr-ITO 3. This phenomenon
suggests an increase in trap states corresponding to higher
amounts of Hf or Zr, respectively. Concurrently, the SS values
undergo a slight decrease from one to two cycles and an increase
from two to three. This suggests that a single cycle of Hf or Zr
Advanced Electronic Materials, 2026
is insufficient to adequately passivate defect states arising from
the indium tin oxide. Conversely, three cycles of Hf or Zr appear
to generate an increased number of defect states. These cannot
be compensated by a large number of charge carriers, as they
are being suppressed concurrently. The SS values obtained for
Hf-ITO 2 and Zr-ITO 2 with 446 and 569 mV dec− 1 , respectively,
suggest a positive trade-off between the number of charge carriers
and defect states. 

The trap density Ntrap can be calculated using the following
equation [ 71 ]: 

𝑁𝑡𝑟 𝑎 𝑝 =
𝐶𝑖 
𝑒2 

( 

𝑆𝑆 𝑒 

𝑘𝑇 ln 10 
− 1 

) 

where Ci is the gate insulator capacitance per unit area, e
the elementary charge, k the Boltzmann constant, and T the
Temperature. With a gate insulator capacitance of 36.4 nF cm− 2 

and the SS values from Table 3 , Ntrap values were calculated for
the doped ITO TFT devices (Table 3 ). The calculations reveal that
both Zr-ITO 2 and Hf-ITO 2 exhibit lower trap densities compared
to devices with lower or higher dopant concentrations, and is
also evident for the mixed ITO devices Hf/Zr- and Zr/Hf-ITO. A
comparison of Ntrap of Zr- and Hf-ITO indicates that Hf exerts a
slightly stronger influence on the density of trap states than Zr.
This observation can be attributed to the higher bond dissociation
energy of Hf. 

The TFTs with an optimized composition are found to be
Hf-ITO 2 and Zr-ITO 2, with performance parameters of
µs at = 5.81 cm2 V− 1 s− 1 , Vth = 4.8 V, IOn /IOff = 1.1 × 108 , and
SS = 0.45 V dec− 1 for Hf-ITO 2 and µs at = 3.97 cm2 V− 1 s− 1 ,
Vth = 5.9 V, IOn /IOff = 8.5 × 107 , and SS = 0.57 V dec− 1 for Zr-ITO 2.
The optimized composition is also reflected in the performance
parameters of the mixed Hf/Zr- and Zr/Hf-ITO TFTs, which
exhibit a high degree of similarity to those of Hf-ITO 2 and Zr-
ITO 2 (Table 3 ). Output characteristics of all investigated thin
films can be found in Figure S4 . 

Similar trends in the TFT parameters have been observed in
our earlier works on Mg-doped ITO and Al-doped ITO [ 25,
26 ]. Therefore, it can be concluded that the incorporation of
an insulating component into a conductive material exerts the
following effects on the TFT performance parameters: with 
increasing amounts of insulating component in the thin films,
mobility values decline, and the current on/off-ratio exhibits 
a simultaneous increase. Meanwhile, the subthreshold swing 
demonstrates an initial decrease, followed by a subsequent
increase in response to elevated levels of the insulating com-
ponent. Additionally, a shift toward more positive values of the
on-voltage and threshold-voltage can be observed. 

Employing ALD is a valuable synthetic approach to control elec-
tronic parameters in TFT devices. Moreover, it is technologically
highly relevant since it enables a reproducible introduction of
atomically precise material modification in multilayer composi- 
tions. As we have shown in a series of contributions introducing
oxyphilic elements, semiconducting ITO films can be modified 
in a highly controlled manner. A comparison on the doping
of ITO reveals varying degrees of influence from each element
(Table S4 ) [ 25, 26 ]. Doping of Aluminum even at very low
9 of 17
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TABLE 4 Dopants employed as carrier suppressors for the enhancement of ITO TFT devices, fabricated by various methods, along with their 
corresponding mobility values µsat , current on/off IOn /IOff , and subthreshold swing SS . 

Dopant 
Mobility, µs at 
(cm2 V− 1 s− 1 ) 

Current on/off 
ratio, IOn /IOff 

Subthreshold swing, 
SS (V dec− 1 ) Synthesis method Refs. 

