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Spatial atomic layer deposition (SALD) of p-type SnO has been demonstrated using a novel
liquid ALD precursor, tin(Il)-bis(tert-amyloxide), Sn(TAA)2, and H>O as the co-reactant in a
process which shows an increased deposition rate when compared to conventional temporal

ALD. Compared to previously reported temporal ALD chemistries for the deposition of SnO,
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deposition rates of up to 19.5 times higher were obtained using Sn(TAA)> as a precursor in
combination with atmospheric pressure sSALD. Growths per cycle of 0.55 A and 0.09 A were
measured at deposition temperatures of 100 °C and 210 °C, respectively. Common-gate thin
film transistors (TFTs), fabricated using SALD with Sn(TAA), resulted in linear mobilities of
up to 0.4 cm?V-!s! and on-/off-current ratios, Io/loy > 10°. The combination of enhanced
precursor chemistry and improved deposition hardware enabled unprecedently high deposition
rate ALD of p-type SnO, representing a significant step towards high-throughput p-type TFT

fabrication on large area and flexible substrates.

1. Introduction

Transparent semiconducting metal-oxides have become the foundation of devices such as thin-
film transistors (TFTs), solar cells, photodetectors and memories.'™ The majority of these
devices rely on n-type semiconducting compounds (e.g. InGaZnO, InZnO, ZnSnO, ZnO), for
which materials and processes are well established. In contrast, the development of reliable and
high performance p-type oxide materials has proven itself to be challenging owing to their
inherently high density of interfacial defect states and comparably poor electrical
performance,™ which in turn hampers the effective combination of p- and n-type oxides within
complementary metal oxide semiconductor (CMOS). [*-8] Material/interface engineering, in
addition to effective doping strategies involving scalable and highly precise processing
technology on large areas, have been deemed necessary to advance the development of p-type
oxide materials.!

Atomic layer deposition (ALD) is a layer-by-layer thin film deposition method that
allows for atomic-level control over thickness and material/interface properties, resulting in

conformal and uniform deposition over large areas, and high aspect ratio substrates.'"!% Such
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unique features stem from the fact that ALD relies on cyclic and self-limiting chemical reactions
between the substrate surface and alternating exposure to a precursor and co-reactant.[!!]
Recently, mobilities of 0.5 cm?V-!s™!, 1 cm?V-!'s™! and 6 cm?V-!s! and on-current/off-
current (Ion/lop) ratios of 10%, 10°, and 10* have been reported for SnO deposited by temporal
ALD, using bis(1-dimethylamino-2-methyl-2-butoxy)tin, Sn(dmamb),, bis(1-dimethylamino-
2-methyl-2-propoxy)tin ~ Sn(dmamp)> and N,N’-tert-Butyl-1,1-dimethylethylenediamine

),12714] respectively, as the Sn precursor with an HoO co-reactant. Whilst these

stannylene(II
results are promising for the development of p-type transistors by ALD, the low deposition rate
of temporal ALD, coupled with the low reactivity of current precursor technology may
ultimately hinder large area industrial applications. The development of high deposition rate
processes (i.e. high growth per cycle and/or short cycle time) with atomic-level control, suitable
for large-area applications, are therefore of paramount importance. High-throughput ALD can
be obtained by improving two major aspects of the process; (i) upgrades in deposition hardware
(i.e. deposition equipment and methodology), which have the potential to reduce the overall
cycle time, and or (ii) improvement of the underpinning chemistries involved (i.e. the
development of novel and chemically optimized precursors) which can increase the growth per
cycle (GPC), and shorten overall cycle time, thus increasing deposition rate by harnessing
higher reactivity with the substrate surface and co-reactant.

In conventional temporal ALD substrates are exposed to alternate precursor and co-
reactant doses which are separated in time by extensive purge steps to eliminate precursor
mixing and afford self-limited deposition in a cyclic fashion. In contrast to temporal ALD,
spatial ALD (sALD) relies on spatial separation of precursor and co-reactant, i.e. the substrate
moves underneath injector heads from which either precursor or co-reactant are continuously
flowing. The reactants are spatially separated by inert gas curtains to prevent mixing and CVD-

like reactions.!'> Such a technique can therefore afford cyclic and self-limiting deposition as in

temporal ALD at a much higher deposition rate.!'®!”) This makes sALD well-suited for highly
3
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precise, high throughput, and in-line material processing over large areas, e.g. roll-to-roll and
sheet-to-sheet SALD.[1320]

