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Abstract: Indium tin oxide (ITO) thin films were prepared by high power impulse magnetron sputter-
ing (HiPIMS) and annealed in hydrogen-containing forming gas to reduce the film resistivity. The film
resistivity reduces by nearly an order of magnitude from 5.6 × 10−3 Ω·cm for the as-deposited film to
the lowest value of 6.7 × 10−4 Ω·cm after annealed at 700 ◦C for 40 min. The role of hydrogen (H) in
changing the film properties was explored and discussed in a large temperature range (300–800 ◦C).
When annealed at a low temperature of 300–500 ◦C, the incorporated H atoms occupied the oxygen
sites (Ho), acting as shallow donors that contribute to the increase of carrier concentration, leading to
the decrease of film resistivity. When annealed at an intermediate temperature of 500–700 ◦C, the
Ho defects are thermally unstable and decay upon annealing, leading to the reduction of carrier
concentration. However, the film resistivity keeps decreasing due to the increase in carrier mobility.
Meanwhile, some locally distributed metallic clusters formed due to the reduction effect of H2. When
annealed at a high temperature of 700–800 ◦C, the metal oxide film is severely reduced and transforms
to gaseous metal hydride, leading to the dramatic reduction of film thickness and carrier mobility at
750 ◦C and vanish of the film at 800 ◦C.

Keywords: indium tin oxide (ITO); HiPIMS; rapid thermal annealing (RTA); hydrogen-containing
forming gas; hydrogen doping

1. Introduction

Transparent conductors characterized by high conductivity and high transparency in
the visible light spectrum have been widely used in many optoelectronic applications, such
as photovoltaic cells, flat panel displays, light-emitting diodes and smart windows [1–4].
Indium tin oxide (ITO) is an excellent transparent conductor. Although it has been in-
vestigated for decades, it is still regarded as the most typical and important transparent
conductor due to its high optical transmission, low electrical resistivity, high stability
against harsh environments and easy processing properties. ITO film is usually prepared
by DC or RF magnetron sputtering, which is capable of depositing uniform, large-area
ITO film with a high deposition rate [5–7]. However, the film quality is somewhat inferior,
especially when deposited at low temperatures. Persistent efforts have been devoted to
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improving film quality, aiming at increasing the optical and electrical properties of the
film with various approaches, including doping, process parameter optimization, post-
deposition thermal or chemical treatment and deposition method innovation [8–12].

Recently, high power impulse magnetron sputtering (HiPIMS) is emerging as a method
for deposition of metal oxide films, including ITO films [13–17]. The high power impulses
can generate high-density plasma containing highly excited/ionized sputtered species and
reactive agents (oxygen radicals), favoring the synthesis of compounds. In addition, the
film conformality can be enhanced thanks to the highly energetic plasma species, which is
applicable for a 3D substrate such as devices with a high aspect ratio. Adding hydrogen
gas to the sputter gas during film deposition or to the ambient during the annealing process
and hydrogen plasma treatment has been proved to be effective approaches to reducing the
film resistivity [18–21]. Moreover, hydrogen incorporation in oxide film by either annealing
in an H2 ambient at elevated temperature or hydrogen plasma treatment has been reported
in the literature. However, these approaches have not been applied to ITO films prepared
by the HiPIMS method. Furthermore, the role of hydrogen in influencing the properties of
ITO film is still controversial so far. Some researchers stated that incorporated H exists as
interstitial (Hi) or occupies the oxygen sites (Ho), both of which act as a shallow donor in
metal oxide films, leading to the increase of carrier concentration and the decrease of film
resistivity [22,23]. Some researchers argued that neither the interstitial hydrogen nor the
substitutional hydrogen was likely the origin of incremental free carrier concentration in the
film. Rather, oxygen vacancy defects created by H2 reduction contribute to incremental free
carriers [24–30]. The experimental conditions are not exactly the same as the existing reports.
For instance, the investigated temperature ranges (not higher than 500 ◦C in most of the
research in the literature), the hydrogen source (hydrogen plasma or hydrogen-containing
atmosphere with various hydrogen proportions) and the introduction stage (during the
film deposition process or annealing process) varied from each other. To clarify the role
of hydrogen, investigations should be taken in a larger temperature range with consistent
experiment setups throughout the temperature range. Nevertheless, this is still in lack so
far. Furthermore, most research on the hydrogen annealing effects of ITO films focused
on the analysis of the variation of oxygen sub-stoichiometry state of the film influenced
by the annealing process. However, less attention has been paid to the possible material
exchange between the film and the annealing ambient, such as the adsorption/desorption
of hydrogen, hydroxyl groups, water, etc.

