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Low Resistivity Sputter Deposited SnO, Thin Films:
An Indium-Free Transparent Conductive Oxide?

Marlene Hartel,* Angelika Harter, Darja Erfurt, Reiner Klenk, Alexander Steigert,
Lars Korte, Rutger Schlatmann, and Bernd Stannowski

This study investigates the influence of oxygen concentration and thermal
treatment on the optical and electrical properties of tin oxide (SnO,) thin films
deposited via radio frequency (RF) magnetron sputtering. The oxygen content in
the sputtering process gas is systematically varied, revealing its critical role in
influencing the films’ charge carrier density, mobility, and resistivity. Optimal
conductivity (resistivity as low as 3.4 mQ cm) is achieved at an argon-oxygen mix
gas flow rate of 3.4 sccm combined with quasi-in-situ heating, enhancing both
charge carrier density and mobility. Optical analysis revealed that transmittance
and absorptance depend on oxygen flow. In the long-wavelength range,
absorption scales with the number of free carriers, while in the short-wavelength
range, discrete absorption peaks below the band gap were observed, possibly

originating from a secondary SnO-like phase.

1. Introduction

Transparent conductive oxides (TCOs) are used in various
opto-electrical applications. The most commonly used TCOs,
due to their outstanding conductivity and high transparency,
are indium-based, such as indium tin oxide (ITO) or indium zinc
oxide (IZO). These TCOs achieve resistivities (p) of less than
1mQcm with transparencies of over 80% in the ultraviolet-
visible-near-infrared (UV-VIS-NIR) light spectrum.!) However,
indium is a scarce element whose demand is growing with
the need for optoelectrical devices, which will lead to supply prob-
lems in the long term and will probably further increase the price
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of this resource, making it unattractive for
large-scale production.” The task of
researching alternative materials in order
to achieve equally good TCOs that are
not indium-based is, therefore, extremely
important. One potential candidate for this
goal is Tin. Tin oxide (SnO,) is a wide-band
gap metal oxide that has outstanding opti-
cal properties and obtains its conductivity
via intrinsic or extrinsic doping.?* As an
example, high temperature (>500°C)
chemical vapor deposited fluorine-doped
tin oxide (SnO,:F, FTO) on glass is already
a commercially widely used TCO for
thin-film PV modules. For deposition on
temperature-sensitive devices, such as
silicon-heterojunction or metal-halide
perovskite-based solar cells, temperatures
need to be limited to max. 100-200 °C. Typical fabrication pro-
cesses of SnO, layers are atomic layer deposition,””) magnetron
sputtering,® 3! pulsed laser deposition,****! or reactive plasma
deposition,'® to name a few. Sputtering and reactive plasma
deposition, in particular, have been used to explore this TCO
alternative with the goal of an indium-free electrode, presumably
because they offer a large window of process parameter variation
to optimize for conductivity. In the case of non-extrinsically
doped SnO,, undercoordinated Sn atoms and oxygen vacancies
are considered charge carrier donors.”''% Recently, Koida et al.
presented SnO, films deposited by reactive plasma deposition
with charge carrier densities (N.) of up to 1.8 x 10°cm™? and
p as low as 1.3 mQ cm with non-intentionally heated (“cold”)
deposition conditions. After post-annealing at 200 °C of the same
films, N, was increased to 2.7 x 10*° cm ™2 with p lower than
1mQ cm.'®! Table 1 provides an overview of the properties of
SnO, films achieved in earlier publications compared to propet-
ties achieved in this work. According to this literature review, one
of the highest N, was achieved for a sputter-deposited SnO, film
at low temperatures. Please note that the values compared in this
table do not necessarily belong to films with the lowest p of the
respective study but to films with the highest achieved N..
Furthermore, the potential for improving the SnO,, film even fur-
ther is shown by adding heat during the deposition. With that
approach, a SnO, film resistivity of 3.4 mQ cm was achieved.
In this work, the optoelectrical behavior and structure of SnO,,
films prepared by radio frequency (RF) magnetron sputtering are
analyzed by systematically varying the oxygen content in the pro-
cess gas mixture and applying several temperature treatments.
The process gas consists of two contributions—a pure argon
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Table 1. Overview of depositions method, highest achieved ne, hall mobility (un), p, thickness (d), and reference (ref.) for SnO, films deposited at

moderate temperatures in previous publications.