Zirconium 3.97 8.5 × 107 0.57 ALD This 
work 

Hafnium/Zirconium 5.22 1.5 × 108 0.47 ALD This 
work 

Hafnium 5.81 1.1 × 108 0.45 ALD This 
work 

Hafnium 7.46 > 105 0.34 Co-sputtering [ 72 ] 
Magnesium 6.45 5.3 × 107 0.64 ALD [ 25 ] 
Magnesium 52.5* ∼ 107 0.24 Co-sputtering [ 73 ] 
Aluminum 2.28 9 × 105 0.37 ALD [ 26 ] 
Titanium 13.4 > 1 × 108 0.25 Co-sputtering [ 74 ] 
Tungsten 11.53 3.3 × 107 0.66 Sputtering [ 75 ] 
Tungsten 3.86 ∼ 5.7 × 106 0.25 Spin-coating [ 76 ] 
Gallium 11.5 > 108 0.33 Spin-coating [ 77 ] 
Gallium 16 ∼ 108 0.13 Spray pyrolysis [ 78 ] 
Tantalum 2.37 2.5 × 108 0.45 Co-sputtering [ 79 ] 

*field-effect mobility µFE 
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concentrations, exerts a considerable suppression of the carrier
mobility (4.87 cm2 V− 1 s− 1 ) and the current on/off ratio (4.7 × 104 ).
Nonetheless, it exerts a positive influence on the switching
ability, as evident from SS values as low as 365 mV dec− 1 [ 26 ].
In contrast, doping of magnesium exerts a comparatively less
pronounced effect on the TFT parameters. In the Mg-ITO system,
the mobility exhibits a favorable value for the lowest amount of
Mg (10.64 cm2 V− 1 s− 1 ). However, the current on/off ratio exhibits
a relatively low value of 1.2 × 105 and the SS value is relatively
high (816 mV dec− 1 ) [ 25 ]. The mobility values of both Hf- and
Zr-ITO reported herein are slightly lower compared to Mg-ITO,
suggesting a slightly stronger influence on the suppression of the
charge carrier density. However, the current on/off ratio is higher
in both Hf- and Zr-ITO, and both exhibit improved switching
abilities, as evidenced by lower SS values (Table 3 ). A comparison
of all doped ITO devices with the optimal composition reveals
that Hf-ITO 2 exhibits the most favorable TFT parameters overall,
demonstrating an adequate mobility, a high IOn /IOff , and a satis-
factory SS value. This comparison reveals some of the benefits and
drawbacks of the four elements employed. 

A comprehensive review of the literature reveals the presence
of various doping elements in the ITO system. Even though
the semiconducting channel can be fabricated through various
processes, the main function of the different dopants is their
influence to act as charge carrier suppressors. Table 4 provides
a summary of dopants in ITO films as has they have been
reported toward the enhancement of ITO TFT devices. A unifying
characteristic feature on the introduction of these different
dopants is their M ─O bond dissociation energy, which typically
exceeds that of indium as the main constituent [ 35, 36 ] indicating
the suitability of these dopants to sufficiently suppress oxygen
10 of 17
vacancies and as such modify the charge carrier concentration in
a controlled manner. 

The TFT performance parameters illustrate that a careful modu-
lation of the ITO film composition by doping, allows to suppress
charge carrier concentrations thereby reducing the off-current 
and achieving high on/off ratios while maintaining favorable 
mobility values. Conversely, achieving a high on/off ratio comes
on the expense of significant compromise on the mobility. 

Our work on Zr- and Hf-doped ITO exhibits comparable device
parameters to those reported for other dopants reported. With
their large optical band gaps and affinity toward oxygen, Zr
and Hf exhibit suitable characteristics for TFT devices. Through
the precise compositional control enabled by the ALD synthetic
approach, elements with a high bond dissociation energy, such
as Zr and Hf, can be utilized as charge carrier suppressors.
Our approach supports the concept of elemental doping of a
host material to tune the electronic parameters of a thin-layer
composition. 

To determine the charge carrier density of the fabricated thin
films, Hall measurements in van der Pauw geometry were
conducted. The carrier density values and their corresponding
mobility values are listed in Table 5 . For Zr-ITO, it is evident
that the carrier density undergoes a substantial decrease from
2.8 × 1019 to 7.2 × 1015 cm− 3 as the zirconium oxide content is 
increased from one to three cycles. A decrease in carrier density
is also apparent for increasing amounts of hafnium oxide in the
Hf-ITO thin films, although less pronounced with values decreas-
ing from 2.1 × 1019 and to 3.2 × 1018 cm− 3 . Nonetheless, both mixed
Hf/Zr- and Zr/Hf-ITO thin films exhibit a high carrier density,
Advanced Electronic Materials, 2026
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TABLE 5 Carrier density and corresponding mobility values for the 
doped ITO thin films, obtained from Hall measurements. 