Previously, ITO films were prepared through the HiPIMS method by our group [31,32].
In this work, the films were annealed in hydrogen-containing forming gas to reduce film
resistivity. The role of hydrogen in influencing the film properties is explored and discussed
at a large temperature of 300–800 ◦C.

2. Materials and Methods

ITO thin films were deposited on a quartz glass substrate and silicon substrate by
an in-line sputtering system (Ljuhv, SP-122I, Zhubei City, Taiwan) using a high-purity
(99.99%) ceramic target consisting of 90 wt.% In2O3 and 10 wt.% SnO2 (supplied by
Heqi Target Material Technology, Zhangzhou, China). The target has a dimension of
30.7 cm (length) × 12.5 cm (width) × 0.6 cm (thickness). The sputtering system was de-
scribed in detail in References [31,32]. The film deposition parameters (working pressure
and sputtering power) have been optimized and reported in previously published papers.
The base pressure of the process chamber was lower than 6.7 × 10−5 Pa. The high-purity
(99.999%) Ar with a flow rate of 40 sccm was used as the plasma gas. The sputtering
pressure was kept at 8.0 Pa during the film deposition process. The average power, duty
cycle, pulse frequency and pulse length were set at 500 W, 10%, 1000 Hz and 100 us, respec-
tively. The substrate was not heated during the film deposition process. The size of the
deposited samples was 5 cm×5 cm. The inhomogeneity of film thickness was evaluated
by a nine-point method. The film thicknesses (d) at nine points distributed in a substrate
of 10 cm × 10 cm were measured by a step profiler. The inhomogeneity determined by
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(dmax − dmin)/(dmax + dmin) is within 2%. The deposition time was 10 min. The deposition
rate was 8 nm/min. The deposition parameters for the HIPIMS process are summarized in
Table 1.

Table 1. Deposition parameters for the high-power impulse magnetron sputtering (HIPIMS) process.

Parameter Value

Base pressure (×10−5 Pa) 6.7
Working pressure (Pa) 8.0

Distance of substrate-to-target (mm) 52
Average power (W) 500

Flow rate of Ar (sccm) 40
Deposition temperature (◦C) 25

Frequency (Hz) 1000
Pulse length (µs) 100
Duty cycle (%) 10

The obtained ITO film was annealed in a forming gas containing 5% hydrogen (H2)
and 95% nitrogen (N2) at 300–800 ◦C for 40 min using a rapid thermal annealing sys-
tem (Eaststar Labs, RTP-300, Beijing, China). The forming gas with a total flow rate of
1 L/min was introduced into the furnace during the whole process. The annealing pro-
cess consisted of three stages: (1) the temperature rose from room temperature to 200 ◦C
in 20 s, then held for 20 s; (2) the temperature rose from 200 ◦C to the aiming tempera-
ture (300, 400, 500, 600, 700, 750 and 800 ◦C for each specimen, respectively), then held for
40 min; (3) The temperature fell from the aiming temperature to room temperature in about
500 s. Parameters for the annealing process of ITO film are summarized in Table 2.

Table 2. Parameters for the annealing process of ITO film.