ALD relies extensively on the underpinning reactive chemistry of precursors. As such
the development of new and more reactive precursors is an essential method of improving GPC
and overall deposition rate. Precursor design is well-known to have considerable impact on both
rates of thin film growth as well as thin film properties.?!! In general, conventional wisdom on
precursor design dictates that precursors must be sufficiently volatile and thermally stable, with
high reactivity towards the substrate and surface film as well as the desired co-reagent (i.e.
H>0) to allow for self-limiting surface reactions. In the case of metastable materials such as
SnO, an additional layer of sophistication is required within the precursor design, with the need
for oxidative control, in order to ensure the phase purity of the as-deposited SnO, such that
higher oxidation state materials (i.e. SnO») are not co-deposited. Lack of oxidative control has
the potential to result in undesirable properties for p-type SnO TFT such as the evolution of n-
type conductivity culminating in the inability to turn off the transistors. To this end, care must
be taken to ensure that Sn present in the precursor is in the same oxidation state as that required
in the desired thin film, necessitating the use of precursor molecules that display suitably high
reactivity towards mild, non-oxidizing co-reagents such as H>O.

Herein we report for the first time the sALD of phase pure SnO with improved
deposition rate compared to conventional temporal ALD, through a synergistic combination of
the development of an innovative and highly reactive Sn(Il) alkoxide ALD precursor, tin(II)-
bis(tert-amyloxide), Sn(TAA),,[??l and sALD technology, targeting improvements in both GPC
and overall deposition cycle time. SnO films were grown at much improved deposition rates in
comparison to temporal ALD, and p-type TFT behavior was demonstrated for proof-of-concept
TFT devices fabricated using the deposition chemistry and processing described herein. The

deployment of a novel ALD Sn(II) precursor in conjunction with a SALD process opens new
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industrially relevant pathways for high-throughput and reliable p-type TFTs to be implemented

in oxide semiconductor CMOS logic on large area and flexible substrates.

2. Results and Discussion

2.1. Precursor Development

In order to target volatile monomeric Sn(I) compounds, focus has typically been directed
towards ligands capable of limiting molecular oligomerization either sterically or
coordinatively, i.e. by incorporating lariat arms.”?*! However, this approach also inherently
renders the Sn(II) center less labile through a combination of steric and kinetic effects, reducing
reactivity within an ALD process, which is compounded by the necessary use of mild co-
reagents such as H>O to maintain oxidative control of the Sn(II) film.

To date, very few molecular precursors, the lariat aminoalkoxide derivatives bis(1-
dimethylamino-2-methyl-2-propoxy)tin, (Sn(dmamp)), and bis(1-dimethylamino-2-methyl-2-
butoxy)tin, Sn(dmamb),, in addition to N,N’-tert-Butyl-1,1-dimethylethylenediamine
stannylene(Il) have been reported as being capable of forming crystalline and electronically
suitable p-type tin(II) oxide via ALD,!!>1424] with all processes displaying low growth rates
when used in combination with H>O, limiting the industrial applicability of these processes.
Further to this, a number of studies report the deposition of mixed phase and amorphous SnOx
films and a short overview of SnO ALD processes with related deposition parameters and
resulting TFT properties is provided in Table 1, for completeness a short overview of SnO
processes other than ALD and the resulting TFT properties is also provided in Table 2. More
comprehensive overviews, including device structures and dielectric layers, were published by
Wang et al. and R. Barros et al.>*! The wide variability in the effectiveness of Sn-based
precursors in terms of not only deposition rate, growth per cycle and deposition parameters, but

as importantly features such as film composition, oxidative control, density, electrical
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characteristics, purity and crystallinity emphasize the subtlety and impact of precursor design
and the importance of iterative improvement within the field.

