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Indium oxide (InpO3) is one of the most used materials for the synthesis of transparent electronics devices and
currently tin-doped indium oxide (ITO) dominates the field of Transparent Conductive Oxides for most appli-
cations, from ICT to photovoltaics. In this work we present a study on the responses of indium oxide upon the

fc:)til:r‘;oll;:;ion formation, and stabilization, of point defects induced with different methods. After the deposition of InpOg thin
PhotorIe) duction films via RF magnetron sputtering, treatments such as Ion Implantation (I.I.), Ultraviolet (UV) irradiation and

Sun exposure were employed to generate oxygen vacancies as intrinsic dopants. Both LI. and UV irradiations
significantly improved the electrical conductivity of films, increasing the carrier density by up to 3 orders of
magnitude. Moreover, after LI. also the crystalline quality of the films was enhanced.

To monitor the stability of oxygen vacancies upon exposure to ambient atmosphere, the ageing of samples was
followed and recorded for a couple of weeks, reporting a fast and strong degradation of electrical properties. As a
facile strategy to counteract the sheet resistance increase, samples were encapsulated in an ultra-thin (=10 nm)
SiO, layer deposited via sputtering. Irradiated and encapsulated films retained a much lower sheet resistance

Oxygen vacancies

throughout the observation time, preserving the samples conductivity.

1. Introduction

Indium oxide (Iny03) is a semiconducting metal oxide which has
been gathering strong interest for decades due to its structural, elec-
tronic and optical properties. Iny03 is reported to be a highly transparent
amorphous oxide, that crystallizes upon growth or treatments at tem-
peratures above 160-170 °C [1]. The most common crystal structure of
In,O3 is cubic bixbyite, with a lattice constant of approximately 10.12 A
[2].

Undoped Iny03 is a wide-bandgap semiconductor with a direct en-
ergy gap ranging from 3.5 to 3.7 eV, though the fundamental (indirect)
bandgap is around 2.6 eV [3]. The direct wide bandgap allows InyO3 to
efficiently work as a transparent conductor, as it permits a high level of
light transmission while still retaining n-type semiconductor-like elec-
trical conductivity. The electrical properties of In,O3 can be further
tuned, depending on the intended applications, by both extrinsic
(metallic impurities or other doping elements)[4] and intrinsic (elec-
tronically active defects) doping [5] via different strategies [6]. Among
the extrinsic dopants, tin is the most widespread as the resulting Tin-
doped Indium Oxide (ITO) is a very well-known Transparent

Conductive Oxide (TCO) with countless applications, ranging from
photovoltaics to OLEDs, touch screens, LCD screens, Flat Panel Displays
(FPD), smart windows, electrochromic glasses, gas sensors and more
[7-10]. Other dopants, such as magnesium, can be chosen to make in-
dium oxide highly insulating, with resistivities as high as 10°> Qcm [11]
and thus optimal for applications requiring perfectly insulating layers or
coatings.

Indium oxide can be synthesized through several methods, among
which DC reactive sputtering, RF magnetron sputtering, Molecular
Beam Epitaxy and Chemical Vapor Deposition are the most common
ones [12-14].

Although indium oxide is very performing and the research com-
munity has been working on this material for several years, only recently
indium was taken out of the Raw Critical Materials list [15]. Never-
theless, indium remains a lowly abundant material in our planet.
Because of this, many efforts are being made in order to make the syn-
thesis of indium oxide more efficient, cheaper and less resource inten-
sive, as well as to find high performances In-free alternative materials
for applications requiring TCOs. The present work aims to improve the
conductivity of sputter deposited InyO3 thin films avoiding the use of
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extrinsic dopants, i.e. via inducing intrinsic doping. Furthermore, spe-
cific attention is focused on how the intrinsically doped material ages
depending on the synthesis and post-deposition treatments.