Sample 
Mobility, µs at 
(cm2 V− 1 s− 1 ) 

Carrier density 
(cm− 3 ) 

Zr-ITO 1 8.76 ± 0.13 2.8 ( ± 0.09) × 1019 

Zr-ITO 2 3.97 ± 0.08 5.5 ( ± 0.14) × 1017 

Zr-ITO 3 1.92 ± 0.15 7.2 ( ± 0.74) × 1015 

Hf-ITO 1 9.81 ± 0.33 2.1 ( ± 0.03) × 1019 

Hf-ITO 2 5.81 ± 0.08 9.4 ( ± 0.27) × 1018 

Hf-ITO 3 3.65 ± 0.13 3.2 ( ± 0.06) × 1018 

Hf/Zr-ITO 5.22 ± 0.07 1.9 ( ± 0.03) × 1019 

Zr/Hf-ITO 5.25 ± 0.08 4.5 ( ± 0.04) × 1019 
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with values of 1.9 × 1019 and 4.5 × 1019 cm− 3 for Hf/Zr-ITO and
Zr/Hf-ITO, respectively. 

The obtained values for the Zr- and Hf- doped ITO thin films
fall within the range of reported values for IGZO films of varying
quality, with 1016 –1020 cm− 3 [ 80 ] and can also be compared
to those determined for Mg-doped ITO thin films from our
previous studies, with values ranging between 1.1 × 1019 –5.9 ×
1019 cm− 3 [ 25 ]. 

Finally, a systematic view on the dependency on the charge
carrier mobilities µsat as well as the experimental charge carrier
densities of the different zirconium and hafnium doped ITO
thin films with increasing dopant concentration is intriguing
and even possible for the magnesium and aluminum doped
ITO TFTs (see Table 5 ; Table S4 ) [ 25, 26 ]. The overall electron
mobility µ decreases monotonically for all twelve TFTs with
increasing dopant concentration for all devices. This behavior
can be correlated with a quantitative oxophilicity scale [ 81 ], in
which oxophilicity values Φ are decreasing from Hf (1.0) to Zr
(0.8), Al (0.8), and Mg (0.6), being the largest for Hf of all
FIGURE 9 Dependency of the field-effect mobility ( µFE ) on the gate-so
Zr/Hf-ITO, including the corresponding power–law fits to obtain values for γ. 
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elements [ 81 ]. On the other hand, Φ values for In (0.4) and Sn
(0.4) are significantly lower for both elements [ 81 ]. The effect
of diminishing electron mobilities can be best understood by a
suppression of the free charge carrier concentrations, which is
primarily controlled by the steadily increasing incorporation of 
the stronger oxygen binding cationic dopants in the different film
compositions. A similar monotonous decrease upon increasing 
dopant ratio is also reflected in the IOn /IOff parameters, whereas
an increase of Vth is observed for all twelve TFT devices upon
increasing cationic dopant concentration. 

Metal oxide semiconductors have been demonstrated to exhibit 
distinctive carrier transport mechanisms; a phenomenon 
attributed to their unique electronic structure. The conduction 
band minimum (CBM) is primarily composed of unoccupied 
metal cation s orbitals, while the VBM is constituted by fully
occupied oxygen 2 p orbitals [ 82 ]. It has been established that,
due to the spherical nature of the s orbitals and their consequent
substantial spatial expansion, structural disorder does not impact 
their overlap with neighboring s orbitals. Consequently, electron 
transport remains unaffected even in amorphous materials 
[ 82, 83 ]. However, the presence of disorder can result in the
emergence of localized states within the band gap, such as tail
states. For instance, in an In2 O3 lattice, the replacement of an
In atom with a Hf atom results in a higher degree of disorder in
the lattice. Hf exhibits a higher bond-dissociation energy, which
leads to its stronger attraction of oxygen ions, resulting in a
shortening of the M ─O bond [ 84 ]. These localized states, as well
as the position of the Fermi-level ( EF ), have the capacity to exert
a significant influence on the carrier transport mechanism. In
the event where the density of traps exceeds the density of free
charge carriers or at low gate voltages ( VGS ), EF is incapable of
crossing the conduction band edge, resulting in its localization
within the subgap states. In this instance, the charge transport is
governed by a succession of trapping and thermal release events,
referred to as trap-limited conduction (TLC) [ 84, 85 ]. However,
if the density of free carriers exceeds the density of traps, and at
high VGS , EF crosses the conduction band edge, thereby filling all
trap states. In this scenario, the charge transport is exclusively
urce-voltage ( VGS ) for (a) Zr-ITO, (b) Hf-ITO, and (c) mixed Hf/Zr- and 
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TABLE 6 Values for γ and the mobility ( µFE ) with their correspond- 
ing standard deviation for the doped ITO heterostructures, including their 
dominant conduction mechanism. 

