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Ta-doped SnO2 (TTO) is a suitable candidate to replace transparent conductive oxide (TCO) composed of expen-
sive indium used for optoelectronics and silicon heterojunction solar cells fabricated below 200 ◦C. However, TTO films
fabricated by sputtering at low temperature still demonstrate too high resistance and optical absorptance for application in
industry. In this study, we investigate the influence of sputtering ambient on the optoelectrical properties of TTO films. The
addition of hydrogen and oxygen to argon during sputtering leads to a large improvement in the optoelectrical properties of
TTO films. The best TTO film has a low average absorptance of 1.9% and a low resistance of 3.8×10−3 Ω·cm with a high
carrier density of 9.3× 1019 cm−3 and mobility of 17.8 cm2·V−1·s−1. The microstructural and compositional properties
of TTO films were characterized using x-ray diffraction, x-ray photoelectron spectroscopy and UV–Vis spectrophotome-
try. A proper ratio of hydrogen to oxygen in the sputtering gas improves the crystallinity and the doping efficiency of Ta.
Optical absorptance is also reduced with suppressed formation of Sn(II) in the TTO films. Therefore, our findings exhibit
remarkable potential for the industrial application of TTO as a low-cost TCO.

Keywords: transparent conductive oxide (TCO), magnetron sputtering, ambient, Ta-doped SnO2, H2
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1. Introduction

Transparent conductive oxides (TCOs) fabricated in pro-
cesses below 200 ◦C play a vital role in low-temperature op-
toelectronic applications, including thin-film transistors, sili-
con heterojunction (SHJ) solar cells, etc.[1,2] Heavily doped
wide-bandgap oxide semiconductors, such as In2O3, ZnO and
SnO2, have served as conventional transparent electrode mate-
rials for decades.[3] These materials exhibit exceptional elec-
trical conductivity attributed to Fermi level shifting into the
conduction band, leading to high free-carrier concentrations.
The wide band gap effectively suppresses interband transi-
tions in the visible spectrum due to their high energy require-
ments, resulting in excellent optical transparency. These su-
perior optoelectronic characteristics establish doped In2O3 as
the predominant TCO material in practical applications.[4,5]

However, the limited natural abundance of indium combined
with elevated production costs makes In2O3-based TCOs a key
cost-reduction challenge in large-scale industrial manufactur-
ing.

Doped ZnO has emerged as a prominent alternative TCO
material offering significant cost advantages.[6] Nevertheless,
the strong ionic character of zinc renders ZnO insufficiently

stable for corrosive back-end processes. Consequently, SnO2

thin films are gaining substantial research interest due to their
desirable optoelectronic performance and enhanced chemical
stability.[7]

SnO2 films are typically deposited via physical vapor
deposition (PVD), chemical vapor deposition (CVD) or al-
ternative techniques.[8] Film characteristics are governed by
crystallization quality, defect states and impurity incorpora-
tion. Among them, magnetron sputtering growth is an efficient
and economical PVD technique for low-temperature thin-film
growth. Intrinsic SnOx has achieved notable advancements in
heterojunction solar cells,[9] yet its exceptional optoelectronic
properties remain insufficiently investigated. Other SnO2-
based doped TCO materials, however, have been extensively
explored as well.[10] F-doped SnO2 (FTO) demonstrates high
quality when fabricated using high-temperature spray pyroly-
sis, but suffers from intrinsic self-compensation defects at in-
terstitial positions under heavy F doping.[11] Sb-doped SnO2

(ATO) has garnered attention for its high carrier concentra-
tion, though Sb doping induces conduction band minimum
(CBM) bending that elevates carrier effective mass and con-
strains maximum theoretical mobility,[12] as experimentally
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verified.[13]

Ta(V) (ionic radius: 69 pm) exhibits near-identical di-
mensions to Sn(IV) (71 pm), enabling minimal lattice strain
in SnO2 while maintaining effective donor behavior. Reso-
nant Ta doping has been theoretically demonstrated to reduce
hybridization between the CBM and dopant states through its
5d orbital characteristics, resulting in reduced carrier effec-
tive mass (via ab initio density functional theory calculations)
and enhanced mobility exceeding 25 cm2·V−1·s−1, superior to
Sb-doped SnO2 (ATO) in experimental comparisons.[13] High-
performance Ta-doped SnO2 (TTO) films with resistivity <