Deposition method Ne [x10%°cm ™3 an [em? Vs p [mQcm] d [nm] References
Reactive RF magnetron sputtering at 100 °C 0.7 20.7 4.5 [31]
magnetron sputtering no intentional heating 1.29 8.00 5.6 99 [12]
Reactive RF magnetron sputtering at room temp. 1.41 121 3.7 285 [18]
RPD no intentional heating 1.8 25 13 <100 [16]
This work no intentional heating 15 7.7 5.3 92 -
This work “in-situ” 150 °C 1.7 1.1 3.4 89 -

(Ar) source and an argon-oxygen (ArO,) mix gas source, with a
ratio of Ar:O, of 97.5:2.5%. The oxygen content variation was
achieved by changing the ArO, flow rate from 2.8 to 8 sccm,
while the pure Ar flow rate was kept constant at 45 sccm.

The sputter deposition was carried out in a von Ardenne
CS520s at a power density of 0.8 W cm ™' (100 W applied power
to a 5-inch round, planar target) using a ceramic SnO, target that
was manufactured with a purity of 99.99%. Post-annealing was
performed following the deposition using a heating plate in the
air at 130 or 210 °C for 10 min. Quasi-in-situ sample heating was
carried out at a pretreatment station in the sputtering process
chamber at 150 °C for 10 min. For that, the sample was moved
to the position of the radiative heater before or after the sputter
coating. 1.1-mm thick Corning glasses were used as substrates.

The IZ0 film was sputter deposited via RF magnetron sput-
tering in a Roth & Rau MicroSys 200 PVD system on a quartz
glass substrate. The target used had a size of 2 inches and a com-
position of 90 wt% In,0; and 10 wt% ZnO (purchased from FHR
Anlagenbau GmbH). The RF power density was 4.21 W cm ™2,
and the oxygen content in the process gas was 0.25%.

The coating thicknesses were determined using RT measure-
ment and fitting the spectra with a Lorentz-Drude model. The
electrical properties p, N, and u, were determined from Hall
effect measurements with Van der Pauw geometry at a constant
magnetic field of 0.56 T at room temperature. The optical behav-
ior was measured with a UV-VIS-NIR double-beam Perkin Elmer
Lambda - 1050 spectrophotometer in the wavelength range from
250 to 2450nm. The film structure was analyzed by X-ray
diffraction with the CuKa line.

2. Results

2.1. Screening of Added Oxygen Ratio during the RF Sputter
Deposition

The conductivity of n-type TCOs is usually achieved by high dop-
ing with electron donors; in the case of tin oxide, oxygen vacan-
cies, and undercoordinated Sn cations could be sources of free
charge carriers."®”) During thin film fabrication, the oxygen
vacancies that is the amount of oxygen incorporated in the film,
can be influenced relatively easily by controlling the amount of
added oxygen during the sputter deposition process. With this in
mind, an experiment was carried out in which the oxygen content
in the process gas was varied systematically in order to adjust the
stoichiometry of the sputter-deposited SnO, layers precisely and
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to investigate the effects on the electrical and optical properties of
the resulting thin films. For this purpose, Hall measurements
and spectrophotometry measurements were carried out, and
the respective results are visualized in Figure la—c.

Both the electrical and optical properties of the SnO,
films show a clear dependence on the oxygen content in the
process gas.

N, reaches a value of 1.3 x 10*° cm ™2 at the lowest tested ArO,
flow rate of 2.8 sccm, increases to 1.5 x 102° em ™3 for ArO, flow
rates in the range of 3-3.6 sccm, and decreases for higher ArO,
flow rates from 1.4 x 10*°cm ™2 at 4 sccm ArO, flow to values
<1 x10®¥cm™3 for ArO, flow rates >5sccm. At 8 scem ArO,
flow, N. reaches the lowest observed value of 0.6 x 10%° cm 3.
py initially rises from 6.7 cm®Vs™! at 2.8 sccm ArO, flow to a
maximum of 8.2 cm? Vs at 4 sccm before decreasing for higher
ArO, rates of 5, 6, and 8sccm to 7.0, 6.3 and 3.5cm?Vs™!,
respectively. These values can be found in Figure la as well
as in Table 2.