In absence of any intentional doping, the remarkable n-type con-
ductivity of pure indium oxide, due to carrier concentrations as high as
10'° em—3 [16], can be ascribed to electronically active intrinsic point
defects, also in agreement with the substoichiometry of films grown in
reducing atmosphere [17]. According to several studies [18,19], the n-
type conductivity of UnIntentionally Doped (UID) InpO3 can only be
caused by oxygen vacancies (Vp), indium interstitials (In;) and indium
antisites (Inp), as well as by complexes and clusters of these defects. Lany

and Zunger [20] and Agoston [21,22] carried out prime-principles cal-
culations within the Density Functional Theory (DFT), in order to model
and predict the electronic properties, chemistry, origin, structural
properties and thermodynamic stability of point defects with different
charge states. Even though slight differences arise between the results
found in different studies, it always appears clear that the conductivity
of UID indium oxide is mainly due to oxygen vacancies and, to a smaller
extent, indium interstitials, as these two defects and their complexes act
as shallow donors in InyO3 [23]. The mechanism by which oxygen va-
cancies provide electrons to the conduction band has been widely
investigated in literature. The calculated formation energies for the
different charge states of oxygen vacancies, namely V3, V}, V3", strongly
depend on growth temperature and deposition atmosphere, whether it is
oxygen rich or poor, as well as on the conditions accounted for in the
calculations. Nevertheless, the charge state with the lowest formation
energy is always V3", which provides two electrons in the conduction
band. In the Kroger-Vink notation, the relation that describes the effect
of V3" is [24]

Oo < VZ). +26'+ 1/202(g)

A clear explanation of such equation is given by Bender et al. [25]:
oxygen anions escaping the crystal structure from an occupied oxygen
site create a doubly ionized vacancy site and two free electrons. Creation
of multiple carriers from a single defect is highly desirable, due to
minimization of carrier scattering on crystal impurities.

Studies on intrinsic doping were carried out for other established
Transparent Conductive Oxides too, such as zinc oxide [26] and tin
oxide [27]. In the case of zinc oxide, Zn; are the main donor defects,
while Vg defects are less effective [26]. In tin oxide, on the other hand,
oxygen vacancies are very likely to occur and to be induced by reducing
atmosphere during the thin film growth, but the formation energies of
singly ionized (around 30 meV) and doubly ionized Vg (about 140 meV)
make the latter much less favoured, thus resulting in less effective
doping than oxygen vacancies in indium oxide [27]. Although in our
studies we performed identical treatments on tin oxide, zinc oxide and
indium oxide, no significant modifications were observed for the former
two materials. For this reason, only intrinsically doped indium oxide is
discussed in this work.

2. Experimental
2.1. Synthesis of samples

All the films studied were deposited at room temperature via RF
magnetron sputtering from a 2-inches ceramic 99,995 % pure InyO3
target in a NanoPVD-S10A by Moorfield system.

The sample stage was kept rotating during the depositions to ensure
optimal thickness uniformity over a 5x5 cm? area. The temperature of
the sample holder, as measured by a thermocouple installed in the
system, never rose above 35 °C during the depositions. The sputtering
plasma composition was only high purity argon for all the samples, and
the working pressure was kept constant throughout all the depositions,
with negligible fluctuations about 4.0-10° mbar. All the depositions
were carried out on both Silicon and Corning Glass substrates, so as to
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allow for different analyses and characterizations. Indium oxide films
with thickness of 100 nm, 75 nm, 50 nm and 25 nm were deposited.

Each sample is labelled according to the post deposition treatment
and to the thickness of the film; the untreated 100 nm thick sample is
named “AsDep_100". All the post-deposition treatments are described
below.

