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Abstract: Multilayered heterostructures comprising of In,0;,
Sn0,, and Al,O; were studied for their application in thin-film
transistors (TFT). The compositional influence of tin oxide on
the properties of the thin-film, as well as on the TFT
characteristics is investigated. The heterostructures are fab-
ricated by atomic layer deposition (ALD) at 200 °C, employing
trimethylindium (TMI), tetrakis(dimethylamino)tin (TDMASn),
trimethylaluminum (TMA), and water as precursors. After
post-deposition annealing at 400°C the thin-films are found
to be amorphous, however, they show a discrete layer
structure of the individual oxides of uniform film thickness
and high optical transparency in the visible region. Incorpo-

\

ration of only two monolayers of AlLO; in the active semi-
conducting layer the formation of oxygen vacancies can be
effectively suppressed, resulting in an improved semiconduct-
ing and switching behavior. The heterostacks comprising of
In,0,/Sn0,/Al, 05 are incorporated into TFT devices, exhibiting
a saturation field-effect mobility (u,) of 2.0cm?-V''s™, a
threshold-voltage (Vy,) of 8.6 V, a high current on/off ratio (lg,/
low) of 1.0x10°, and a subthreshold swing (SS) of
485 mV-dec™". The stability of the TFT under illumination is
also altered to a significant extent. A change in the transfer
characteristic towards conductive behavior is evident when
illuminated with light of an energy of 3.1 eV (400 nm). )

Introduction

The area of oxide electronics has become a focus of interest
and has developed into a broad field that includes materials
such as dielectrics and semiconductors.!’ Metal oxides are of
interest for applications in a wide range of electronic devices
such as high density memories,™ electrodes in thin-film photo-
voltaic devices? and transparent electronics.”’ In particular,
oxide semiconductor materials have become a focus of research
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because of their applicability in flexible and transparent
displays." Flat panel displays with organic light emitting diodes
(OLED) have been reported in which oxide semiconductors are
used.”

As one of the most successful and important microelec-
tronic components, thin-film transistors (TFT) have established
themselves in a plethora of technological applications. For the
usage of such transistors in flexible and lightweight displays,
they must possess a relatively high charge carrier mobility,
together with an insensitivity toward bending, to be compatible
with flexible, large area substrates.”” Utilizing metal-oxide thin-
film transistors it is possible to meet the requirements and
realize large area integrated circuits.”’ Since TFT devices based
on a-Si have reached their technical limits due to low charge
carrier mobilities, poor long-term stability, and lack of
transparency® attractive alternatives for the active semiconduc-
tor layers in the form of oxide-based semiconductors are
polycrystalline zinc oxide (poly-Zn0),”’ indium-zinc oxide
(1IZ0),2" and zinc-tin oxide (ZTO),"" as well as amorphous
indium-gallium-zinc oxide (a-IGZO)"? have established them-
selves. In recent years, however, research has shifted to
fabricating materials based on heterostructure stack systems of
different metal oxide layers.” The resulting transistors are
meanwhile able to outperform those made from individual
layer channels of the corresponding oxides.'”® Whereas earlier
examples still exhibited only a moderate increase, several recent
publications present charge carrier mobilities of even 50 to
100 cm?-V~'s7. The use of such heterostructures has resulted
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not only in a significant performance enhancement™ but
moreover in an improved stability®® of metal oxide TFT devices.
The knowledge of the underlying conduction mechanisms is
still scarce. Clearly, the interfaces are hereby of great
importance." In heterojunction devices energy mismatches
exist between the oxides of the individual layers of the stack.
Thus, the charge transport can be controlled by engineering
structures which induce accumulation of electrons in the
vicinity of the heterointerfaces."” A promising strategy to
improve TFT performance is therefore to combine a crystalline
metal oxide, with high mobility but poor current modulation,
with an amorphous oxide with uniform film character, which is
able to tune the charge carrier density."” In this way TFTs with
higher charge carrier mobilities p and higher on/off ratios 1./l
can be obtained.

Furthermore, other characteristics such as the stability
under irradiation can be improved by employing heterostruc-
ture systems."” Due to the application of TFTs in various display
devices, they are under constant stress originating from
environmental illumination and irradiation influences. There-
fore, the active semiconducting material needs to be relatively
insensitive to light of a broad energy range, in order to avoid
deterioration of the transistor parameters under operation
conditions. Since TFTs are often utilized in large-area applica-
tions deposited on temperature-sensitive substrates, the devel-
opment of scalable low-temperature processes for deposition of
thin functional films is an important requirement."®

Atomic layer deposition (ALD) has received much attention
in recent years due to its ability to generate uniform and large
area deposition of thin-films."® It is a technique based on self-
limiting surface reactions. The process ensures conformal
growth and the formation of ideally pore-free layers over large
areas. Reactive precursors are typically used in ALD, which
enables deposition at relatively low temperatures."” By growing
high-quality films with a high degree of homogeneity, the
method of ALD is a promising route for the fabrication of
heterostructure-based metal oxide thin-films.?