Whilst Sn(II) alkoxide systems, which do not contain ancillary lariat groups such as
{NMe>}, have not previously been considered ideal candidates as molecular precursors in
deposition processes because of a perceived tendency to oligomerize and thus display low
volatility, Sn(TAA)>, upon distillation in vacuum, is a colorless liquid at room temperature with
sufficient volatility and, based on similar chemical shift in !'”Sn nuclear magnetic resonance, a
dimeric structure analogous to Sn(Il)tert-butoxy, Sn(O‘Bu)..?! Unlike the monomeric, four-
coordinate Sn(II) center in the aminoalkoxide Sn(dmamp),, the Sn centers in simple, dimeric
alkoxides such as Sn(TAA); and Sn(O’Bu), adopt a three-coordinate configuration, with higher
kinetic and thermodynamic lability than related chelating systems.?®]

Thermal stability and volatility of Sn(TAA), were assessed via thermogravimetric
analysis, which displayed a sharp mass loss consistent with volatility beginning at ca. 150 °C,
affording a mass of 10% at 220 °C and a mass of 3% at 250 °C, well below that expected for
thermal decomposition products Sn, SnO and SnO,, as shown in Figure 1, and rendering
Sn(TAA),, initially explored in the context of chemical vapor deposition,?®) a suitable
candidate for ALD of SnO (see also Supporting Information, Figure S1). A small degree of
stepped mass loss at higher temperatures (10%-3%) is not unexpected for metal alkoxide
complexes, where in larger samples for which the ramp rate gradually exceeds the rate of
evaporation, signs of decomposition become evident, as compounds reach their thermal
tolerance. This assessment is an important aspect of precursor screening for ALD applications,
where it must be ensured that the temperatures at which the process will operate remain below

the thermal decomposition point of the precursor to be utilized.
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Figure 1. a) Thermogravimetric plot of Sn(TAA),. Analysis undertaken at a ramp rate of 5 °C

min~!' with an Ar purge gas (20 mL min ). Inset: proposed dimeric structure of Sn(TAA)..
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2.2 Spatial ALD of SnO.

Deposition studies were undertaken on a custom-built lab-scale SALD rotary reactor, a detailed
description of which can be found in previous reports.l'”] Within this set up, the substrate is
rotated under gas streams of precursor and co-reagent, separated with an inert gas purge curtain,
affording facile modification of precursor exposure time through variation of rotation speed.
Initial depositions were carried out at substrate temperatures of 100 °C, 160 °C and 180 °C,
with saturating behavior consistent with ALD, and indicative of self-limiting surface reactions
and thermal stability of the precursor, observed for exposure times between 220 ms and 480 ms.
GPC as a function of precursor and co-reactant exposure time is illustrated in Figure 2.
Sn(TAA), exposure times of 200 ms were required to achieve surface saturation, with shorter
exposure times resulting in an unsaturated growth regime, as shown for the deposition
temperature of 100 °C (Figure 2). GPC values of 0.55 A, 0.36 A and 0.19 A were measured by
spectroscopic ellipsometry (SE) for deposition temperatures of 100 °C, 160 °C and 180 °C,
respectively.

A significant benefit offered by sALD is the reduction in overall cycle time and lengthy
purge times when compared to temporal ALD, thereby increasing the rate of deposition. By
establishing an optimized saturation time for both precursor and co-reagent, cycle times for
deposition processes can be calculated by incorporating the times of each purge enacted by
movement of substrate through the inert gas curtain. For the conditions used in these
experiments the shortest exposure time for precursor and co-reactant to achieve saturating
behavior was found to be 220 ms. Because of the fixed dimensions of the injector head, the
shortest purge times were found to be 1.02 s for the precursor and 4.02 s for the H,O co-reactant
(see Experimental section for details). The shortest cycle time was calculated to be 5.42 s,
though it is expected that purge duration can be decreased with further optimization. As an
example, purge times down to few milliseconds have been demonstrated on the same setup for

Al,O3 sALD on planar substrates. !
10
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In order to provide a valuable comparison between the novel ALD precursor Sn(TAA), and the
previously reported thermal ALD precursor Sn(dmamp),, SALD process development was
undertaken on both precursor systems. Figure 3 depicts the saturation curves obtained for the
SALD of SnO using Sn(TAA), and Sn(dmamp); as the Sn precursor at a deposition temperature
of 160 °C. In the case of Sn(TAA), exposure times of 220 ms were found to be sufficient for
achieving saturating behavior, whilst more than 500 ms were found to be necessary for
Sn(dmamp),. In addition to a shorter precursor dosing time and cycle time, a higher GPC was
obtained for SnO deposited by Sn(TAA),. Table 3 reports the deposition rate obtained for
SALD using Sn(TAA); and Sn(dmamp) as the Sn precursors and provides comparison with
those reported for temporal ALD using Sn(dmamp) and Sn(dmamb),.['2?*27] Depending on
the deposition temperature, the SALD deposition rate using Sn(TAA), was found to be between
2.6 and 1.5 times higher than that obtained using Sn(dmamp), in the same sALD reactor. The
deposition rates obtained with Sn(TAA)> sALD are also between 6 to 19.5, and 6 to 15 times
higher when compared to those reported for temporal ALD using Sn(dmamp), and Sn(dmamb)s,
respectively. Overall, it can be concluded that the shorter ALD cycle time obtainable using
SALD is not only due to hardware (sALD vs temporal ALD) but also to the physico-chemical
(vapor pressure and/or reactivity) properties of the Sn(TAA)> precursor itself.