2.1.1. Ion implantation

Following the results of a previous work from our group [28], one
batch of 100 nm thick In,Oj3 films was subjected to ion implantation. The
ion implanter is a High Voltage linear ion accelerator, allowing to uni-
formly implant ion fluence over a 2 in. circular sample stage. A ther-
mocouple is placed in contact with the sample stage to monitor the
samples’ average temperature, which never exceeded 30 °C. Argon ions
were accelerated at 50 keV, resulting in a simulated projected range of
37 nm, thus far enough from the film/substrate interface hence pre-
venting interfacial damaging and mixing (Figure S1). The ion beam
fluence was 5.7-10'% at/cm? for all the processes, corresponding to
nominal 0.75 at.%, while three different ion currents were set: 1.5, 0.75
and 0.38 pA. Since no noteworthy differences were observed for the
three ion currents, only the results for the lowest one are reported in this
work, namely sample “II_100”. Even though ion implantation is not a
scalable technique for TCO industry, it still makes a powerful tool to
induce controlled and reproducible ion beam modification (doping,
damaging, crystallization via local dynamic annealing). The software
SRIM was then employed to estimate a 1-D distribution of damaging
across the thickness of the films (Figure S1), accounting for a tabulated
average binding energy equal to 3 eV/vacancy. It is noteworthy that,
according to the simulation, the energy loss for the creation of target
atoms vacancies is about 4% of the total available, 58% of energy heats
the sample because of phonons, and the remaining energy results in
ionizations and recoils of target atoms.

2.1.2. Thermal annealing and UV irradiation

It is well established that a thermal budget around 180-200 °C, both
during the growth or post-deposition, strongly improves the optical and
electrical properties of ITO. Moreover, UV light irradiation under
reducing atmosphere, usually referred to as Photoreduction, is reported
to induce photoconductivity in Inp,O3 by strongly increasing the free
carriers density within the material [29].

For these reasons, one batch of pristine 100 nm thick In,Oj3 films was
thermally processed at 200 °C for 30 min (sample “Ann_100") in a
tubular flux furnace under nitrogen atmosphere, with gas flowing at a
rate of 2.5 Ipm. Soon after, part of the samples were UV irradiated within
a Jelight UVO Cleaner Model 42, with A = 253.7 nm in Argon saturated
atmosphere (sample “Ann_UV_100"). This treatment was employed as a
quicker, simpler and up scalable approach to create oxygen vacancies, as
compared to ion implantation.

As previously mentioned, one major goal in the field of TCO is the
reduction of costly materials such as indium. To study the electrical and
optical properties of thinner InyOs films, a set of samples with
decreasing thicknesses was prepared: 100 nm, 75 nm, 50 nm and 25 nm.
Each of these samples was irradiated with UV light immediately after the
deposition, without any thermal treatment (samples “UV_**").

2.1.3. Exposure to direct sun light

Two more samples of pristine indium oxide were employed to test
the effectiveness of open-air sunlight in photoreducing the material. One
as-deposited and one annealed samples were exposed to sunlight for one
hour, with an ambient temperature of 35 °C; these samples are labelled
“Sun_100” and “Ann_Sun_100" respectively.

2.1.4. Encapsulation for ageing studies

As highlighted by numerous studies, exposure to air degrades the
intrinsic doping of indium oxide films, i.e., quenches the concentration
of oxygen vacancies, because of atmospheric oxygen absorption [25]. In
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order to prevent the atmospheric oxygen diffusion into the films, ion
implanted and UV irradiated samples were encapsulated (capped) with a
~10 nm thick SiO5 layer deposited via sputtering; the capped samples
are labelled by “CAP” in the results in section 3. This strategy allowed us
to monitor the variations of electrical properties throughout several days
(ageing), highlighting the differences between samples with and without
encapsulating/protective layer.

2.2. Electrical characterization

The electrical properties were measured through a Hall Effect Mea-
surements System HL5500PC, with four probes in Van der Pauw config-
uration. After measuring and recording the sheet resistance Ry, of a
given sample, the system measures the Hall Tension Vy. From the ac-
quired values of Vy and Ry, the Hall mobility uy and sheet charge carrier
density ng, can be calculated. To avoid systematic errors during the
measurements, four golden spots (forming a 1x1 cm square) were
sputter deposited on each sample, so that all the neighboring contacts
would be equally spaced. The needle probes of the system are able to
penetrate the thin capping layer of encapsulated samples and contact the
golden spots on top of the protected samples.