The conditions under which materials are deposited
employing ALD, influence their morphology and the interface
between different deposited materials and the underlying
substrate. By optimizing these conditions and therefore opti-
mizing the interface between for example an active semi-
conducting and a dielectric layer, the defect density of a
multilayer material can be controlled and thus its overall TFT
performance can be improved.”**" A valuable method for
reducing these states is to deposit a material with a high
density of free charge carriers as the first layer on the
dielectric.”” Due to its electronic structure (conduction band
minimum formed by unoccupied s orbitals) In,O; is a suitable
candidate, because it yields high mobilities in both the
crystalline and the amorphous state.”” Subsequent deposition
of a second material for example SnO,, with a relatively high
mobility™ and the property of reducing the overall trap density
in the thin-film, can improve the subthreshold swing (SS) of the
transistor.”® The SS value is related to the trap states at the
interface between dielectric and semiconducting layer.?* Small
values result in fast switching devices with low energy
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consumption.”> SnO, possesses a high density of mobile
electrons (> 10" cm ) and due to its robustness as a channel
material, in comparison to In,0;, it can enhance the environ-
mental stability of a TFT.?%?”! The utilization of SnO, as part of a
multinary metal oxide phase has been investigated for ZnSnO
(ZTO). Such TFTs exhibit mobilities of up to 22.1 cm*Vs*® as
well as a high optical transparency.”” Furthermore, to intrinsi-
cally control the conductivity, incorporation of Ga’" has the
ability to lower the concentration of free electrons in such
devices.” Due to the strong Ga—O bond, it is able to suppress
the formation of oxygen vacancies and the associated gen-
eration of mobile electrons. However, the incorporation of a
large concentration of gallium ions can lead to a reduction in
mobility, but also to deteriorated charge transport properties of
the entire semiconducting structure.?? A compromise between
these properties must be found in order to obtain the
optimized performance capability of a transistor. An alternative
to Ga,0; could be Al,O;, which forms even stronger metal-
oxygen bonds and might suppress oxygen vacancy formation
to a stronger extent, even when employing only low concen-
trations, viz. a minor amount of active layers.”

Although alumina is often used as a dielectric in TFT devices
due to its high dielectric constant (~9),® transistors which
incorporate Al,O; in the active semiconducting layer have also
been reported.”’?**® They can achieve high mobilities at low
voltages and exhibit low leakage currents,””*” which can be
attributed to the wide bandgap of Al,O; thin-films with ~7 eV
which is able to modulate the TFT behavior.””?" Another
property of Al,O,, which could have an impact on the interlayer
boundaries, is its ability to generate sharp, distinct interfaces
between other oxide layers. This has been demonstrated in
ZnO/Al,0; heterostructures obtained by ALD.®!

In the present work, we report the fabrication of well-
defined multilayered ternary heterostructures comprising of
In,0;, SNO,, and Al,O; and try to understand the interplay of
crucial transistor parameters. An ALD-based process using
appropriate precursors and water as oxidant was employed,
aiming at the generation of TFT devices with a full set of decent
transistor characteristics such as field-effect mobility, threshold-
voltage, and subthreshold swing. Understanding the influence
of individual parameters like specific composition and thickness
in a multinary layer stack [In,05/Sn0,/Al,0;] is crucial to achieve
this. Since TFT parameters are sensitive towards light of
different wavelengths and can deteriorate under ambient light
conditions, the stability of the In/Sn/Al heterostructure TFTs
under various irradiation conditions was also investigated.

Results and Discussion

For the fabrication of the heterostructure stacks with the layer
sequence In,0;-Sn0,-Al,0;, an ALD supercycle process compris-
ing of individual layers of In,0,, SnO,, and Al,O; was employed.
A supercycle consists of the sequential deposition of the
individual metal oxide layers with the desired thickness. For the
deposition of a distinct heterostructure a supercycle consisting
of the deposition of 40 In,0; layers (deposited from trimeth-
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ylindium, TMI), followed by the deposition of a varying number
of SnO, layers (deposited from tetrakis(dimethylamino)tin,
TDMASN), and completed by the deposition of two AlLLO; layers
(deposited from trimethylaluminum, TMA) was developed. The
number of supercycles was kept constant at ten to obtain the
desired overall film thickness. The deposition was carried out at
200°C, since it represents the optimal temperature window for
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In,04/Sn0O,

FET Substrate
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ALO,
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In,04/Sn0,/AlLLO,
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Figure 1. Schematic diagram of the ALD process for generating the ternary
heterostructure In,0;/Sn0,/Al,0; using distinct ALD supercycles (see Fig-
ure S1 for a full presentation of the chosen supercycle sequence).

In,0,

SnO,
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Figure 2. HRTEM bright field image of the ternary multi-layer thin-film of the
composition In,05/Sn0,/Al,0; 40:15:2, a) displaying the conformal layer
thickness and b) high-resolution image of the deposited layers based on the
chosen supercycle sequence, visualizing the alternating layers of the
deposited film.
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the three metal precursors used.®? A schematic of the applied
ALD process is shown in Figure 1 (a more detailed schematic
can be found in the Supporting Information, Figure S1).