It can be noted that the relationship between electrical prop-
erties and oxygen content is not linear. p reaches a minimum of
5.3 mQ cm at 3.4 sccm ArO, flow, which roughly corresponds to
the maxima of N, and py (at 3.4sccm: 1.5 x 10%cm 3 and
7.7 cm? Vs '), and is higher for both less and more oxygen con-
tent in the process gas. In fact, the highest measured value for uy
is 8.2cm” Vs~ ! at 4 sccm oxygen flow and, therefore, is slightly
higher than for the 3.4 sccm films. However, the lower N, of
1.4 x 10°°cm™ dominates the equation for the resistivity
p = Ry - d = (Ne- piyg- €)1, which leads to a slightly higher value.

The influence of varying oxygen amounts in the process gas
during film fabrication on the optical properties of the thin film is
shown in Figure 1b,c. In particular, the optics in the long-
wavelength range for wavelengths above 1000 nm show a strong
dependence on the oxygen content. The transmittance in this
range increases gradually with the oxygen flow, and the higher
the wavelength, the greater the increase. At 2400nm, the
transmittance increases by 20% over the observed range, from
~67% for 2.6 sccm ArO, flow to ~87% for 8 sccm ArO, flow.
This increase in transmittance with increasing oxygen content
in the process gas clearly correlates with the reduction in absorp-
tance in the same spectral range, while the reflectance hardly
changes in this range. In fact, it can even be observed that for
films deposited at 5 sccm ArO, or more, the reflectance increases
slightly. For an ArO, flow of 8 sccm the reflectance for that range
increases by ~#3% in the range from 1000 to 2200 nm compared
to the reflectance of films fabricated at 4 sccm ArO, or less.
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Figure 1. Results of the oxygen variation of SnO, thin films deposited on corning glass with regard to the a) electrical properties represented by carrier
density (N.), mobility (), and resistivity (p), and b,c) optical properties, displaying the transmittance and reflectance, and the thereof calculated

absorptance, respectively.

Table 2. Electrical parameters and film properties of SnO, thin films, at the

corresponding ArO, flow rates.

ArO, flow N, Hh p d Eg Ey
[scem] [x10%cm™*  [ecm?Vs']  [mQcm] [nm] [eV]  [meV]
2.8 1.3 6.7 7.1 92 33 621
3 1.5 7.1 5.9 92 33 703
3.2 1.5 6.8 6.2 92 33 71
34 1.5 7.7 53 92 33 713
3.6 1.5 7.6 5.5 91 33 770
4 1.4 8.2 5.6 90 33 858
5 0.9 7.0 10.1 92 33 695
6 0.7 6.3 15.3 87 3.2 187
8 0.6 3.5 289 87 32 161
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For wavelengths below 800 nm, a further dependence of the
absorption on the oxygen content can be observed, which is
shown in Figure 1lc. Here, too, the absorption gradually
decreases with increasing oxygen content in the process gas.
The change in absorption in this wavelength range can generally
be explained by two mechanisms. Either it is due to a change in
band-to-band absorption, that is absorption of photons with an
energy corresponding to the optical band gap of the material,
which would correspond to a change in the optical band gap (Ej),
or a change in sub-band absorption for example via band-tail
states within the band gap, so-called Urbach tails. We plotted
the absorption coefficient (@) in a semi-logarithmic scale and
(@E)'/? as a function of photon energy (Epn) (see Figure 3a,b),
which reveals that the band gap absorption shifts only a little
depending on the tested ArO, flow range, but the sub-band
gap absorption, often quantified by the Urbach energy (Ey),
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exhibits a strong dependence on the oxygen content. The
values extracted by linear fittings for E, ((aFEpn)'/? o Eyy) and
the Urbach energy, calculated following the Urbach relation
a(Epn) = ag-exp(—Epn/Ey), can be found in Table 2. The calcu-
lated E, values for all films fabricated of ArO, flow rates between
2.8 and 5scam is 3.3eV, and for higher ArO, flows of 6 and
8sccm, E; seems to shift to lower energies according to
Figure 2b) slightly and is calculated to be ~3.2eV. As already
seen from the absorption coefficient in Figure 3a), the sub-band
gap absorption shows a strong dependency on the ArO, flow rate.
From 2.8 sccm ArO, to 4 sccm ArO,, the calculated Ey increases
gradually from 621 to 858 meV. At 5sccm ArO,, Ey first
decreases slightly to 695 meV, and at 6 and 8 sccm ArO, Ey
decreases dramatically to 187 and 161 meV, respectively.
Interestingly, this trend is roughly the same for uy.