10−3 Ω·cm can be fabricated via magnetron sputtering,[14]

pulsed laser deposition,[15] and sol–gel spin coating.[16] No-
tably, sputtered TTO films achieved record-low resistivity
(5.4 × 10−2 Ω·cm), though requiring high-temperature pro-
cessing (600 ◦C) that precludes low-temperature industrial
applications.[17]

In this study, we aim to optimize the optoelectronic prop-
erties of TTO films using RF magnetron sputtering under
controlled atmospheric conditions below 200 ◦C. The de-
position atmosphere critically influences film microstructure
through chemical bonding configurations and defect formation
mechanisms,[18,19] both of which govern electronic properties.
In SnOx systems, the coexistence of Sn(IV) and Sn(II) oxida-
tion states, modulated by oxygen activity, directly impacts de-
fect chemistry and electronic structure.[20] Rutile-phase SnO2

(band gap ∼ 3.8 eV) dominates high-performance TCOs, out-
performing SnO in both optical transparency and electrical
conductivity,[8] highlighting the need to suppress Sn(II) for-
mation during growth.

Hydrogen incorporation during sputtering exerts dual
functionality in tin oxide systems, acting as a donor species
while simultaneously modifying crystallinity and chemical
bonding.[21] Despite its critical influence, the detailed inves-
tigation of H effects on modulating TTO microstructure and
optoelectronic properties unfortunately remains very limited.
To address this significant issue, we systematically introduced
O2 and/or H2 into the sputtering environment to elucidate at-
mospheric effects. Our findings reveal that hydrogen acts as
a surfactant, enhancing TTO crystallinity and Ta doping effi-
ciency. Synergistically with oxygen, H effectively suppresses
Sn(II) formation, thereby reducing optical absorption centered
at ∼ 500 nm. These advancements endow TTO films with
exceptional optoelectronic performance, positioning them as
cost-effective TCO candidates for low-temperature applica-
tions.

2. Experimental methods
2.1. Sample preparation

All samples studied in this paper are named TTO:OxHy,
where x and y represent original high-purity O2 and H2 par-

tial pressures, PO and PH (×10−3 Pa), before 7.6× 10−2 Pa
Ar mixes in the growth chamber measured with an ionization
gauge. The base pressure is about 4×10−4 Pa. The gate valve
of the vacuum system was adjusted to change the gas pressure
for initial discharge and normal growth. The TTO films were
prepared in a homemade RF magnetron sputtering system us-
ing a 2 inch hot-pressed SnO2 target that was doped with
4.12 wt.% Ta2O5. An RF power density of 153 mW·cm−2,
a growth temperature of 180 ◦C and a working pressure of
0.4 Pa were chosen as the growth parameters for all samples
that were grown on 30 mm× 30 mm glass substrates cleaned
beforehand with ethanol, acetone and deionized water each for
20 min in a home-made sputtering system. After sputtering for
28 min, the mass flow controllers for O2 and H2 were closed,
and each sample was annealed in situ at the same temperature
in argon ambient for 20 min to release possible bubbles of H2

or O2 as well as surplus H from the films.

2.2. Film characterization

The thicknesses of TTO films were determined using a
HITACHI Regulus 8100 field-emission scanning electron mi-
croscope (SEM). Transmittance and reflectance spectra were
obtained using a HITACHI UH4150 UV-Vis spectrophotome-
ter at a wavelength range between 240 nm and 1500 nm,
while the Hall measurement was performed with an Ecopia
HMS 3000 system to obtain the carrier concentration, mo-
bility and resistivity at room temperature. A Bruker D8-
ADVANCE x-ray diffractometer (XRD) with Cu Kα radia-
tion was used to acquire the crystallinity and structural prop-
erties. Thermo Fisher ESCALAB XI+ x-ray photoelectron
spectroscopy (XPS) with Al Kα radiation was applied to eval-
uate the chemical status and relative content.