The measured growth rates of the individual metal oxides
were found to be smaller than the ones calculated by the rule
of mixture. This phenomenon is well documented and
originates from a retarded adsorption of the precursors on the
substrate® due to a changing surface chemistry during the
deposition process.”) To assess the homogeneity and the
morphology of the deposited thin layers, high resolution
transmission electron microscopy (HRTEM) was performed on a
focused ion beam (FIB) prepared cross-section of the deposited
thin-film (see Figure 2).

The HRTEM of the ternary heterostructure In,0,/Sn0O,/Al,0;
40:15:2 show a high degree of homogeneity with a uniform
film thickness of ~10 nm (Figure 2a), which can be attributed to
the conformal deposition process. The number of twenty
assignable layers in the HRTEM image correspond with the
individually deposited oxide supercycles of ten, wherein the
lighter contrast corresponds to the In,0; layers and the darker
to the ones of the SnO,. Due to the low amount of Al,O; (two
layers) incorporated in the thin-film, its layers cannot be
observed. The overall deposited layer structure is amorphous
(see GIXRD, Figure S2).

To assess the optical properties of the thin-films, UV-vis
measurements were conducted on the heterostructure stacks
40:10:2 and 40:15:2. Both films show a high optical trans-
parency (> 85 %) in the visible region (see Figure 3a).

The Tauc plots for the two heterostructures of composition
40:10:2 and 40:15:2 (see Figure 3b) show only a marginal
difference when the SnO, content is increase from 10 to 15
layers. This is also evident from the calculated values of the
optical bandgap, which are 2.88 eV and 2.99 eV for the stacks
40:10:2 and 40:15:2, respectively. A widening of the optical
bandgap can be explained by an increased charge carrier
density of the heterostructure with a higher amount of SnO,
(40:15:2) and is in accordance with the expected Burstein-Moss
shift. 343!

In order to investigate the elemental composition and
chemical states present within the metal oxide thin-films, hard
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Figure 3. a) Transmission spectra and b) Tauc plots of the heterostructures
with different In/Sn/Al oxide ratios of 40:10:2 and 40:15:2.
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X-ray photoelectron spectroscopy (HAXPES) was performed.”®

HAXPES delivers two advantages over conventional X-ray
photoelectron spectroscopy, which uses soft X-ray excitation
sources such as Al Ka. Firstly, the higher X-ray energy leads to
higher kinetic energies of the excited photoelectrons and
therefore to a larger probing depth. The inelastic mean free
path (IMFP) calculated using QUASES for the In 3d core level in
In,0, is 18.55 A for Al Ko X-rays (1.487 keV), whilst it increases
by more than three times to 59.80 A for the hard X-ray energy
of 5 keV used in this study.®” This enables the study of multiple
oxide layers across the thin-film stack avoiding the necessity of
destructive sputtering and the related artefacts to access buried
layers. Secondly, using hard X-rays deeper core levels can be
accessed for many elements. In multi-element systems, such as
the thin-film heterostructures explored here, overlap of core
levels can complicate data analysis in standard XPS. For
example, the low binding energy Al 2p core level overlaps with
the much stronger In 4p core level, hindering analysis. Instead,
hard X-rays enable access to the much deeper Al 1s core level,
which does not suffer any overlap and can therefore be used to
examine its chemical state.’® In the case of the samples
investigated here, the core level spectrum for Al 2p would
overlap with the one of In 4p while employing XPS.