Sample γ
Mobility µ
(cm2 V− 1 s− 1 ) 

Conduction 

mechanism 

Zr-ITO 1 0.07 ± 0.02 8.76 ± 0.13 PC 

Zr-ITO 2 0.33 ± 0.01 3.97 ± 0.08 PC/TLC 

Zr-ITO 3 0.57 ± 0.01 1.92 ± 0.15 PC/TLC 

Hf-ITO 1 0.04 ± 0.01 9.81 ± 0.33 PC 

Hf-ITO 2 0.17 ± 0.01 5.81 ± 0.08 PC/TLC 

Hf-ITO 3 0.36 ± 0.01 3.65 ± 0.13 PC/TLC 

Hf/Zr-ITO 0.18 ± 0.01 5.22 ± 0.07 PC/TLC 

Zr/Hf-ITO 0.19 ± 0.01 5.25 ± 0.08 PC/TLC 
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determined by the movement of electrons over the distribution
of potential barriers within the conduction band, referred to as
percolation conduction [ 84, 85 ]. 

The predominant charge carrier transport mechanism of the
doped ITO TFTs is determined through applying a power law fit to
the field-effect mobility as a function of the gate voltage (Figure 9 ).

𝜇𝐹𝐸 = 𝐾
(
𝑉𝐺𝑆 − 𝑉𝑡ℎ,𝑃 

)𝛾
(1)

with the prefactor K , VGS , Vth , VP denoting the gate-, threshold-,
and percolation voltage, respectively, and the exponent γ, corre-
lated to the prevailing conduction mechanism. The value of γ
provides insight into the transport mechanism. When γ reaches
values of 0.7 or higher, the charge transport is governed by TLC.
While values of 0.1 or lower indicate a PC dominated transport
mechanism [ 83 ]. The boundaries of these mechanisms are diffuse
and appear blurred in the range between 0.1 and 0.7. In Table 6 ,
the values obtained for γ and µFE are summarized, and the
prevalent transport mechanism is denoted. 

The TFTs Zr-ITO 1 and Hf-ITO 1 both demonstrate a distinctly
PC-dominated charge transport mechanism, with γ values of 0.07
and 0.04, respectively. As the amount of Zr and Hf increases,
the resulting γ values exhibit a corresponding shift toward the
boundaries of the PC regime and beyond. However, no distinct
TLC-dominated transport mechanism is discernable. This shift
is evidenced by the values of 0.33 for Zr-ITO 2 and 0.57 for Zr-
ITO 3, and 0.17 for Hf-ITO 2 and 0.36 for Hf-ITO 3, respectively.
The mixed Hf/Zr- and Zr/Hf-ITO TFTs, Hf/Zr-ITO and Zr/Hf-
ITO, exhibit γ values of 0.18 and 0.19, respectively, which are
comparable to the γ value of Hf-ITO 2. This suggests that Hf
exerts a more pronounced influence on the transport mechanism
compared to Zr. 