In order to study the effect of the deposition temperature on GPC, and film properties,
SnO layers of ca. 20 nm thickness were deposited at different substrate temperatures ranging
from 100 °C to 210 °C. The substrate speed was set to 10 RPM, corresponding to exposure
times ranging from 220 ms to 480 ms (i.e. within saturation regime) and purge times between
1.02 s to 1.28 s and 4.28 s to 4.02 s after Sn(TAA)> and H>O respectively. As shown in Figure
4, the GPC decreases with increasing deposition temperature, decreasing from 0.55 A at 100 °C
to 0.09 A at 210 °C. Similar behavior was observed in the case of SnO deposited by temporal
ALD using Sn(dmamp), and H>O, a feature attributed to increased surface de-hydroxylation

with increasing deposition temperature.?*!
11
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The refractive index was measured by optical modelling of variable-angle spectroscopic
ellipsometry (VASE) measurements, with the temperature-dependent refractive index, n,
shown in Figure 4. Whilst the GPC decreases with increasing deposition temperature, n follows
opposite trend, suggesting densification and crystallization of the SnO layers at higher
deposition temperatures. Liang et al. have previously reported that the optical constants of SnO
films are significantly influenced by the crystallinity of the layers.**! At a deposition
temperature of 100 °C a refractive index of 2.48 at photon energies of 1.96 eV was observed

for films deposited at 100 °C, consistent with amorphous SnO.[#44]

Table 3. Experimental deposition rates of SnO ALD: sALD using Sn(TAA); and Sn(dmamp):;
and temporal ALD using Sn(dmamp), and Sn(dmamb); as a function of deposition temperature.
The ALD cycle time for sSALD was 6 s using Sn(TAA)> and 10 s using Sn(dmamp),, whilst
cycle times reported for temporal ALD using Sn(dmamp), are 31 s, [!3136.5 5,7V and 31 s using

Sn(dmamb),.['? a) These data were obtained using the same sALD tool described in this work.

SnO deposition rate (nm/min)

Deposition Spatial ALD Temporal ALD
temperature
O Sn(TAA):  Sn(dmamp):* | Sn(dmamp)2l'¥)  Sn(dmamp).”?”!  Sn(dmamb),!'?!
100 0.60 0.23 0.09 0.07 0.04
160 0.39 0.17 0.03 0.02 0.03
190 0.18 0.12 0.02 0.02 0.03

12
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Figure 2. Growth per cycle as a function of the exposure time for deposition temperatures of

100 °C, 160 °C and 180 °C. The data points were fitted using a Langmuir adsorption model.
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Figure 3. SnO growth per cycle as function of the overall exposure time using Sn(TAA): (red

circles) and Sn(dmamp), (black squares).
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Figure 4. Growth per cycle as measured by ex-situ variable angle spectroscopic ellipsometry
(VASE) as a function of deposition temperature. The SnO refractive index is reported at a

wavelength of 1.96 eV. All SnO layers were ca. 20 nm thick.

The refractive index of the as deposited films increases to 2.65 at a deposition temperature of
160 °C,2.72 at 170 °C, and 2.86 at 210 °C. Concurrently, the optical energy gap, E¢qp, estimated

12 as function of the photon energy, /v, increases from 2.29 eV at 100 °C

by linear fitting of ahv
to 2.45 at 170 °C (see Supporting Information Figure S2 for details). These results point at a
SnO crystallization temperature of ca. 170 °C for the described process.

Bragg-Brentano, 0-20, X-ray diffraction studies of 10 nm films deposited at 190 °C
confirm the presence of crystalline SnO (Figure 5a). The reflections at 20 values of 18.3 and
37.0 degrees were attributed to the (001) and (002) planes of SnO, indicating a highly oriented
film. Such preferred orientation is consistent with film growth in the plane of the a and b axes,
parallel with the substrate surface, as would be expected for SnO growth in an Sn-O-Sn fashion,

and is consistent with that observed in the layered, tetragonal litharge SnO unit cell.*¢! As

shown in Figure 5b, Raman spectroscopy also reveals signals at 109 cm ™' and 211 cm™,
14
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attributed to the characteristic E; and Ajg vibrational modes of SnO respectively,*’#®! in

addition to a substrate peak at 309 cm™' (Si 2TA).