Survey spectra for both heterostructures show all expected
core lines (see Figure S3 and S4). In addition, small signals from
adventitious C and the Si/SiO, substrate are detected. The high-
resolution core level spectra for both samples, including Al 1s,
O 1s, Sn 3d, and In 3d, are shown in Figure 4.
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Figure 4. HAXPES core level spectra of the In,0,/Sn0,/Al,0; multinary thin-
films of compositions 40:10:2 (blue) and 40:15:2 (red) for a) Al 1s, b) O 15,
¢) Sn 3d, and d) In 3d. All spectra are normalized to the In 3ds/, peak height
and are aligned to the Fermi level E; at 0 eV.
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As discussed, the Al 1s core level was collected instead of
the lower binding energy (BE) core levels to avoid spectral
overlap (see Figure 4a). The core level has a BE of 1561.3 eV in
good agreement with previous reports for Al,0,.5% The O 1s
core level spectra of the two thin-films are dominated by a
main peak with a BE of 530.8 eV, which can be assigned to
metal oxide (M—O) environments (see Figure 4b). In addition, a
clear shoulder on the higher BE side at ~533eV can be
assigned to metal hydroxide (M—OH) species present on the
surface and within the bulk of the thin-film heterostructure.?**”
The difference in intensity between the peaks of the M—O and
the M—OH species amounts to ~72% indicating that the
majority of oxygen is present as metal oxide species. This
finding can be attributed to the thermal post-deposition
treatment of the films, as residual hydroxyl groups, originating
from the deposition process, are converted into fully coordi-
nated oxygen at higher temperatures.”®*" Thus, the thermal
post processing produces a high quality thin-film primarily
constituted of the oxides In,0;, SnO,, and Al,O; and only to a
minor extent of hydroxylated species. Comparing these results
with those for ALD-based 1ZO heterostructures, it can be
concluded that by replacing ZnO with the combination SnO,/
Al,O,, a significantly reduced amount of M—OH is obtained.”! In
previous work on IZO heterostructures, the influence of the
ZnO amount in an 1ZO heterostack on the M—OH content via
XPS was investigated. It was found that with increasing ZnO
content the M—OH signal was systematically increased. This was
verified by the investigation of the O 1s core level spectra of
the single oxide. In the current work, the small intensity
difference of ~3.7% in the O 1s spectra attributed to the M—O
peaks of the thin-film compositions 40:10:2 and 40:15:2
results from the five additional layers for SnO, in the latter film
composition. The Sn 3d core level shows a clear intensity
difference between the spectra of the two thin-film composi-
tions (see Figure 4c). The peaks of the heterostructure with 10
layers of SnO, (40:10:2) show a ~37% lower intensity
compared to the one with a higher SnO, content. This
decreased intensity of the 40:10:2 thin-film is consistent with
the compositional difference off 10 vs. 15 layers of SnO,. The
core levels are located at 487.1 eV for Sn 3ds,, and 495.5 eV for
Sn 3d,,, respectively, giving the expected spin orbital split
(SOS) of 8.4eV. These BEs are consistent with previously
reported values for Sn0,.*? The core level spectra of In 3d (see
Figure 4d)) are consistent with those reported for In,0; and are
positioned at 445.2 eV for In 3ds, and 452.7 eV for In 3d;),,
respectively, with a SOS of 7.5 eV.“04"

In addition to core level spectra, HAXPES was also used to
access the valence band (VB) region of the samples (see
Figure 5a). The overall valence structure is dominated by In,O;
and agrees well with previous HAXPES data.”” The clearly
distinguishable feature at 8.9 eV stems from strong In 5 s and O
2p mixing, whilst the top of the VB is predominantly O 2p with
some mixing with In 4d states. In between (5-8 eV) are states
from intermixing of O 2p and In 5p orbitals. The relative
intensities observed in the valence band are a direct reflection
of the photoionization cross sections in HAXPES measurements
with the In 5 s states being more dominant compared to the O
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Figure 5. HAXPES valence band spectra, including a) valence band region,
b) magnified region with linear fits intersecting the x-axis and ¢) magnified
region around the Fermi energy E; including filled conduction band states.
E: in all subfigures denotes the position of the Fermi level located at 0 eV.
The valence band region was normalized to the intensity of the In 3d;,, core
level.

2p states, which dominate conventional soft X-ray photo-
electron spectroscopy.*” The VB maximum (VBM) to Fermi
energy E; separation can be determined from linear fits to the
VBM (see Figure 5b). Only a small difference in the VBM-E;
separation is found with values of 3.2 eV and 3.1 eV for the
thin-films 40:10:2 and 40:15:2, respectively. This is in good
agreement with the values found for lightly Sn-doped In,0,,“”
and indicates that some intermixing of Sn and the In,0O; layer
may occur in this heterostructure. Both samples also show a
weak feature close to E, terminating in a sharp Fermi edge at
0 eV (see magnified view in Figure 5c). This peak is associated
with occupied In 5s conduction band (CB) states.** It
increases in intensity with increasing carrier concentration, for
example through Sn-doping in In,0;. Some subtle differences
are notable in the width and intensity of the feature, arising
most likely from the difference in In:Sn ratio within the film
stacks. However, the feature is too small and the differences too
subtle to extract any quantitative conclusions.

Thin-film transistor performance of the ternary heteroatom
stacks

The two heterostructure stacks In,05/Sn0O,/Al,O; of composition
40:10:2 and 40:15:2 were incorporated into TFT devices with
a bottom-gate-bottom-contact geometry, in order to assess the
influence of the SnO, layer thickness on the active semi-
conductor performance. The heterostructures were manufac-
tured with an initial deposition of In,0;, followed by the
deposition of SnO, and Al,O; and the iteration of the described
supercycle to obtain the desired film thickness. Employing a
highly conductive oxide to form the semiconductor-dielectric

@ a) interface has proven effective in realizing improved TFT
5 Er performance. This improvement is attributed to an increased
£ conductivity at the semiconductor-dielectric interface, as well as
E an improved passivation of interfacial trap states.*?" Electrical
§ characterization of the fabricated transistors was performed in
§_ the form of current-voltage (IV) measurements. The character-
g istic TFT parameters such as field-effect mobility (), threshold
21412108 6 4 2 0 ¢ 2 020 10 00 -1.0

voltage (Vy,), current on/off ratio (I,./l.z), and subthreshold
swing (SS) were extracted from the transfer characteristics to
allow comparison of heterostructures of different compositions
(summarized in Table 1). Individual output and collective trans-
fer characteristics, together with a schematic of the coated TFT
device, are shown in Figure 6.