It is crucial to note the discrepancy in the GPC for Zr and Hf
during the deposition process. The GPC for zirconium oxide from
Zr(NMe2 )4 and water was calculated to be 0.87 Å/C, whereas
for hafnium oxide from Hf(NEt2 )4 and water, the GPC was
calculated to be 0.63 Å/C. As a consequence of this discrepancy,
the incorporation of Zr or Hf into the thin film is found to
12 of 17
vary, even when the same number of supercycles are employed.
The XPS analysis provides further insight into this matter. In
the case of two supercycles, Zr-ITO 2 exhibits a Zr content of
3.7 at%, while Hf-ITO 2 displays a Hf content of 2.9 at%. This
observation demonstrates that a higher GPC results in increased
deposition of the respective material. Therefore, the similarity
of the γ values for Hf-ITO 3 and Zr-ITO 2 can be explained
by their comparable Hf or Zr contents, with 3.9 and 3.7 at%,
respectively. This phenomenon can also provide a rationale for
the more pronounced increase of γ observed in the Zr-ITO TFTs.
Moreover, it has been observed that the fabrication process by
ALD has a profound influence over the control of the charge
transport mechanism. 

3 Conclusion 

Heterostack architectures consisting of a combination of con- 
ducting and insulating metal oxides have been fabricated via
ALD. The doping of ITO thin films with either zirconium or
hafnium or mixtures of both yielded semiconducting thin films
which were successfully implemented as an active channel 
layer in TFT devices. Thin film deposition was performed at
200◦C, utilizing trimethylindium, tetrakisdimethylamidotin(IV), 
tetrakisdimethylamidozirconium(IV), and tetrakisdiethylamido- 
hafnium(IV) as metal precursors, with water serving as oxidizing
agent. The doped ITO thin films were found to be smooth, with
RRMS values below 0.33 nm, exhibiting a high optical transparency
of ≥ 89% and a broadening of the optical band gap corresponding
to increasing amounts of Zr and Hf in the respective thin films.
GI-XTS analysis revealed amorphous, disordered structures with 
a correlation length of ∼ 13 Å for Zr-ITO and ∼ 10 Å for Hf-ITO,
with the low r region correlating with crystalline ITO reference
structures. Through the implementation of the Zr- and Hf-doped
ITO thin films into TFT devices, their suitability as an active
channel layer and the influence of Zr and Hf on the device
performance were investigated. The optimized composition for 
Hf- and Zr-doped ITO thin films was found to be Hf-ITO 2
and Zr-ITO 2, with their respective performance parameters of
µs at = 5.81 cm2 V− 1 s− 1 , Vth = 4.8 V, IOn /IOff = 1.1 × 108 , and
SS = 0.45 V dec− 1 for Hf-ITO 2 and µs at = 3.97 cm2 V− 1 s− 1 ,
Vth = 5.9 V, IOn /IOff = 8.5 × 107 , and SS = 0.57 V dec− 1 for Zr-
ITO 2. The fabrication of TFTs incorporating both elements was
achieved by alternating the ALD supercycles of Hf-ITO 2 and Zr-
ITO 2, yielding Hf/Zr-ITO and Zr/Hf-ITO thin films. The respec-
tive TFTs demonstrated performance parameters comparable to 
those of Hf-ITO 2 and Zr-ITO 2, thus indicating that the equal
incorporation of both Zr and Hf exerts a purely substitutional
effect. The electronic parameters of the thin films demonstrated a
decrease in charge carrier density with increasing amounts of Zr
and Hf, thereby indicating their efficacy in suppressing the forma-
tion of oxygen vacancies. Consequently, zirconium and hafnium 

oxide are promising alternatives to Ga2 O3 as a charge carrier-
suppressing oxide. The findings of the present study demonstrate
the applicability of a conducting/insulating material combination 
to obtain a semiconducting material. Furthermore, the results
demonstrate a significant correlation between the composition of 
the active channel layer and the TFT performance parameters.
Consequently, ALD was selected as the fabrication method of
choice, given its ability to deposit each layer individually, enabling
precise control over the cation distribution and the film thickness.
Advanced Electronic Materials, 2026
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4 Experimental Section 

4.1 Methods 

All depositions were conducted at 200◦C employing a Savannah
S100 (Cambridge Ultratech) ALD system at a base pressure
of 4 torr. Prior to the deposition process, the substrates were
maintained within the reaction chamber at 200◦C for a period of
20 min under a constant argon flow of 20 sccm. 