2.2. Different Temperature Treatments during and after Sputter
Deposition

Thermal post-annealing is a commonly used method to
modify the electrical and optical properties of TCOs, such as
ITO. Often higher conductivities can be achieved by reducing
defects, thermal activation, and stimulating crystalliza-
tion.'*!81% Depending on the application, however, the under-
lying layer system sets thermal limits. For example, metal-halide
perovskite-based solar cells can withstand temperatures of only
up to 130-150 °C for a short time,** and silicon heterojunction
solar cells are typically treated with temperatures of up to
210 °C.2*?% post-annealing treatments of 10 min in air and tem-
peratures of 130 and 210 °C were thus tested for the SnO,, layers
with the lowest resistivity from the test series in Section A). In
addition, two quasi-in-situ heating options were investigated in
the sputtering chamber for the same process conditions. Firstly,
the substrate was preheated at 150 °C for 10 min directly before
coating, and secondly, the substrate was preheated and post-
heated at 150 °C for 10 min each. Optically, the films prepared
at 3.4 sccm ArO, flow rate and which have received no or differ-
ent temperature treatments do not differ as significantly as under
varying oxygen flow rates (see Figure 3). Nevertheless, a slight
trend for transmittance and absorptance in the long wavelength
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range can be observed. While in this range, layers that have
received an in-situ pre- and post-heating show a slight increase
in absorptance and reduction in transmittance, as well as a reduc-
tion in reflectance between 800 and 2000 nm, compared to the
3.4 sccm as-deposited layer, an opposite trend is observed for
all other temperature treatments for transmittance and absorp-
tance beyond 1000nm. Both the in-situ pre-treatment at
150 °C and the post-annealing at 130 and 210 °C lead to a slight
reduction in absorptance and an increase in transmission in the
long wavelength range. A very similar trend can be observed for
the charge carrier density (see Table 3). While the in-situ pre- and
post-heating leads to an increase in charge carrier density to
1.7 x 10°° cm™> compared to the unheated 3.4 sccm ArO, sam-
ple, which has a charge carrier density of 1.5 x 10*° cm >, the
charge carrier density for all other temperature treatments drops
to 1.4 x 10*°cm >,

The Hall mobilities of as-deposited, 130 °C post-annealed and
210 °C post-annealed SnO,, films prepared at 3.4 sccm ArO, flow
rate are 7.7, 8.9 and 6.7cm”Vs ', respectively. Significantly
higher Hall mobilities were achieved by the in-situ temperature
treatment. Pre-treatment at 150 °C resulted in Hall mobilities of
10.1 cm® Vs™! for films produced at 3.4 sccm ArO, flow rate, and
pre- and postheating resulted in Hall mobilities of
11.1cm? Vs ™. The p, which results from the charge carrier den-
sity and charge carrier mobility, follows these trends. It increases
from 5.3 mQ cm for the as-deposited SnO, layers to 6.7 mQ cm
for 210 °C post-annealed SnO, layers, while for the in-situ pre-
and post-heating, it leads to the lowest p of this experiment of
3.4mQ cm.

Furthermore, Ey and E; were calculated from linear fits of the
absorption coefficient (@) and with the help of the Tauc plot by
plotting (ahv)'/* as a function of E,, to investigate the impact of
the temperature treatment on the absorptance for wavelengths
<800 nm (Figure 3b—d). The calculated E, exhibits no significant
temperature treatment-depending change, while a slight shift of
the absorption coefficient toward lower energies can be seen for
films that were pre-treated at 150 °C (Figure 3c). For all films, E,
was calculated to be 3.3 eV. The absorptance changes for wave-
lengths <800 nm mainly stem from the small changes in the
sub-gap absorption. The corresponding calculated values for

(b)
1,600 T T T T T T
o 1,400 | —%
< 1,200 g
< 1,000 %
£ B
ji goofs |
- 32 33 34 35 36 37 /4
2 600 - photon energy (eV) 4
3 400} |
200} ]

0 — ’ PR L
16 20 25 30 35 40 45
photon energy (eV)

Figure 2. a) Absorption coefficient a(Eph) calculated as a(Epn) = —1/d - In(T(Epn) / (1—R(Epn)), and b) Tauc plot with an inset showing a zoomed-in view of
the intersection region where the linear interpolation meets the x-axis. Data corresponds to SnO, films deposited on glass under varying oxygen content.
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Figure 3. Optical properties of SnO, films that received various heat treatments compared to a conventional 1ZO thin film (light blue), displaying
a) the transmittance and reflectance, b) the thereof calculated absorptance, c) the absorption coefficient, and d) the Tauc plot with an inset showing
a zoomed-in view of the intersection region where the linear interpolation meets the x-axis.