3. Results and discussion
3.1. The effect of O2 or H2 on film properties

In order to explore how ambient affects the performance
of TTO films, two samples, TTO:O1H0 and TTO:O0H1, were
individually prepared by adding O2 or H2 into Ar atmosphere
during sputtering. The partial gas pressures of oxygen and
hydrogen (PO, PH) are listed in Table 1 together with their
optoelectrical properties. The thicknesses D were obtained
by SEM. For comparison, sample TTO:O0H0 was also listed,
which was sputtered with argon only. The Hall effect measure-
ment system and UV-Vis spectrometer were used to evaluate
the optical and electrical performance of TTO films, obtaining
the resistivity (ρ), carrier concentration (ne), mobility (µ) and
average transmittance (Tavg) of films, as shown in Table 1. Tavg

is calculated from the transmittance spectra shown in Fig. 1(a)
according to

Tavg =

∫
Φ (λ )T (λ ) dλ∫

Φ (λ ) dλ
, (1)
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where Φ(λ ) is AM1.5G spectral irradiance and the wave-
length range of integration is from 400 nm to 1200 nm. It
should be noted that the reflectance spectrum, as shown in
Fig. 1(a), has a strong impact on the transmittance spectrum
of the films. Furthermore, the reflection spectrum strongly
depends on film thickness while it acts as the anti-reflection
layer. Consequently, the reflection minimum shifts with vary-
ing thickness. To minimize thickness dependence and better
evaluate optical properties, we analyze absorption (A) rather
than transmittance, which is calculated as follows:

A(λ ) = 1−T (λ )−R(λ ) . (2)

Herein, Aavg represents the parasitic absorption of the film, i.e.,
lower Aavg implies higher effective transmittance. Aavg is sim-
ilarly determined following the same methodology as Tavg and
the results are presented in Table 1. As shown in Table 1,
TTO:O1H0 fabricated in ambient with oxygen has a lower Aavg

(1.7%) than that of TTO:O0H0, while the Aavg of TTO:O0H1

is the highest.
The absorption spectra in logarithmic coordinate of all

three samples are plotted in Fig. 1(b). There are two main re-

lated absorption ranges with defects at short-wavelength range
and free-carrier absorption at long-wavelength range, respec-
tively. In the short-wavelength range from 400 nm to 600 nm,
TTO:O0H1 has the highest absorption, while the absorption of
sample TTO:O1H0 is the lowest. It is well known that oxy-
gen vacancy (VO) in SnO2 is a ubiquitous deep-level defect
and has different photoluminescence peaks at ∼ 430 nm and
∼ 501 nm.[22] TTO:O0H0 was grown under oxygen-poor con-
ditions resulting in the formation of VO in the film. Further-
more, the Ar+H2 ambient makes oxygen scarcer due to the
reaction of H with O. This leads to the formation of higher
concentration of VO in TTO:O0H1. The introduction of oxy-
gen during sputtering suppressed VO formation, thereby elim-
inating the ∼ 500 nm absorption in TTO:O1H0. Meanwhile,
the free-carrier absorption in degenerate TCOs dominates the
long-wavelength absorption, further explaining the minimal
absorption of TTO:O1H0 due to its lowest carrier concentra-
tion. Surprisingly, TTO:O0H1 exhibits lower long-wave ab-
sorption than TTO:O0H0 despite its higher carrier density, po-
tentially due to hydrogen-induced conduction band modifica-
tion, which should be further investigated.

Table 1. Fabricating parameters and optoelectrical results of TTO films fabricated under different atmospheres: O2 +Ar (TTO:O1H0), H2 +Ar
(TTO:O0H1) and pure Ar (TTO:O0H0) as reference.

Sample PO (10−3 Pa) PH (10−3 Pa) Tavg (%) Aavg (%) ρ (10−3 Ω·cm) ne (1019 cm−3) µ (cm2·V−1·s−1) D (nm)

TTO:O0H0 0 0 80.2 2.9 7.9 6.1 12.9 109
TTO:O1H0 1 0 77.9 1.7 56.7 0.8 13.0 82
TTO:O0H1 0 1 79.8 3.8 9.5 6.5 10.1 120
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Fig. 1. Optical and electrical properties of TTO films deposited under different atmospheres: O2 +Ar (TTO:O1H0), H2 +Ar (TTO:O0H1), and
pure Ar (TTO:O0H0) as reference. (a) Optical transmittance (T ) spectra represented by a solid line and reflectance (R) spectra by a dashed line;
(b) optical absorption (A) spectra; (c) Tauc plots and fitted optical energy gap and (d) resistivities (ρ) in black, mobilities (µ) in blue and carrier
concentrations (ne) in red, obtained by Hall measurement with guidelines.