The two investigated In,05/Sn0O,/Al,O; stacks (Figure 6c)
differ only in the thickness of the intermediate SnO, layer. In
particular the thickness of the Al,O; entity remains unchanged.
The comparison of the two transistor compositions of ratios
40:10:2 and 40:15:2 shows that a higher tin content leads to a
slightly decreased mobility as well as reduced Io,/los and a
higher subthreshold swing (Table 1). Due to the increased tin
oxide content in the 40:15:2 transistor composition, a higher
density of free charge carriers is present in the active channel
layer, which leads to an increased off-current and an associated
reduction of ly,/log. ALD-based TFTs have been described which
achieve mobility values of ~4.5 cm?-V~'s™', whose active semi-
conductor layer consists of aluminum zinc oxide, but also 1ZO
TFTs that can reach values of up to 42 cm?-V~'s " Ppoly-
crystalline In,0;/ZnO semiconductor layers obtained by ALD
have been found to have mobilities ranging from
3.1 cm?-V7's7 up to 122 cm?-V~s7'.B! Compared to these, the
composition 40:15:2 ranges in the lower region with a mobility
of 2.0 cm?-V~'s™". In addition to the mobility, the subthreshold
swing (SS) is an important and indicative parameter of a TFT. It
is related to the density of subgap states,® but also to the trap
states at the interface between semiconducting and dielectric
layer.” The oxide TFT with composition of 40:15:2 exhibits a
subthreshold swing of 485 mV-dec™'. This value fits within the
range for the previously mentioned polycrystalline In,05/ZnO
TFT, with reported SS values which range from 162 mV-dec™
up to 621 mV-dec.®!

TFTs using semiconducting heterostructures with the stack-
ing sequence In,05/Sn0,/Al,0; are unprecedented so far.
Analogies to other systems, in which In,O; is incorporated, such
as In,0,/Zn0O™ and ZTO/In,0,*” are evident, though. For
further discussion it should also be mentioned that the addition
of Al,O; with near monolayer thickness is essentially required in
order to achieve a semiconducting stack at all.*® In contrast,
individual In,0;, SnO, layers, as well as binary In,0;/Sn0O, films

Table 1. Comparison of the TFT performance parameters of the ternary heterostructures with different tin oxide compositions 40:10:2 and 40:15:2 in the
dark and under irradiation with UV-light (energy of 3.6 eV).
heterostructure mobility g, on-voltage V,, threshold-voltage current on/off ratio subthreshold swing SS
In,05/Sn0,/ALL, 0,4 [cm?-V s \Y] Ve [V] lon/lof [mV-dec™"]
dark 3.6eV dark 36eV dark 3.6eV dark 3.6eV dark 3.6eV
40:10:2 2.2 2.2 —0.1 —10.2 9.5 -0.3 2.6-108 1.2-106 328 823
40:15:2 20 20 -0.9 —8.8 8.6 -0.1 1.0-107 4.4-105 485 770
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Figure 6. Output characteristics of the ternary oxide heterostructure stacks of composition a) 40:10:2 and b) 40:15:2, and c) direct comparison of the transfer
characteristics of the corresponding TFT devices. d) Schematic showing a cross-section of a coated TFT substrate with bottom-gate-bottom-contact geometry
(not to scale) fabricated using ALD. The structure of the substrate with gate, dielectric, and source-drain electrodes on a layer of ITO is shown. Depicted on
top in red, blue and green is the layered structure of the single oxides with the sequence In,0,—Sn0O,—Al,O; deposited in three individual supercycles.

deposited by the employed ALD procedure exhibit conductive
behavior. The Al,O; layer is thus a very effective way to control
oxygen vacancies in the SnO, entity as well as interfacial
traps.?>4®

For In,05/Zn0O bilayers it has been proposed that band
bending occurs at the heterointerface due to electron migration
from ZnO to In,0; driven by the conduction bands offsets with
the formed space charge resembling 2DEGs."™ In an earlier
investigation in our group, TFTs based on multilayers with
repeated In,05/Zn0 units are synthesized by ALD.” Thereby the
relative thickness of the individual layers of the heterostructure
stacks directly affects the semiconducting performance. Higher
amounts of defects are introduced by a higher thickness of the
ZnO layers, while opposite to that thicker In,O; layers resulted
in higher mobilities (up to 12.2 cm?.V~'s™"). An increase in the
In,0O; entity is, however, accompanied by unfavorable changes
of other performance parameters (I,./lo, SS, V). In an
investigation by another group on inkjet-printed ZTO/In,O,
bilayers, thinner In,O; back channels result in an improvement
of Ugu lo/lo ratio as well as SS and V" The overall
performance can also be influenced merely by changes of
constitution and microstructure. Diffusion effects have been
found especially for SnO, in heterostructures. Thus, a gradient
of the Sn concentration is observed in SnO,/ZnO bilayers after
processing.*® Furthermore, a high interface roughness can be
detrimental for the performance, which is a frequent problem
in solution deposition.”” In the herein presented work however,
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HRTEM indicates a clear layer structure and no obvious mixing
is observed.