XPS was used to confirm the presence of SnO through modelling of the Sn(II):Sn(IV)
ratio. Variability within reported XPS data for SnO and SnO» requires a cautious approach,
where possible confirming a correct assessment through corroboration of a range of data
including the modelling of Sn3ds» peak contributions (Figure 5c), the relative position of the
3d peaks with respect to the Ols peak as well as assessment of the Sn valence band region if
obtainable. In the case of films deposited in this study, XPS indicates a Sn(II) content of 89 %
(Sn(II) 3ds, = 486.10 V), with minority contributions from Sn(IV) (4 %, 3ds» = 486.60 eV)
and Sn(0) (7 %, 3ds» = 484.56 ¢V). This composition confirms the presence of bulk SnO with
only minor contributions of SnO; and Sn. This result is also corroborated by Raman and XRD
analysis and is consistent with literature precedent.***’1 Full analytical detail is provided in the

Supporting Information.

15
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Figure 6. Transfer characteristics for SnO common-gate TFTs deposited by sALD at a
deposition temperature of a) 200 °C and b) 190 °C. The inset of Figure 6a shows the extracted
linear mobility. All TFTs were not encapsulated.
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2.2. TFT results.

Crystallinity of SnO has been reported to be necessary to achieve high hole mobility and
preferential orientation is purported to play a major role in terms of device performance.l'35%5!1
Proof-of-concept TFTs were fabricated with SnO deposited at temperatures between 170 and
200 °C in accordance with the expected crystallinity within this temperature window. p-type
behavior was observed for all investigated deposition temperatures. Upon annealing the TFTs
for 1 hr in Ny at 250 °C, the highest /o, was obtained for the SnO deposited at 200 °C, which
led to linear field effect mobilities up to 0.4 cm?*V-!s! as shown in Figure 6a. The highest
low/Iof, however, was obtained at a deposition temperature of 190 °C, reaching values between
4 x 10% and 6 x 10, see Figure 6b. Additional transfer characteristics are reported in the
Supporting Information, Figure S4 and Figure S5. For comparison, similar TFT structures
realized using sSALD and Sn(dmamp), as the Sn(II) precursor resulted in mobilities comparable
to previously reported values using the same precursor, but lower Io./loy, i.e. 1-102.3] The
SALD process using Sn(dmamp), underwent no further exploration due to the higher efficiency
of the Sn(TAA), sALD process, which demonstrated greater promise for industrial application,
where compromises between performance and throughput are emphasized. It should be noted
that in both cases a reasonably positive on-voltage, Vo,, was obtained, indicating a relatively
highly-doped semiconductor, resulting in high current at V¢ = 0 V. This behavior might be
attributed to the lack of encapsulation layers and unoptimized annealing step which is the

subject of ongoing investigations.

3. Conclusion

In attempts to rationalize a high deposition rate process for SnO through concerted
improvements in both methodology and the underpinning chemistry, we have demonstrated for
the first time a scalable deposition process with atomic-level control over thickness and material

properties using atmospheric pressure SALD and a novel tin(I) ALD precursor, tin(IT) bis-tert-
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amyl alkoxide, Sn(TAA). The self-limiting behavior of the sSALD process for SnO has been
validated over a wide temperature range (100-180 °C) demonstrating excellent thermal stability
and suitability of Sn(TAA), within ALD processes. The GPC of the p-type SnO film was found
to decrease from 0.55 A to 0.09 A with increasing deposition temperature from 100 °C to 210 °C.

Through application of a reactive precursor and in conjunction with sALD processing,
extraordinary growth rates, up to 19.5 times faster, were achieved compared to temporal ALD
of SnO providing the fastest growth rates of crystalline p-type SnO to date. Developments such
as this are essential in paving the way for high-throughput sALD of p-type semiconducting
metal oxides on large area and flexible substrates with atomic-level precision. Translation of
the previously reported temporal ALD precursor Sn(dmamp): to a spatial ALD process allowed
for comparison of reactivity, saturation and growth rates with the precursor catalogued within
this study, Sn(TAA), demonstrating the improved deposition behavior of SnO using Sn(TAA)s.
Crystalline SnO was deposited at temperatures over 170 °C, with as deposited films
characterized by spectroscopic ellipsometry, XRD, Raman and XPS studies.