2.3. Optical characterization

The optical properties of InyO3 thin films were analysed via optical
spectroscopy using a Varian Cary 500 double beam scanning UV-VIS-NIR
spectrophotometer. For each sample, Direct Transmittance (T) and
Specular Reflectance (R) spectra were acquired, over the wavelength
range 250 nm to 2500 nm. A further manipulation of T and R spectra
through the Tauc Method allowed us to estimate the optical band-gap of
samples. Given the Tauc’s equation for direct bandgap semiconductors,

(Ea)® = B(E—Eg),

being E the energy of the incoming photon, a(4) the absorption co-
efficient, B the Tauc’s coefficient and Eg the Bandgap, one can calculate
the absorption coefficient as follows:
a ( /1) _ lln Tsupstrate (1 - Rsample) ,

t Tsample

being ¢ the thickness of the sample probed. Plotting (Ea)? vs E, and
fitting the linear portion of the curve, the optical band-gap is the x-axis
intercept of the resulting linear fit.

2.4. Structural and morphological characterization

Rutherford Backscattering Spectrometry (RBS) was performed in a
coaxial HVEE Singletron accelerator with 2 MeV energetic He?" ions, to
probe the depth distribution of elements across the entire films, as well
as to measure their effective thickness.

Scanning Electron Microscopy (SEM) was employed to analyse the
samples surface morphology as well as to have a further reading of the
films’ thickness (cross-section SEM). Such measurements were acquired
with a Supra35 FE-SEM by Zeiss. RBS spectra and SEM micrographs are
not shown here and can be found in the supplementary material.

X-Ray Diffraction (XRD) measurements were carried out to highlight
modifications in the crystal structure of the samples upon treatments
(both ion implantation and/or thermal annealings). The XRD system
employed is a Smartlab Rigaku Diffractometer in Bragg-Brentano geom-
etry, equipped with a rotating angle detector of Cu-K, radiation oper-
ating at 45 kV and 200 mA. Diffractograms also yield information on the
average grain size D of polycrystalline films, according to the Scherrer
formula:

K
" Wecos¢’
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being K~0.9 the Scherrer constant, 4 the probing wavelength, W the
Full Width at Half Maximum of the peaks and € the corresponding angle.

3. Results and discussion
3.1. Electrical properties

Electrical measurements of as deposited and processed samples are
reported in Table 1. It is worth noting that pristine and thermal annealed
In 03 (samples “AsDep_100” and “Ann_100" respectively) are highly
resistive films, and the best electrical properties were measured only
after ion implantation or UV irradiation. In particular, the lowest sheet
resistance (174 Q/sq) was obtained for the ion implanted sample
“I1_100”, while to get a close value (196 Q/sq) in the photoreduced
samples, a thermal annealing was necessary prior to UV irradiation and
encapsulation (“Ann_UV_100 + cap™).

The great interest of II_ 100 sample lies in the very high charge
density, almost 4 times higher than the one measured in
Ann_UV_100+-cap. The value of ng, read (5.07-10'° cm‘z), very close to
the ion fluence set (5.7-10'° at/cmz), suggests that almost one free
electron per incident ion is generated, enclosing many complex dy-
namics such as the probability for oxygen atoms to be displaced, the
fraction of ion energy really causing target atom collisions, charges
recombination and more. On the other hand, the sample II_100 features
a lower mobility py than Ann_UV_100 + cap, probably because of re-
sidual scattering centres after the ion implantation process (e.g. voids/
pores, implanted argon atoms and others) which might have been
partially removed after the thermal treatment. Based on these obser-
vations, we can state that both LI. and UV irradiation produce a large
amount of oxygen vacancies, i.e. of electrically active defects. A similar
yet weaker improvement is observed on samples exposed to direct sun
light (see paragraph 2.4.3 below). Also in this case, annealing prior to
sun irradiation appears to be helpful towards electrical conductivity.