077303-3



Chin. Phys. B 34, 077303 (2025)

A Tauc plot is shown in Fig. 1(c) to investigate the optical
band gap (Eopt) of these samples determined by

(αhν)2 =C
(
hν −Eopt

)
, (3)

where α is the absorption coefficient calculated from[23]

α =
1
D

ln
100−R(ν)

T (ν)
, (4)

where D is the film thickness, C is a constant and hν is the
photon energy. TTO:O1H0 has the narrowest optical band
gap at 3.76 eV identical to intrinsic SnO2 at ∼ 3.8 eV.[24]

This can be ascribed to its low free-carrier concentration
(8.5× 1018 cm−3), which is still not enough for transforma-
tion into degenerate semiconductor. The other two samples
sputtered without oxygen have higher carrier densities result-
ing partially from the higher concentration of VO, which is
a donor in SnO2.[25] They have wider optical band gaps than
those of TTO:O1H0 due to the Burstein–Moss shift.

For the electrical performance of n-type TCOs, it is
known that the resistivity is calculated as follows:

ρ =
1

neqµ
, (5)

where q is the carrier charge constant. TTO films deposited
in pure argon (TTO:O0H0) or argon-hydrogen mixtures
(TTO:O0H1) demonstrate low resistivity (7.9 × 10−3 Ω·cm
and 9.5 × 10−3 Ω·cm) and elevated carrier density. On the
other hand, TTO film grown in Ar mixed with O2 has much
higher resistivity (5.7×10−2 Ω·cm) with a low concentration
below 1019 cm−3. Figure 1(d) reveals that neither oxygen nor
hydrogen alone in the argon sputtering atmosphere achieves
optimal optoelectrical performance.

XPS characterization and fitting were performed on these
samples to investigate the electronic states of Sn in SnO2, as
shown in Fig. 2(a). Tin oxides exhibit distinct stoichiometric
states: Sn(IV) in SnO2 and Sn(II) in SnO. Oxygen deficiency
promotes SnO formation in SnOx (x < 2), reducing the optical

band gap and transparency.[26] Thus, Sn(II) content critically
determines the TCO performance of SnOx. Here, we test the
content of Sn(II) by peak fitting of Sn 3d5/2 and Sn 3d3/2 in the
XPS spectra, as shown in Fig. 2(a), where the peak positions
are located at ∼ 486 eV and 495 eV, respectively.[27] Each
peak profile has a contribution from Sn(IV) and Sn(II) with
a binding energy difference of 0.7 eV. Deconvolution of the
Sn 3d5/2 peak (∼ 486 eV) reveals two components: Sn 3d5/2

(IV) at 486.8 eV (blue) and Sn 3d5/2 (II) at 486.1 eV (red), as
shown in Fig. 2(a). The Sn(II) content of Sn can be estimated
semiquantitatively by the ratio of the red peak area to the to-
tal area of the blue and red peaks. Figure 2(a) clearly shows
that TTO:O0H1 has the highest ratio among all three samples,
indicating the highest Sn(II) content. The addition of hydro-
gen to sputtering gas raised the Sn(II) content of Sn in TTO
film. The high content of Sn(II) also contributes to the severe
absorption of TTO:O0H1 at short-wavelength range, forming
a broad peak in the absorption spectrum in Fig. 1(b). Con-
versely, TTO:O1H0 shows minimal red peak intensity, indicat-
ing low Sn(II) content. O2 addition to the Ar gas reduces the
formation of Sn(II) as well as VO, reducing short-wavelength
absorption.

XRD is performed to investigate the film microstructures
in different ambient [Fig. 2(b)]. TTO films grown under hy-
poxic conditions (TTO:O0H0 and TTO:O0H1) are prone to
form polycrystal with a main XRD peak of rutile SnO2 (101).
Meanwhile, the addition of H2 turns rutile SnO2 (211) in
TTO:O0H0 into (112) in TTO:O0H1. In contrast, TTO film
sputtered in argon with oxygen shows an amorphous struc-
ture. Oxygen incorporation was found to inhibit the growth
of (101) as well as other orientations. No peaks involving Ta
were observed, implying that there is no phase separation re-
lated to Ta. In general, TTO films deposited in argon with
either oxygen or hydrogen alone exhibit insufficient optoelec-
trical properties for device applications. Optimal performance
requires balancing optical transparency and electrical conduc-
tivity in TTO films.
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Fig. 2. Sn content and structure of TTO films deposited under different atmospheres: O2 +Ar (TTO:O1H0), H2 +Ar (TTO:O0H1), and pure Ar
(TTO:O0H0) as reference. (a) XPS spectra of the Sn 3d core level measured after argon plasma sputtering to remove surface contamination and
(b) XRD patterns.
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3.2. Inlet of H2 and O2 for the balanced optoelectrical
properties of TTO film

To further explore the influence of H2 in ambient on TTO
films, we varied hydrogen concentration with a fixed pres-

sure of oxygen simultaneously in the sputtering system. The
growth parameters and optoelectrical properties are summa-
rized in Table 2 and the trends of the electrical performance
are illustrated in Fig. 3(a).