SnO films deposited by sALD exhibited p-type behavior as demonstrated by common-
gate TFTs. The highest mobility obtained in proof-of-concept common-gate devices was 0.4
cm?V-!s! for 19 nm thick SnO layers deposited at 200 °C, while an on-current/off-current ratio
up to 6 -10? was obtained for SnO deposited at 190 °C. The ALD of SnO using Sn(TAA),
alongside the exploration of doping and encapsulation strategies to maximize the performance
of the resulting p-type devices will be investigated in the near future. The results presented in
this work highlight the importance of concerted improvements in both precursor chemistry and
deposition technology for advancing industrially-compatible atomic-level processing and

engineering of p-type materials on large area substrates.
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4. Experimental Section

Precursor synthesis: Sn(TAA); was synthesized as previously reported under standard Schlenk
conditions via the addition of 2-methyl-2-butanol to a cooled solution of Sn(Il) bis-
trimethylsilyl amide, Sn(HMDS)s, in hexane.*®! A colorless liquid, Sn(TAA),, was isolated and
purified by vacuum distillation after removal of the volatiles in vacuo.

Deposition studies: An atmospheric pressure dielectric barrier discharge (DBD) plasma source
operated at a voltage of 125 V and frequency of 66 kHz was employed for depositing the Al>O3
buffer layer for the TFTs samples. Trimethylaluminum (TMA) was used as the precursor with
an Ar bubbling flow of 75 sccm and additional 925 sccm of Ar as dilution. For the plasma co-
reactant, 100 sccm of O diluted in 9900 sccm of N> were used as plasma feeding gas. All Al,O3
buffer layers were deposited at 160 °C for 540 sALD cycles at a rotation frequency of 60 RPM,
resulting in a 45 nm thick layer.

For the SnO deposition, the Sn(TAA)> bubbler was heated to 70 °C in order to ensure
sufficient vapor pressure, 700 sccm of Ar were bubbled through the liquid precursor and 300
sccm of Ar were added as downstream dilution. Rotation speeds were decreased from 30 RPM
to 10 RPM to derive the saturation curve of the process at 100 °C. All TFT depositions were
carried out at 10 RPM to ensure deposition uniformity.

Because of the reactor construction, the exposure time of the substrate to the precursors/co-

reactant, ey, is calculated using Equation 1:

L
toxp = =
XP  2mr RPM

(1)
where L is the width of the deposition zone (1.2 cm), 7 the radial distance from the center of the
wafer, and RPM the rotations per minute.

Analytical methods: The growth of SnO was investigated by depositing on 150 mm Si (100)

wafers. SnO thickness and optical properties were measured by ex-situ variable angle

spectroscopic ellipsometry (VASE), using a Horiba UVISEL II, in the range from 1.5 eV to 5.5
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eV. The angle of incidence was varied from 60° to 80° in steps of 10°. A single or a double
Tauc-Lorentz model was used to fit the optical response of the SnO layers, as described by
Liang et al.*¥ Thermogravimetric analysis was carried out on a Perkin Elmer TGA 4000 in an
argon-filled glovebox. Raman spectroscopy was undertaken on a Renishaw inVia using a 532
nm laser. Bragg-Brentano 6-26 X-ray diffraction (XRD) was carried out on a STOE Stadi P
reflection diffractometer. X-ray photoelectron spectroscopy (XPS) was undertaken using an
Thermo Escalab 250 UHV-XPS system.

TFT fabrication and characterization. Common gate TFTs were fabricated on 150 mm highly
doped c¢-Si (100) with 300 nm thermally grown SiO; and additional 45 nm Al,O3 sALD-grown
buffer layer atop. SnO layers were deposited using sALD. The layers were patterned using
photolithography and wet etching (5% oxalic acid solution in H>0). After patterning, source-
drain contacts were created by evaporating Au through a shadow mask with varying lengths (L)
and fixed width (W) of 2000 um. Annealing was performed after Au patterning for 1 hr in an
N> environment at a temperature of 250 °C. The back contact was created by scratching the
Si0; at the backside of the wafer and contacted with Ag paste. All TFTs were measured under
N> atmosphere using an Agilent 4155C semiconductor parameter analyzer connected to a

semiautomatic prober.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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