As metal precursors trimethylindium (TMI, 99.999%, AkzoNobel)
was utilized for indium oxide, tetrakisdimethylamidotin(IV)
(TDMASn) [ 86 ] for tin oxide, tetrakisdimethylamidozirconium
(IV) (TDMAZr) [ 87 ] for zirconium oxide, and tetrakisdiethy-
lamidohafnium(IV) (TDEAHf) [ 88 ] for hafnium oxide. Water
(HPLC grade, Sigma-Aldrich) was utilized as the oxidizing agent.
TMI and water were kept at room temperature, while TDMASn,
TDMAZr, and TDEAHf were heated to 60◦C, 75◦C, and 130◦C,
respectively. Argon (99.9999%, AlphaGaz) was utilized as carrier
gas, with a constant flow rate of 20 sccm maintained throughout
the deposition process. 

The deposition sequences for each metal oxide are given here-
after: Indium oxide: TMI pulse 0.1 s, exposition time 1.5 s, Ar
purge 20 s, water pulse 0.1 s, exposition time 1.5 s, Ar purge 20 s.
Tin oxide: TDMASn pulse 0.5 s, exposition time 1.5 s, Ar purge
30 s, water pulse 0.015 s, exposition time 1.5 s, Ar purge 30 s.
Zirconium oxide: TDMAZr pulse 0.25 s, exposition time 1.5 s, Ar
purge 20 s, water 0.015 s, exposition time 1.5 s, Ar purge 30 s.
Hafnium oxide: TDEAHf pulse 0.2 s, exposition time 1.5 s, Ar
purge 30 s, water 0.015 s, exposition time 1.5 s, Ar purge 30 s. 

For both Hf-ITO and Zr-ITO, the TMI and TDMASn cycles were
maintained at a constant number of 26 and 15, respectively, while
the number of TDEAHf and TDMAZr cycles was subjected to
variation between one and three. The deposition sequence of 26
cycles TMI, 15 cycles TDMASn, and one to three cycles TDMAZr
or TDEAHf was referred to as a super cycle. This super cycle
was repeated eight times in order to achieve an optimal film
thickness. In the case of Zr/Hf-ITO (Hf/Zr-ITO), one super cycle
consisted of 26 cycles TMI, 15 cycles TDMASn, 2 cycles TDMAZr
(TDEAHf), 26 cycles TMI, 15 cycles TDMASn, and 2 cycles
TDEAHf (TDMAZr). Given that one super cycle for the mixed
Hf/Zr- and Zr/Hf-ITO phases was twice the amount compared to
Hf-ITO or Zr-ITO, the super cycle was repeated only four times to
achieve a comparable overall film thickness. 

4.2 Material Characterization 

UV–vis characterization was performed within a wavelength
range of 190–900 nm, using an Evolution 600 spectrometer
(Thermo Scientific). Coated and annealed (40 min @ 350◦C)
quartz substrates were used as samples. Ellipsometry was used
to obtain the film thicknesses, employing a spectroscopic ellip-
someter M2000 (J.A. Woollam) in a spectral range of 370–1690 nm
and an angular range of 45◦–85◦. Coated and annealed (40 min @
350◦C) Si/SiO2 substrates were used as samples. 

HRTEM was performed with a FEI Tecnai G2 F20 with an
operating voltage of 200 keV [ 89 ]. Samples for FIB were prepared
Advanced Electronic Materials, 2026
using a gallium-focused ion beam (FEI Helios NanoLab 460F1
FIB-SEM) and a subsequent coating with a platinum layer [ 90 ].
Coated and annealed (40 min @ 350◦C) TFT substrates, which
were electrically characterized beforehand, were used as samples.

X-ray photoelectron spectroscopy (XPS) measurements were 
performed using a K-Alpha + XPS spectrometer (ThermoFisher
Scientific, East Grinstead, UK) using the Thermo Avantage 
software for data acquisition and processing. All samples were
analyzed using a microfocused, monochromated Al K 𝛼 X-ray 
source (400 µm spot size). The K-Alpha + charge compensation
system was employed during analysis, using electrons of 8 eV
energy, and low-energy argon ions to prevent any localized charge
build-up. The spectra were fitted with one or more Voigt profiles
(BE uncertainty: ± 0.2 eV) and Scofield sensitivity factors were
applied for quantification [ 91 ]. All spectra were referenced to the
C 1 s peak (C ─C, C ─H) at 285 eV binding energy controlled by
means of the well-known photoelectron peaks of metallic Cu,
Ag, and Au, respectively. Coated and annealed (40 min @ 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 PETRA III,
DESY, Germany. The X-ray beam of 101.4 keV was focused by
means of compound refractive lenses to a size of ≈ 2 × 150 µm2 