Another relevant result of our experiments is the non-dependence on
thickness t for the series “UV_**+cap”, all reporting sheet resistance
values of the order of 102 Q/sq. In fact, the sheet resistance of uniform
materials should scale as Rg,ox1/t, but this is not observed in our batch of
samples. Such evidence suggests that the UV photoreduction, respon-
sible for the formation of oxygen vacancies, does not affect the entire
thickness of the InyO3 films, but only a layer comparable to or thinner
than that of “UV_25”, thus < 25 nm. Since a large portion (>50 % of film
thickness) of thicker samples is not modified upon UV irradiation, the
electrical measurements actually probe two shunted sheet resistors: a
low resistivity layer (on the top, modified by UV irradiation) and a high
resistivity one underneath. If Rg,r and Rpyx are the sheet resistances of

1 1

the top and bottom pseudo-layer respectively, we have p = Ry

and the contribution given by thickness is intrinsic in sheet

1 ~ 1
Ryuik ~~ Rsurf’

resistances themselves.

Table 1

Electrical properties of the samples deposited and processed for this study. In
particular, measurements for all the UV samples reported in this table were
performed after the SiO, cap layer deposition (see section 1.1.4).

Sample Sheet resistance Hall mobility Sheet carrier
R (Q/59Q) e (cm?2/Vs) density ng,
(em™?)
AsDep_100 1.07-10° 9.34 6.22.10'2
Ann_100 8.32.10* 12.1 5.70-10'2
11,100 174 9.19 5.07-10%°
Ann_UV_100+cap 196 13.7 1.38-10%°
UV_100+cap 650 11.8 8.13-10%*
UV_75+cap 464 10.8 1.24-105
UV_50-+cap 553 10.2 1.10-10'5
UV_25-+cap 541 12.5 9.21.10™
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3.2. Optical properties

Indium oxide is known to be transparent over a very wide range of
the electromagnetic spectrum.

Our samples are indeed highly transparent (T > 80 %) over the whole
visible and Near InfraRed (NIR) spectrum (up to 2500 nm), and to UV
light with wavelengths larger than the energy gap cut-off ig ~ 350 nm.
Fig. 1 reports the Transmittance and Reflectance spectra of undoped,
photoreduced and ion implanted Iny,O3 films. The sample “Ann_100”
shows a slightly improved transmittance over the whole range, as
compared to sample “AsDep_100”. The T spectra for the two doped films,
“Ann_UV_100” and “II_100”, instead differs in the NIR.

When the charge density n increases, the plasmonic absorption cut-
off (Apexn~1/2) shifts from far infrared to near infrared, hence moti-
vating the transmittance drop at 4 > 1500 nm. It is evident, again, that
the effective charge density is much higher (hence the transmittance
drops for the NIR wavelength region) in the implanted sample than in
the photoreduced one, as the transmitted light passes through the whole
film and only the uppermost surface is modified upon UV irradiation. In
addition, the transmittance spectrum of “II_100” sample in the visible
and UV region has a different shape as compared to the pristine
“AsDep_100" sample. Such optical effect is caused by the reduction of
thickness upon high energy ion beam treatment, that induces surface
sputtering, quantified in about 15-17 nm according to SRIM simulations
and confirmed by RBS spectrum in Figure S3 and S4 respectively.
Because of thin film interference, the resulting ~85 nm thick film yields
a transmittance spectrum different from those of both 100 nm and 75 nm
thick samples (Fig. 2).

Fig. 2 shows how Transmittance and Reflectance spectra change by
varying the film thickness. The thinner samples (“UV_25” and “UV_50")
are extremely transparent to NIR light, but they experience a subtle drop
in T in the visible range, because of thin film interference. Despite the
UV photoreduction, samples of the set “UV_**” don’t show any plas-
monic absorption in the NIR range: this can be ascribed to a conductivity
quenching ahead of the UV-Vis-NIR measurements, which will be dis-
cussed in the section 2.4.2.