With respect to the electrical characterization and the
parameters obtained, it can be concluded that the substitution
of a semiconductor (ZnO), by a combination of a conductor and
an insulator (Sn0O,/AlL,0;), is a novel approach for fabricating
active semiconducting materials for the application in TFT
devices.

To determine the prevalent electron transport mechanism
in the ternary thin-films, the field-effect mobility (u) is plotted
logarithmically against the gate-source voltage. By applying a
power-law fit [Eq. (1)],

Ure = K(VG - VT,P)V (1)

where V;, V5, and V, are the gate, threshold, and percolation
voltages and K is a pre-factor, the exponent vy is obtained, which
provides information about the predominant transport
mechanism.”® Values for vy around 0.1 indicate a trap-limited
conduction (TLC), whereas values around 0.7 indicate a
percolation conduction (PC).2*” The dependency of the field-
effect mobility on the gate-voltage for the discussed transistors
is shown in Figure 7, while the respective values are summar-
ized in Table 2.

No noticeable difference is visible in the curves of the two
transistors in the saturation regime starting at approximately
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Figure 7. Dependence of the field-effect mobility (u) on the gate-source
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black are the corresponding power-law fits by which the exponent vy is
obtained.

Table 2. Comparison of the exponent y and the mobility values of the
heterostructures with different SnO, contents.

Transistor Y Mobility
In,05:5n0,:Al,0, [em?.V~'s™]
40:10:2 0.73 22

40:15:2 0.64 20

Ves=10 V. Only the slope of the curves between V;;=0-7.5V
shows a slight difference.

Although the curves show strong similarities, there is a clear
difference in the values obtained for y. With an increased SnO,
content, the value decreases from 0.73 to 0.64. This value still
indicates a TLC-dominated transport mechanism, but the tin
oxide content has a significant influence and can be attributed
to an increased charge carrier density which raises the Fermi
level. This allows some of the subgap states to be filled, acting
no longer as trap states.

Assuming that the decrease in y value with increasing SnO,
content follows a trend, a further increase in SnO, layers would
cause the conduction mechanism to shift towards the PC

a) In,0,/Sn0,/Al,0; 40:10:2
1024 Vps =30V

104

— Dark

Drain-Current I, [A]

107 — 2.0 eV/ 605 nm
1001 — 2.4 eV /532 nm

— 2.6eV /470 nm
1074 — 3.1 eV /405 nm
1010 ] 3.2eV /389 nm

— 3.4 eV /360 nm
— 3.6 eV /340 nm

T T T T T T

-10 -|5 0 5 1‘0 15 20 25 30
Gate-Source-Voltage Vs [V]

dominated regime. However, this would not be beneficial for
gaining better device performance parameters, as an increasing
SnO, content also decrease the mobility values from
22cm?-V7's™" to 2.0 cm?-V's™" for the compositions 40:10:2
and 40:15:2, respectively.

To further investigate the effect of the tin oxide content on
the properties of the semiconducting thin-film, the behavior of
the transistors and the associated changes in TFT performance
parameters under illumination of various wavelength were
examined. The devices were subjected to IV-measurements
while being illuminated with light of different wavelengths/
energies.

The before mentioned In,0,/Zn0O-based TFTs show a decent
light stability, as reflected by a shift of the transfer curves
towards conductive behavior, an increase in off-current, and a
negative shift of the on-voltage with increasing energy of
illumination.® By replacing ZnO in the In,05/Zn0O semiconduc-
tor composition with a combination of the binary Sn0O,/Al,0;, a
significantly improved stability against irradiation can be
observed. This corresponds to a shift of the absorption in the
heterostructure to slightly lower wavelengths, but is presum-
ably also affected by an overall decrease in the carrier
concentration.®"

Comparison of the two TFTs shows a reduced increase in log
and a smaller negative shift in V,, for the transistor with a
higher SnO, content (Figure 8b). Figure 8 shows the alteration
of the TFT transfer characteristics for semiconductor composi-
tions of In,05/Sn0,/Al,0; 40:10:2 and 40:15:2 when illumi-
nated with hv of different energies. An increase in conductivity
is observed with increasing energy of irradiation. The increase
in on-current can be attributed to the generation of free charge
carriers by irradiation with energy close to the bandgap of the
heterostructure. This leads to the direct excitation of charge
carriers into subgap states or to the release of charge carriers
localized in trap states.”? Comparison of the two TFTs shows a
reduced increase in |l and a smaller negative shift in V,, for the
transistor with a higher SnO, content (Figure 8b). Even though
the off-current rises and the on-voltage shift towards negative
numbers with increasing energy of illumination, the transfer

b) In;04/Sn0,/Al,0; 40:15:2
102{Vps =30V
10°4
< 10
= 10°
@ 104
E o — Dark
o 1071 —2.0eV/605nm
£ 10%] —2.4eV /532 nm
® —2.6eV /470 nm
o 1074 —3.1eV /405 nm
10 3.2eV /389 nm
] —3.4eV/360 nm
10" 4 — 3.6 eV /340 nm

T T T T
15 10 -5 0 5 10 15 20 25 30
Gate-Source-Voltage Vg5 [V]

Figure 8. Transfer characteristics of the fabricated TFTs under illumination for the oxide heterostructures In,05/SnO,/Al,O; of composition a) 40:10:2 and b)

40:15:2.
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curves preserve their shape and show a semiconducting
behavior even under intense UV illumination (Table 1).