(vertical by horizontal) [ 92 ]. A Pilatus3 X CdTe 2M hybrid pixel
detector was mounted at a sample distance of ≈ 300 mm. Data
were collected through a single exposure at an incidence angle
of ∼ 0.015◦ with an optimized signal-to-background ratio. For the
azimuthal integration of the 2D diffraction patterns pyFAI [ 93 ]
was used, while the conversion into the PDF was carried out
using PDFgetX3 [ 94 ] implemented into the xPDFsuite package
[ 95 ]. Coated and annealed (40 min @ 350◦C) quartz substrates
were used as samples. Samples studied were deposited in eight
super cycles, as described above, with two, four, and six cycles
of zirconium oxide (Zr-ITO 2, 4, 6) or hafnium oxide (Hf-ITO 2,
4, 6). Film thicknesses ranged from 8.3–10.9 nm for Zr-ITO and
9.7–11.4 nm for Hf-ITO, respectively. 

Atomic force microscopy (AFM) measurements were conducted 
on a Bruker Dimension ICON (Santa Barbara, CA) in tap-
ping mode (repulsive regime) using a PPP-FM-Au cantilever 
(Nanosensors, Neuchatel, Switzerland) with a nominal spring 
constant of 3 N/m and resonance frequency of 75 kHz. The free
oscillation amplitude was approx. 135 nm at a setpoint ratio of
0.6 ( Asp / A0 ). These amplitudes were calibrated by pushing the
vibrating cantilever against a stiff sapphire sample and recording
the linear decrease in amplitude with respect to the z-piezo
motion. Images were recorded at a line rate of 1 Hz and the digital
resolution corresponds to 512 × 512 pixels. For each sample, the
root mean square roughness RRMS was determined as the average
of three independent 1 × 1 µm2 areas. Coated and annealed
(40 min @ 350◦C) Si/SiO2 substrates were used as samples. 

4.3 Electrical Characterization 

As TFT substrates, commercial substrates (Fraunhofer IMPS, 
Dresden) in a BGBC device geometry with prefabricated source-
drain electrodes were used [ 96 ]. These consisted of highly
n-doped silicon with a 90 nm layer of SiO2 . The source-drain
13 of 17
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electrodes were composed of gold (40 nm) with an ITO adhesion
layer (10 nm) below, exhibiting an interdigital structure with a
channel length of L = 20 µm and channel width of W = 10 mm
( W/L = 500). 

All substrates (TFT, quartz, Si/SiO2 ) were cleaned via ultra-
sonication for a duration of 10 min, using acetone, water, and
isopropanol (HPLC grades, Carl Roth GmbH & Co. KG) subse-
quently and dried at 55◦C for a minimum of 24 h. Prior to the
deposition, all substrates underwent UV treatment using a UV
ozone cleaner (UV Ozone Cleaner UVC-1014, NanoBioAnalytics)
for a duration of 10 min, with a wavelength of 254 nm and
an optical power of 4 W [ 97 ]. A B1500A Semiconductor Device
Analyzer (Agilent Technologies) was employed for TFT measure-
ments, which were conducted inside a glovebox (O2 < 0.5 ppm,
H2 O < 0.5 ppm) in an argon atmosphere, under the exclusion
of white light. Prior to IV-measurements, TFT samples were
subjected to an annealing process on a ceramic hotplate for
a period of 40 min at 350◦C in an ambient atmosphere. The
charge carrier mobility ( µsat ) and the threshold voltage ( Vth )
were extracted from a linear fit of the square root of the
source-drain current ( IDS ), as a function of the gate-source
voltage ( VGS ). A total of eight (8) transistors were measured
for each composition, fabricated in two independent ALD
processes. 

Hall measurements were conducted as four-point measurements
utilizing the Van der Pauw geometry at ambient temperature.
A magnetic field of 1.3 T was established, with a current
range spanning from 1 × 10− 4 to 5 × 10− 2 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 were water-cooled. The magnetic field was
controlled by a LakeShore 475 DSP Gaussmeter, and the cur-
rents for the measurements were provided by a Keithley 2635A
System SourceMeter. Additionally, a Keithley 2700 Multimeter
with an installed 7709 Switching Card was used. Coated and
annealed (40 min @ 350◦C) quartz substrates, with sputtered
Pt/Pd contacts (80 nm) on all four corners, were used as
samples. 
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