Table 3. Electrical parameters and film properties of SnO, thin films, depending on various heat treatments and in comparison to a conventional
1ZO thin film.

Ne [x10%°cm 3] iy [em? Vs p [MQcm] d [nm] Eq [eV] Ey [meV]
3.4 sccm as-deposited 1.5 7.7 5.3 92 33 713
3.4 sccm 130°C anneal 1.4 8.9 4.9 92 33 716
3.4 sccm 210°C anneal 1.4 6.7 6.7 92 33 691
3.4 sccm 150 °C before (bf) 1.4 10.1 4.3 86 33 784
3.4 sccm 150 °C bf + after 1.7 1.1 3.4 89 33 821
1ZOo 2.9 49.5 0.4 100 2.7 167

the Ey can be found in Table 3. While annealing at 130°C does 784 meV for the pre-treatment and 821 meV for the pre- and
not cause a significant change in Ey compared to as-deposited  post-heating at 150 °C.

layers (716 and 713 meV, respectively), annealing at 210 °C leads Compared to a conventional IZO film, which is often used as a
to a reduction in Ey to 691 meV. On the other hand, the in-situ  transparent front electrode in solar cells, the SnO,, has a funda-
treatments at 150°C led to a significant increase in Ey to  mentally similar optical behavior. However, the band gap
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absorption of I1Z0O is shifted toward higher wavelengths, which
equates to a smaller Eg, which is calculated here to be 2.7 eV. On
the other hand, the sub-gap absorption between 500 and 800 nm
is significantly lower for IZO than for the SnO, films, which is
well visible in Figure 3. The calculated Urbach energy for IZO is
167 meV—a value close to that of SnO, at high ArO, flow rates.
However, at 0.4 mQ cm, the p of IZO is significantly lower than
the best p achieved for SnO, in this experiment, which is primar-
ily due to a significantly higher N, of 2.9 x 10**cm > coupled
with a significantly higher uy of 49.5 cm? Vs,

3. Discussion

This study shows that the optical and electrical properties of
SnO, thin films deposited by RF magnetron sputtering from a
ceramic SnO, target depend significantly on the oxygen content
during sputter deposition, as well as on thermal treatments. With
this optimization of the oxygen content in the process gas in a
cold sputter deposition process, carrier densities as high as
1.5 x 10* cm™* were achieved, and by applying a pre- and
post-heating step at 150 °C, N, was increased to 1.7 x 10%° cm 3,
which is, to the best of our knowledge, amongst the highest
reported N, for SnO,, deposited by sputter deposition at low tem-
peratures. Charge carrier donors in the case of SnO, can be oxy-
gen vacancies or undercoordinated Sn cations. The dependency
of the free charge carriers in the SnO, films on the oxygen con-
tent of the process gas in this experiment was demonstrated on
the one-hand side by the N, measured in Hall and on the other-
hand side by the absorptance of the layers for wavelengths
greater than 1000 nm, where free carrier absorption occurs.
The increasing absorptance, which correlates well with an
increasing N, results from photon interactions with free charge
carriers. Films prepared with an ArO, flow of 8 sccm, exhibiting
the lowest N, of 0.6 x 10%° cm ™3, also showed the lowest absorp-
tance in that range. In contrast, films prepared with 3.6 sccm
ArO,; or less, with N, of up to 1.5 x 10?° cm™3, demonstrated
the highest absorptance. These observations strongly suggest
that the number of free charge carriers in SnO, films directly
depends on the oxygen content in the process gas.