Table 2. Fabrication parameters and optoelectronic properties of TTO films deposited under constant oxygen partial pressure (PO) and varying
hydrogen partial pressure (PH).

Sample PO (10−3 Pa) PH (10−3 Pa) ρ (10−3 Ω·cm) ne (1019 cm−3) µ (cm2·V−1·s−1) Tavg (%) Aavg (%) D (nm)

TTO:O1H0 1 0 56.7 0.8 13.0 78.3 1.7 88
TTO:O1H0.5 1 0.5 1317.1 0.2 2.5 78.5 1.6 96
TTO:O1H1 1 1 521.6 0.3 3.5 78.7 1.4 96

TTO:O1H1.5 1 1.5 4.1 8.2 18.7 79.7 2.1 100
TTO:O1H2 1 2 3.8 9.4 17.8 80.6 1.9 101
TTO:O1H3 1 3 6.1 6.9 14.7 79.8 2.1 99
TTO:O1H5 1 5 – – – 75.4 3.2 99

Note: Hall measurement for TTO:O1H5 exceeded instrument detection limits.

In comparison to TTO:O1H0, the film resistivity of sam-
ple TTO:O1H0.5 increases singularly to 1.3 Ω·cm when H2

is introduced with a partial gas pressure of 5 × 10−4 Pa
(y = 0.5). The resistivity, however, decreases dramatically to
4.1 × 10−3 Ω·cm when y = 1.5 and reaches a minimum of
3.8×10−3 Ω·cm at y = 2 with large mobility. The film resis-
tivity increases when y increases further, ultimately reaching
insulation at y = 5. The unchanged PO for all these samples in-
dicates that the change in sample conductivity originates from
the variation of PH. Hydrogen plays a negative role in the elec-
trical properties of TTO at both stages of small (y = 0.5 and
1) and excessive H (y > 3), whereas it plays a beneficial role
when a moderate amount is introduced.

On the other hand, the change in the average absorption
Aavg is monotonous, which is almost leveled when y increases
from 0 to 1.0 followed by a slight rise when y = 1.5, 2 and 3.
It displays quite a large increase when y = 5.

It is known that hydrogen is a shallow donor in SnO2

film.[21] How a small amount of H is incorporated and un-
usually reduces the film conductivity remains unknown. This
requires more refined and microscopic studies. We postulate
that the combination with oxygen must simultaneously affect
the solid structure inside the film and the doping behavior
of Ta. However, a proper amount of hydrogen and oxygen
enables balanced optoelectrical properties in TTO films, as
demonstrated by the high-performance TTO:O1H2. The film
not only has a very low resistivity resulting from the high car-
rier concentration of 9.4×1019 cm−3 and the high mobility of
17.8 cm2·V−1·s−1, but also a high transmittance of 80.6% due
to the low average absorption of 1.9%.

XRD and XPS analyses were conducted to examine hy-
drogen’s influence on film microstructure. The XRD patterns
reveal a distinct amorphous-to-polycrystalline transition as y
increases from 0 to 0.5 [Fig. 3(b)], indicating enhanced crys-
tallinity. It is well known that hydrogen plays a role as a
surfactant during oxide growth by absorbing on the surface

and changing the growth mode, which is very sensitive to
the growth kinetics. Our results reveal different distribution
of the grain orientations in the film when hydrogen is intro-
duced with or without oxygen simultaneously. For the latter,
the XRD peak of (101) is dominant with a weak peak of (112)
[Fig. 2(b)]. Remarkably, oxygen co-introduction eliminates
these peaks, but induces (110), (200) and (211) orientations.
Furthermore, the (211) peak intensifies with increasing hydro-
gen content up to y = 3. The film resistivity decreases as y
changes from 0.5 to 2. The film with optimal conductive prop-
erties has the highest carrier concentration, large mobility as
well as the strongest XRD peak of (211) among all samples
when y becomes 2. It has been reported that TTO samples
grown on glass with stronger (211) and suppressed (101) peaks
have better electrical properties,[28,29] which is consistent with
our results. As can be seen from the XPS Sn 3d results in
Fig. 3(c), there is no obvious increase in the Sn(II) content
when y increases from 0 to 2. However, the small number
of hydrogen-involved samples (TTO:O1H0.5 and TTO:O1H1)
with similar XRD profiles show minimal structural variations,
and the available data do not directly explain their extremely
deteriorated electrical properties, which need to be further in-
vestigated. When the hydrogen amount increases further in
the sputtering system, an XRD peak appears near 33.5◦, which
can be ascribed to the formation of tetragonal SnO (110) in the
film. When y increases from 2 to 5, the intensity of SnO (110)
increases, while all other XRD peaks related to rutile SnO2