An increase in off-current and a negative shift in V., due to
irradiation with light of increasing energy for both semi-
conductor compositions is observed (see Figure 8 and Table 1).
This light-induced instability can be explained by a persistent
photo-conductivity (PPC).*® PPC is a phenomenon which can
be observed in the increase in |y, and lo¢ with increasing energy
of irradiation and thus decreasing lo,/ o

The reason for this is that the semiconducting channel has a
high density of free charge carriers when it is in the switched-
on state. If further charge carriers are induced by irradiation, the
conductivity of the transistor is only increased to a small extent.
The photoconductivity can be observed more clearly in the
switched-off state of the transistor, in which the cannel is
depleted of charge carriers. Irradiation induces charge carriers
which increase the conductivity of the channel and thus leads
to an increase in 1.+"? The shift in V,, (and also V,,) with higher
energies can be attributed to the photoinduced charge carriers,
which can occupy a larger number of defects due to their
higher energy. Filling of defects is necessary to achieve an
appreciable electron flow at the interface between the individ-
ual metal oxide layers.®? The ability of SnO, to improve the
overall trap density®™ is evident from the shift in V,,. For the
composition with a higher amount of SnO, (40:15:2), this value
is shifted by 7.9V in the negative direction, while the value for
the TFT with less SnO, (40:10:2) experiences a larger negative
shift of 10.1 V. Additionally, the shift in V,, is attributed to the
excitation of electrons from subgap states above the VBM into
the conduction band.® During illumination with light of higher
energies, the off-current of the 40:10:2 TFT is raised by three
orders of magnitude (g =1.0-10""A t0 lygzeev=
1.56-107% A), while |4 of the 40:15:2 TFT, with an already high
value under dark conditions (lygqac=1.6-10"°A), originating
from the films higher conductivity, is raised by only one order
of magnitude (lyg360y=3.9-107% A). These two factors, a lower
shift of V,, and a lower increase of |, indicate that an increased
amount of SnO, in the semiconducting layer leads to an
improved stability under illumination for the respective tran-
sistor devices.

Conclusion

Thin-film heterostructures of In,0;, SnO,, and ALO; were
fabricated using ALD, employing trimethylindium, tetrakis-
(dimethylamino)tin, and trimethylaluminum as metal precursors
and water as oxidant at a deposition temperature of 200°C. By
utilizing a layer-by-layer deposition process, the thin-film
composition can be controlled precisely. This provides a
method to tune the properties of the resulting thin-film
transistors by accurately controlling the compositional changes
within the semiconducting material. The thin-films were found
to be amorphous with a high optical transparency in the visible
region. The thin-film heterostructures were successfully inte-
grated into TFT devices, which exhibit a saturation field-effect
mobility (i) of 20cm?V~'s™", a threshold voltage (V) of
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8.6V, a high current on/off ratio (lo./log) of 1.0-10” and a low
subthreshold swing (SS) of 485 mVdec™. By using aluminum
oxide as a component of the active semiconducting layer, an
increased stability of the transistor performance against irradi-
ation with light of different wavelengths, due to a broadening
of the heterostructure’s optical bandgap, was demonstrated.
The improved stability is evident from a maintained semi-
conducting behavior of the transistor with a minor increase in
off-current (l.5) of only one order of magnitude, even under
intense UV illumination. The use of the ternary oxide composi-
tion In,0,/Sn0,/AlLO; demonstrates the possibility of creating
active semiconducting layers based on the combination of
conducting and insulating components, which can be utilized
for the application in TFT devices. Future work could focus on
the replacement of aluminum oxide in the active semiconduct-
ing layer. The incorporation of suitable oxides, which possess a
rather large optical bandgap, but do not interfere with a
convincing transistor performance, would certainly be worth
investigating. The results presented herein give a general
strategy towards developing ALD-based heterostructure sys-
tems with optimized properties, especially their stability under
illumination.