Besides the change in absorption in the NIR, there is also a
visible influence of the ArO, flow on the absorptance for wave-
lengths <800 nm. Although a reduction in E, of 0.1eV can be
observed for ArO, fluxes of 6 and 8 sccm, the most significant
change in this range appears to correlate primarily with the
change in sub-band gap absorption. We first attempted to quan-
tify this absorption using the Urbach tail approximation, which
assumes that sub-gap absorption follows an exponential shape.
The formation of such an exponential absorption tail, also known
as the Urbach tail, is associated with phenomena such as struc-
tural disorder (defect density, grain boundaries, or lattice strain),
ionized impurities, and phonon-charge carrier interactions.!"**!
Using this method, values for Ey as high as 620-860 meV were
calculated for films with the highest N, of ~1.3-1.5 x 102 em 3,
while values for Ey of <200 meV were calculated for films fabri-
cated at high ArO, flow rates with lower values for N. of
0.7 x 10*° cm ™ and less, which would indicate that the concen-
tration of ionized impurities potentially significantly impacts Ey.
However, despite the observed reduction in Ey for higher ArO,
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flow rates, no increase in py can be observed, which would be
expected if ionized impurities are reduced. y;; depends on elec-
tron scattering events, like scattering at ionized impurities or
structural disorder, which results in the reduction of pgy.2*%!
Interestingly, despite the reduction in Ey, which equates to a
reduction of film disorder, uy is also reduced. However, a closer
look at the absorption within the band gap of films fabricated
at ArO, flows below 6 sccm reveals that it does not follow the
typical exponential behavior characteristic of Urbach tails. In
the semi-logarithmic plot of the absorption coefficient, which
for classical Urbach tails should exhibit a linear region within
the bandgap—allowing the Urbach energy to be determined
from its slope—regions with varying slopes appear instead
(see Figure Sla,b, Supporting Information). This suggests that
there is not a single dominant absorption process associated
with, for example, disorder, but rather a combination of effects.
We, therefore, ask ourselves whether the Urbach approximation
approach to quantifying sub-gap absorption is valid at all or
whether we are extremely overestimating the actual Urbach tails.
The multiple slopes could hint at the presence of absorption
peaks within the bandgap. These potential absorption peaks dis-
appear at an ArO, flow of 6 sccm and more, which led to a sig-
nificant drop in the calculated values for Ey from ~700 meV at
5 sccm ArO, flow to less than 200 meV at 6 sccm. Such absorp-
tion peaks could originate, for example, from localized states,
which may be caused by defects such as oxygen vacancies or
interstitials introducing discrete electronic states within the band
gap or from the overlap of different band gaps within the film.
However, as discussed above, one would expect that the disap-
pearance of scattering centers, such as localized defects, would
lead to a significant increase in uy. We, therefore, suspect that
the sub-gap absorption could rather be explained by the overlap
of different band gaps. Such overlap could arise from the mixing
of different structures, such as amorphous and crystalline
regions, or from the presence of a secondary phase with a smaller
band gap in the film."®**) XRD measurements (see Figure S1,
Supporting Information) of unheated films at 3.4, 5, and 8 sccm
ArO, flow rates reveal that all films are amorphous, which gives
no indication of crystallization for layers fabricated at higher oxy-
gen flow rates. Therefore, it is noteworthy that these changes,
besides the reduction in ionized impurities, may be explained
by an oxygen content-dependent transition from a mixed phase
of SnO (tin(II) oxide) and SnO, (tin(IV) oxide) to a SnO,-like film
at high ArO, flow rates and which impacts charge carrier donors
(see Table 4).'%*”) Similar observations were made by Koida
et al.'®! Interestingly, both N, and uy; decrease simultaneously

Table 4. SnO, phase, oxidation states of Sn and coordination number.

Description Oxidation  Coordination
state number
SnO (tin(ll) oxide) Sn** 4
Increasing Oz|  oxygen-deficient SnO, (tin(1V) oxide), Sn** 4
undercoordinated due to missing
oxygen atoms®?!
SnO, (tin(IV) oxide), fully Sn** 6

coordinated®®?
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with the reduction in calculated alleged Ey, suggesting a direct
correlation. This indicates that the secondary phase may
contribute not only optically but also electrically, potentially
acting as a charge carrier donor. When the sub-gap absorption
transitions from multiple slopes to an exponential decay, N,
decreases, resulting in a decline in py. In amorphous materials
with low N, charge carrier transport is often limited due to car-
rier trapping in localized states, which results in a carrier move-
ment described by hopping.*®! At higher charge carrier densities,
the Fermi level shifts upward, partially filling these states and
reducing their impact on carrier transport. As a result, free
carriers can move more efficiently at sufficiently high densities
without Dbeing significantly hindered by trapping effects.
However, to investigate this relationship in more detail, further
measurements such as Rutherford backscattering spectrometry
would be necessary, which determines the film’s atomic density
and composition, i.e., the O/Sn ratio, and which goes beyond the
scope of the letter.