weaken and finally disappear when y = 5. Excessive hydrogen
introduction elevates film resistivity and average absorption,
demonstrating hydrogen’s detrimental effects at high concen-
trations. Sample TTO:O1H5 becomes insulating and dark in
color. Its transparency is also largely reduced. XPS analysis
in Fig. 3(c) confirms substantial Sn(II) formation under these
conditions, indicating a highly reductive growth environment.
Excessive Sn(II) aggregation leads to the formation of SnO.
The abundant SnO phases act as scattering and recombination
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centers in TTO, significantly suppressing both carrier mobility
and concentration.

Optical band gaps of TTO films are obtained by the Tauc
plot shown in Fig. 3(d). The amorphous TTO:O1H0 has a
low band gap (3.76 eV) in comparison to the polycrystalline
ones (3.86 eV of TTO:O1H0.5 and 3.84 eV of TTO:O1H1).

When y reaches 1.5 or higher, the band gap of the TTO films
widens due to the Burstein–Moss effect of high carrier densi-
ties. When excess H2 is introduced into the ambient, Eopt of
the TTO:O1H5 decreases significantly, suggesting that a mix-
ture of amorphous SnO2 and tetragonal SnO has a much lower
band gap of 2.5 eV–3.0 eV.[30]
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To further analyze the optical properties of the TTO films,
figure 4(a) presents the transmittance and reflectance spectra
of TTO films, while Figs. 4(b) and 4(c) detail the absorption
characteristics in the short-wavelength and near-infrared re-
gions, respectively. In the short-wavelength range (< 600 nm),
TTO films grown with hydrogen have lower optical absorption
compared to those deposited in Ar+O2 atmosphere, which
could be explained by the relaxation of the defective pair
Sni–VO

[31] due to the introduction of hydrogen in the ambi-
ent. For the long-wavelength region, optical absorption is af-
fected by the high carrier concentration of the thin film, i.e.,
TTO:O1Hy (y = 1.5, 2, 3) with high carrier concentration re-
sulting in high free-carrier absorption. With the addition of
an appropriate amount of hydrogen, the electrical properties
of TTO can be optimized, achieving a balanced optoelectrical
performance. For TTO film with excessive hydrogen, y = 5,
short-wavelength absorptance increases intensively while free-
carrier absorption at long wavelength is limited, indicating nu-
merous deep-level defects and a great reduction in carrier con-
centration. The fit of Sn 3d XPS spectra in Fig. 3(c) shows
that Sn(II) content in TTO:O1H5 becomes rich resulting from
the reductive growth ambient. With the gathering of the iso-
lated Sn(II) in SnO2 lattice, even SnO grains are formed in the
film. As a result, TTO:O1H5 shows severe absorption in the
short-wavelength region.

4. Summary
This study systematically investigates the growth atmo-

sphere effects on TTO film properties through controlled hy-
drogen and/or oxygen introduction into argon sputtering envi-
ronments. Experimental results reveal that exclusive oxygen
introduction forms amorphous SnO2 phase with high resis-
tivity, yet maintains low optical absorption (average 1.9%).
On the other hand, hydrogen enhances reducibility to in-
crease Sn(II) content, which deteriorates optical properties
through SnO grain formation and isolated Sn(II)-induced
short-wavelength absorption. The developed collaboration of
H2 and O2 enables precise Sn(II) ratio and crystallinity con-
trol, achieving optimized TTO films with remarkably low re-
sistivity (3.8× 10−3 Ω·cm), high carrier concentration (9.3×
1019 cm−3) and mobility (17.8 cm2·V−1·s−1). At the same
time, the film has exceptional optical characteristics. Its av-
erage transmittance is as high as 80.6% with a low average
absorption of 1.9%. This cost-effective methodology demon-
strates exceptional optoelectronic balance, showing great po-
tential for solar cell and optoelectronic applications.
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