Tauc plots calculated for the pristine indium oxide films yield energy
gap values close to 3.6 eV with slight deviations (Fig. 3). All the treat-
ments that induce an improvement of conductivity (i.e. an increase of n)
also result in a blue-shift of the optical bandgap according to the Moss-
Burstein effect, following the relation EJT = Eg+AE; and being
AEgxn?/3. Because of this shift, the bandgap values increase to about

100 T T T T
80 |
sl T R
& e AsDep_100
o EmCEEEEE Ann_100
: Ann_UV_100
- L _CV_TVY
40 — e 11100
O 1 1 1 1

500 1000 1500 2000 2500
Wavelength (nm)
Fig. 1. UV-Vis-NIR spectrophotometry of 100 nm thick indium oxide films.

Transmittance and Reflectance spectra of as-deposited, annealed, UV irradiated
and ion implanted films are compared.
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Fig. 2. UV-Vis-NIR Transmittance and Reflectance spectra of photoreduced
indium oxide films with decreasing thickness.

1.5x10" T T T T
AsDep_100 3,63 eV
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Energy (eV)

Fig. 3. Tauc plots of 100 nm thick as deposited, annealed, UV irradiated and
ion implanted indium oxide films.

3.9 eV for ion implanted samples and to over 3.7 eV for annealed and UV
irradiated ones (Fig. 3).

Because the sheet resistances of II_100 and Ann_UV_100 are similar,
one could expect that the blue shift of Eg would be comparable, but this
is not the case; the reason for that is, as mentioned above, that both
photoreduction and Ion Implantation only modify a limited thickness of
the film at the surface and, in particular, the volume affected by Ion
Implantation is larger than that affected by photoreduction. As a
consequence, the thickness-averaged (over the whole 100 nm thickness)
charge density is much lower for Ann_UV_100 sample, i.e. the blue shift
is weaker than that of II_100 one. For the same reason the Tauc Plots for
the set “UV_**” are not shown, given that the varying thicknesses make
the Tauc method not fruible for this set.

3.3. Structural properties

XRD diffractograms of UV irradiated samples did not show any sig-
nificant changes, as compared to not irradiated ones. Because of this,
only XRD diffractograms of as-deposited, annealed and ion implanted
Iny03 film are reported in Fig. 4.

The diffractograms and Scherrer analysis, reported in Fig. 4 and
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Fig. 4. XRD measurements of indium oxide films as prepared, after annealing
and after argon ion implantation.
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Fig. 5. Scherrer analysis for the average crystal domain size of as prepared,
annealed and Argon-ions-implanted indium oxide.

Fig. 5 respectively, point out that sample “AsDep_100" is a low quality
polycrystalline film, and that both the thermal annealing at 200 °C and
the Ar' ion implantation are very effective in improving the crystal
quality by increasing the grain size. While this outcome is not surprising
for a thermal annealing process, it is noteworthy that the crystal domain
sizes in the ion implanted sample “II_100” are even larger than in the
annealed one “Ann_100”. This behaviour, also reported in a previous
work [26] on Al-doped Zinc Oxide films (AZO), can be ascribed to the so-
called Local Dynamic Annealing. LDA is a nonequilibrium phenomenon
induced by the raster scanning of the ion beam spot, which moves very
quickly across the surface. The high energy of impinging ions (50 keV)
dissipates within a few tens of nanometers, hence rapidly heating a very
small volume of the sample, the so-called collision cascade region. As a
result, this phenomenon produces a local and very effective thermal
annealing.

3.4. Ageing of InyO3 films

3.4.1. Stabilization of ion implanted and photoreduced samples

A common observation for all the intrinsically doped samples is that
exposure to air degrades the electrical properties, already after few
hours. Aiming to stabilize the electrically active point defects created
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during the different irradiation processes, we cut each sample in two
pieces, protecting one of them with a SiOg ultra-thin capping layer
deposited via RF magnetron sputtering. The comparisons between the
ageing trends of samples with and without capping layer, for both
“I1.100” and “Ann_UV_100" samples, are reported in Fig. 6.