Experimental Section

Synthesis of the heteroatom stacks by ALD

The deposition of the heterostructure thin-films In,05/Sn0,/Al,O;
was carried out using a Savannah S 100 System (Cambridge
Ultratech). The metal precursors employed were trimethyl indium
(TMI, Akzo Nobel), tetrakis(dimethylamino)tin (TDMASN),®*¥ and
trimethyl aluminum (TMA, Strem Chemicals). Water (HPLC grade,
Sigma-Aldrich) was used as oxidant and argon (99.9999%, Alpha
Gaz™) as carrier gas. The depositions were performed at a base
pressure of 1.5 Torr, a reactor temperature of 200°C, and a carrier
gas flow rate of 20 sccm. The precursors TMI and TMA, as well as
the oxidant, were kept at room temperature, while TDMASn was
heated to 60°C. Before deposition the substrates were placed in
the reactor and kept at 200°C for 20 minutes under a constant
argon flow of 20 sccm. For the deposition of the thin-films, a recipe
was developed in which the pulse duration, the exposure time, as
well as the purge time were adapted to the respective precursor.
The sequence used for In,0; deposition was the following: TMI
pulse of 0.1s, exposition time of 1.5s, argon purge of 20s, H,0
pulse of 0.1s, exposition time of 1.5, and final argon purge of
20 s. For SnO, the sequence was: TDMASN pulse of 0.5 s, exposition
time of 1.5s, argon purge of 30 s, H,O pulse of 0.015 s, exposition
time of 1.5 s, and final argon purge of 30 s. For Al,O; the following
sequence was used: TMA pulse of 0.015 s, exposition time of 1.5 s,
argon purge of 30s, H,0O pulse of 0.015 s, exposition time of 1.5,
and final argon purge of 15s. The compositional variation of the
heterostructures was regulated by the number of layers deposited
of each oxide. Here the number of layers for SnO, were varied while
those for In,0; and ALO; were kept constant at 40 and 2,
respectively. To obtain the desired film thickness the supercycle,
consisting of the sequential deposition of the three single oxides,
was repeated ten times.
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Material characterization

UV-vis measurements were performed on quartz substrates using
an Evolution 600 spectrometer (Thermo Scientific) in a wavelength
range of 190-900 nm. High resolution transmission electron micro-
scopy (HRTEM) was performed on an FElI Tecnai G2 F20, with an
operating voltage of 200 keV.*™ Samples used were coated TFT
substrates (Fraunhofer IPMS, Dresden), annealed at 400°C for
40 minutes and electrically characterized. Further processing in-
cluded focused ion beam (FIB) preparation with an FEI Helios
NanoLab 460F1 FIB-SEM, followed by coating with a platinum
layer.®? Film thicknesses were obtained via ellipsometry using a
spectroscopic ellipsometer M2000 (J. A. Woollam) in a spectral
range of 370-1690 nm and an angular range of 45-85°. HAXPES
measurements were performed at beamline P22 of PETRA Il at the
German Electron Synchrotron DESY in Hamburg, Germany.”*”*® The
data were collected at 5 keV with a defocused beam using Si (311)
and attenuators (243 +4) to reduce the photon flux by a factor of
10. Thus, an energy resolution of 130 meV could be achieved. A
Phoibos 225HV analyzer (SPECS, Berlin, Germany) was used at an
angle of 10° with respect to the sample surface. With the small area
lens mode and a slit size of 3 mm, an excitation spot size of 0.1 x
0.1 mm? was obtained, and a resolution of 203 meV was
achieved.®”*® The obtained spectra were normalized to the In 3ds,
core level peak height and all spectra were aligned to the Fermi
level.

Thin-film transistor characterization

The multilayer semiconductor thin-films were deposited on
commercially available, prefabricated TFT substrates.®*” These
15 mmx 15 mm Substrates consist of highly n-doped silicon with a
90 nm silicon dioxide dielectric layer. Source-drain electrodes
comprise of 40 nm gold with a 10 nm intermediate indium tin
oxide (ITO) adhesion layer. The electrodes form an interdigital
structure, with a channel length L=20 um and width W=10 mm
(W/L=500), in a bottom-gate-bottom-contact (BGBC) geometry. Th
TFT substrates, quartz slides (15 mmx15mm) and Si/SiO, sub-
strates were cleaned sequentially with acetone, Dl-water and
isopropanol (all HPLC-Grade, Carl Roth GmbH & Co. KG) via
ultrasonication for 10 minutes each and dried at 80°C. Prior to
deposition the substrates were treated with UV light (wavelength
of 254 nm, optical power of 4 W) for 10 minutes, using a modified
UV Ozone Cleaner UVC-1014 (NanoBioAnalytics). Prior to electrical
characterization of the transistors, all thin-films were annealed at
400°C for 40 minutes. The characterization was performed under
the exclusion of white light in an inert gas atmosphere (argon)
inside a glovebox, using a B1500A Semiconductor Device Analyzer
(Agilent Technologies). The pressure inside the glovebox was
constant at 2.7 mbar with a water content of <0.5 ppm and an
oxygen content of <0.5 ppm. Light stability measurements were
carried out using a switchable LED setup (Roithner Laser Technik
GmbH), on which seven different wavelengths, from visible to UV
range, can be selected. lllumination time for each wavelength was
the time required for the measurement (10 Minutes). The charge
carrier mobilities, ., as well as the threshold-voltage V,, are
obtained from a linear fit (see Figure S5) of the square root of the
source-drain current Ip** as a function of the gate-source voltage
Vgs at 30V, i.e. (Ipg)® = W¥pg*c/2 L)***(Ves—Vy), where ¢ refers to
the capacity of the channel. This procedure assumes that the TFT is
operated in saturation mode and the mobility does not depend on
the applied gate voltage Vg, as in typical direct semiconductor, for
example, silicon.
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