None of the temperature treatments caused the SnO, films to
crystallize. In the literature, crystallization is reported for temper-
atures of 400 °C and higher, while an amorphous structure is
retained up to 300 °C.[***”! Post-deposition annealing had vary-
ing effects on the films. In this experiment, neither the 130 °C
nor the 210 °C post-annealing treatment increased charge carrier
density. As opposed to the results by Koida et al. where post-
annealing at 200 °C led to an increased charge carrier density
for their RPD SnO,,!* we, instead, observed a slight reduction
in N, from 1.5 x 10°*cm™* (as-deposited) to 1.4 x 10*°cm™>
after annealing at either temperature. This is corroborated by
lower absorption in the long-wavelength range, which reflects
reduced free carrier absorption. One explanation for this could
be that some undercoordinated Sn atoms increase their coordi-
nation number by filling missing oxygen atom sites with oxygen
from the atmosphere during post-annealing, as explained in
Table 4. uy exhibited only minor changes with post-annealing.
Post-annealing at 130°C slightly increased mobility to
8.9cm?Vs™!, potentially due to the healing of film defects or
the deactivation of oxygen vacancies (ionized impurities).
However, annealing at 210°C notably reduced uy to
6.7 cm?® Vs, again.

Pre-treatment of the substrate at 150 °C before deposition for
10 min significantly increased py to 10.1 cm? Vs~ compared to
films without pre-treatment. This improvement likely results
from enhanced substrate surface diffusion of sputtered atoms
during deposition due to the preheated substrate, facilitating
improved film growth conditions.”>*” A combination of pre-
and post-heating yielded the lowest p of this study by achieving
the highest N, of 1.7 x 10?° cm ™ paired with the highest yi; of
11.1cm? Vs~ Interestingly, others reported highest values in
their study of uy; and N, for SnO,, sputter deposited at room tem-
perature, while applying a substrate temperature of 100 °C or
more during the sputter deposition would lead to reduced values
and increased resistivity of their films, for which they also
reported the onset of crystallinity.!'®*'3? The difference to this
work is, however, that these depositions were reactive, which
might lead to fundamentally different growth conditions.
When looking at the absorption coefficient in Figure 3c) it seems
like none of the heat treatments have a major impact on the struc-
ture of the films. While small changes in the slope can be
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observed Figure 2d), the different temperature treatments do
not significantly impact on the overall absorption behavior within
the band gap. However, in order to replace indium-based TCOs
such as IZO or ITO in optoelectronic applications, the p of these
SnO,, layers must be reduced even further. These commonly
used TCOs yield p of 1 mQ cm and less.!! The lowest p of this
study was 3.4 mQ cm, achieved by “in-situ” pre- and post-heating
at 3.4 sccm ArO, flow rate, which is still more than eight times as
high as the presented p of IZO, due to the lower N, and .
Nonetheless, the results of this study give a promising outlook
on the effectiveness of heating during the deposition process.
Depending on the limits set by the substrate, it can be assumed
that the p of the SnO, layers can be reduced even further with an
optimized heating process.

4, Conclusion

Our study demonstrates that the optoelectronic properties of
SnO, films produced via RF magnetron sputtering with a
ceramic target strongly depend on the amount of oxygen added
to the process gas. Without intentional heating or post-deposition
annealing, we were able to fabricate a SnO, film with a
sheet resistance of 5.3mQcm, a carrier concentration of
1.5x10°cm™>, and a carrier mobility of 7.7cm?Vs™'.
However, this layer exhibits significant absorption in the visible
range for wavelengths below 800 nm, likely due to a secondary
phase (SnO) within the film, which has a smaller optical
bandgap. We hypothesized that films produced in our experi-
ments with ArO, fluxes below 6 sccm consist of a mixed-phase
structure containing SnO, and SnO-like regions. Furthermore,
we believe that the secondary phase also has an electrical contri-
bution, as both charge carrier density and mobility decrease
when the sub-gap absorption vanishes. By applying pre- and
post-treatment at 150 °C in the sputtering chamber, we further
reduced the sheet resistance to 3.4 mQ cm by increasing both
the carrier density to 1.7 x 10’ cm™> and the carrier mobility
to 11.1 cm® Vs ™. To the best of our knowledge, this carrier con-
centration represents the highest reported value for a SnO, layer
produced by magnetron sputtering.
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