The observations point out that unprotected “II_ 100" has a slower
degradation than unprotected “Ann_UV_100". In particular, Rg, of the
photoreduced film increases by 3 orders of magnitude in just 2 days,
whilst it takes over one week for the implanted one to reach the same
value.

The SiO, capping layer, on the other hand, is very effective in
blocking the ageing in both cases, keeping the sheet resistance values
close to 3-102 Q/sq even after 2 weeks of air exposure. The differences
observed between the two unprotected films might be motivated by the
different volume affected by the treatment. In particular, as reported in
literature and discussed in section 2.1, the thickness influenced by UV
photoreduction is estimated to be as small as tens of nanometers (less
than 20 nm [25,30]), much shallower than that affected by ion
implantation.

The unaffected portion of the film can thus act as an “oxygen
reservoir”, supplying atoms that can replenish oxygen vacancies in the
upper part of the film. Furthermore, Wagner et al. proposed a multi-
mechanistic model to describe the process of oxygen vacancies forma-
tion during photoreduction and annihilation upon air exposure [31]. In
this model, the diffusion of bulk oxygen towards the surface is the rate
determining mechanism for the degradation of electrical properties. It is
then reasonable to state that, along with the exposure to air, the dif-
ference between the ageing trends of the different samples can be ruled
by structural and chemical properties of samples too, in particular bulk
oxygen abundance and diffusivity.

3.4.2. Ageing of unannealed photoreduced samples

Fig. 7 reports data related to the ageing of photoreduced InpOs3 films
with two different thicknesses (data for 50 nm and 75 nm thick films are
available in supplementary material).

The critical interpretation of these data requires several factors to be
accounted for:

1. The sheet resistance of as deposited InyO3 films was in the order of
10° Q/sq, increasing even more after just one day of exposure to air.
However, these data points are not reported in Fig. 7 for the sake of
clarity.

T T T T T T T T
10° 4 10°
T
K
<}
8 10° F 4 10
[
8
A7)
7]
)
[h'4
S 10° Ann_UV_100 —@—11_100 410°
& Ann_UV_100 + CAP  —O—II_100+CAP
o
102 1 1 1 1 1 1 1 n 1 n 1 L 1 1 1 1 102
0 2 4 6 8 10 12 14
Time (days)

Fig. 6. Ageing of Ion Implanted and Annealed-UV photoreduced indium oxide
samples, with and without the encapsulant layer.
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Fig. 7. Ageing of unannealed photoreduced indium oxide films, 100 nm and
25 nm thick, with and without encapsulant.

2. The sole UV irradiation brings Rg, down to 10* ©/sq, followed by a
quick degradation back to 108 Q/sq after 2 days of exposure to air
(solid diamonds and squares data points).

3. SiOy encapsulation furtherly improves the sheet resistance of pho-
toreduced samples to about 5-10% Q/sq, regardless the film thickness.
This improvement suggests that also the sputtering plasma may
induce UV photoreduction during the deposition of SiO,. The effec-
tiveness of encapsulation against ageing is proved by the better
stability over time of the protected samples. However, over the first
days after the encapsulation, the “UV_100+cap” film loses conduc-
tivity more rapidly than the thinner “UV_25+cap” one (open squares
and diamonds respectively). This observation points out a higher
“bulk” oxygen abundance in the thicker film, that can inter-diffuse
and annihilate vacancies.

4. As many studies demonstrated the reversibility of photoreduction-
reoxidation cycles for Inp,O3 [25,31,32], after one week of ageing
the unprotected films were “boosted” with a multi-step treatment:
annealing at 200 °C in N; flow —-UV photoreduction —SiO; encap-
sulation. The strong benefit of the thermal annealing process prior to
the UV irradiation is evidenced by the stars data points in Fig. 7. The
effect of these treatments on both samples was a reduction by 3 or-
ders of magnitude of the sheet resistance, as well as a better stability
over time.

5. The benefit induced by the thermal annealing is compatible with the
decreasing of oxygen diffusivity with improved crystalline quality of
the matrix [31,33]. The correlation between crystallinity and sta-
bility of oxygen vacancies is supported by the ageing of sample
“I1_100” too, that shows the best stability over time along with the
best crystalline quality (Fig. 6).

3.4.3. Sun irradiation

Lastly, photoreduction induced by direct sun irradiation is reported
in Table 2. The behaviours of samples “Sun_100” and “Ann_Sun_100"
(Fig. 8) are different from the others, especially because of the particular
“transient peak” in the reoxidation of sample “Sun_100", also observed

Table 2
Sheet Resistance of Sun Irradiated In,O3 films.

Sample Sheet resistance Ry, (Q/sq)
AsDep_100 1.07-10°
Ann_100 8.32.10*
Sun_100 2.42.10°

Ann_Sun_100 917
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Fig. 8. Ageing of annealed and unannealed 100 nm thick indium films, after
one hour of sunlight induced photoreduction.

by Wagner et al. [31]. Electrical properties wise, it is known that
photoreduction with an oxygen partial pressure is less effective than in a
pure reducing or inert gas atmosphere; on the other hand, even though
the sun irradiated samples were not encapsulated, the sheet resistance
degradation is considerably slower than uncapped UV photoreduced
samples (“UV_**” series). We attribute this difference to the broader
wavelength spectrum irradiating the samples, as compared to the —
nominally — monochromatic light used for the photoreduced samples
discussed above: different wavelengths might produce photoreduction
with different depth distribution across samples thickness. For this
reason, we hypothesize that a thicker region of the pristine films was
modified upon sun exposure, hence reducing the thickness of the unaf-
fected oxygen rich film. In addition, the presence of oxygen in the at-
mosphere during sun exposure might have resulted in a weaker
reduction of the uppermost region of the films, thus serving as a partial
“shield” against the atmospheric oxygen in-diffusion, just like the SiO,
layer in capped samples; this assumption would motivate the much
slower ageing of electrical properties of the sample “Ann_Sun_100”, as
compared to the uncapped “Ann_UV_100".

4. Conclusions

In this work we presented a comparative study between some
methods to induce intrinsic doping into sputter deposited UID indium
oxide thin films. Along with that, we also monitored the ageing of
samples, in terms of sheet resistance trend over time after the synthesis
and modifications. The results point out that several variables affect the
effectiveness and persistence of conductivity in intrinsically doped In,O3
thin films, such as thermal treatments, thickness, crystallinity.

Samples with a better crystalline quality show improved electrical
properties, as the lowest sheet resistances were measured for the ion-
implanted and the thermal annealed and photoreduced samples. Along
with that, none of the methods employed to increase the conductivity
degraded the optical properties of samples, as observed from Trans-
mittance spectra and optical band gap values. The conductivity induced
by intrinsic doping, though, vanishes over time because of defect
instability.

Multiple phenomena can drive oxygen vacancies extinction, such as
atmospheric oxygen in-diffusion or bulk oxygen inter-diffusion, and the
possible strategies to oppose them are different. Although the ion im-
plantation approach is not scalable to industrial level, the presence of
electrically neutral impurities introduced by this process seems to
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improve the stability of defects, probably thanks to a reduction of oxy-
gen mobility within the material itself. On the other hand, UV photo-
reduction, both in argon saturated atmosphere or in air, is a simpler and
very effective tool to induce intrinsic doping by formation of oxygen
vacancies. As a limitation, photoreduction only affects a shallow su-
perficial volume of the films, but this constrain might be solved by using
a dedicated UV source irradiating the films throughout the depositions.
Finally, the ageing of intrinsically doped films was tackled and coun-
teracted thanks to the encapsulation with an ultra-thin SiO, layer as an
efficient and easy strategy, fully compatible with the present industrial
large-scale fabrication of devices relying on transparent electrodes.
Keeping apart the influence of air exposure, more studies are required to
gain deeper insight into the further intrinsic degradation of conductiv-
ity, seeking for long term solutions and stabilization of bulk oxygen
vacancies.
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