Parameter Value

Temperature (◦C) 300–800
Duration (min) 40

Atmosphere N2 (95%) + H2 (5%)
Gas flow rate (L/min) 1

The film thickness (d) was measured from the field emission scanning electron mi-
croscope (FESEM, sigma 500, Zeiss, Oberkochen, Germany) and captured images of a
cross-section of the ITO/quartz specimens before and after the annealing process. The
infrared (IR) absorption spectra of the films were measured with a Fourier transform in-
frared (FTIR, Bruker Vertex80v, Ettlingen, Germany) spectrometer. The depth distribution
of elements in the film was analyzed using time-of-flight secondary ion mass spectrometry
(TOF-SIMS, ION-TOF, TOF-SIMS V, Muenster, Germany). The crystal structure of the film
was analyzed by grazing X-ray diffraction (GIXRD, Rigaku, TTRAXIII, Ibaraki, Japan)
spectra using Cu-Kα radiation (λ = 0.154 nm) as the X-ray source. The X-ray incidents
with an angle of 1◦. The surface morphology of the films was observed by FESEM and
atomic force microscopy (AFM, Park, XE7, Suwon, Korea). The roughness (Rq) of the
film surface was obtained by statistical analysis of the AFM data. The cross-section of
the film was prepared by a focused ion beam (FIB, FEI Helios, Hillsboro, OR, USA) and
observed by a high-resolution transmission electron microscope (TEM, FEI Talos F200X,
Hillsboro, OR, USA). The electrical properties were measured by a four-point probe station
(Ossila, T2001A3, Sheffield, UK) and a Hall effect system (Hall, Ecopia, HMS5000, Anyang,
Korea). The transmittance of the specimens was measured by a spectrometer (PerkinElmer
Lambda 850, Waltham, MA, USA). The film transmittance (T) was obtained by deducting
the transmittance of bare quartz glass substrate from that of ITO/quartz specimens. The
film characterization was performed on samples on quartz glass substrate except for the
analyses of SIMS and XPS, which were performed on samples on a silicon substrate.
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3. Results and Discussion

Figure 1 shows the variation of film thickness with annealing temperature. The inset
shows the FESEM images of a cross-section of the specimens for the measurement of film
thickness. The graphs in Figure 1 present seven different specimens separated from the
deposited sample. The discrepancy of the original film thickness should be within 2%. The
thickness of the as-deposited film was 78.2 nm. The film thickness is almost unchanged
after annealing at 300 and 400 ◦C. Then, it modestly decreases after annealed at 500–700 ◦C,
possibly due to the partial reduction of the oxide film by H2. Finally, it dramatically
decreased after annealed at 750 ◦C and totally vanished after annealed at 800 ◦C due to
severe reduction and vaporization of the film. The chemical reaction of the film material
and the ambient gas will be discussed later.
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Generally, the Sn content and O content in the film are important factors that influence
the number of donor defects such as Sn substitutions and oxygen vacancies, thus leading to
the variation of carrier concentration in the film. Therefore, most research elaborated on the
oxygen sub-stoichiometry states of the ITO film. In previous works, the relative Sn doping
efficiency (reflected by the areal ratio of Sn4+/(Sn4+ + Sn2+) in the Sn 3d XPS peaks) and
the relative oxygen vacancy concentration (reflected by the areal ratio of OV/(OV + OL) in
the O 1s XPS peak) in the HiPIMS-ITO film have been investigated as functions of working
pressure and average power during the film deposition process [31,32]. The same analyses
have been performed on the samples in this work. The results are listed in Table 3 and
compared with previous works of our group. The Sn doping efficiency first decreases
with annealing temperature at 25–500 ◦C, then increases with annealing temperature at
500–750 ◦C. The variation of Sn doping efficiency is in the range of 69.8–75.0% when the
annealing temperature varies from 25 to 800 ◦C. In contrast, in our previous works, the
variations of Sn doping efficiency are in the ranges of 32.6–69.6% and 65.6–82.2%, as the
average power varies in the range of 200–600 W and the working pressure varies in the
range of 5.3–10.0 Pa, respectively. The oxygen vacancy concentration is shown in Table 3
first increases with annealing temperature at 25–500 ◦C, then decreases with annealing
temperature at 500–750 ◦C. The variation of oxygen vacancy concentration is in the range
of 42.0–47.6% when the annealing temperature varies in the range of 25–800 ◦C. In contrast,
in our previous works, the variations of oxygen vacancy concentrations are in the ranges of
39.0–48.1% and 42.1–53.5%, as the average power varies in the range of 200–600 W and the
working pressure varies in the range of 5.3–10.0 Pa, respectively. Therefore, the variations
of Sn doping efficiency and oxygen vacancy concentration with annealing temperature
in this work are much smaller than with average power and working pressure in our
previous work. However, the annealing treatment leads to a much larger variation in the
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carrier concentration (∆Nc = 9.3 × 1020 cm−3, see the results of Hall effect measurement)
compared to the smaller ∆Nc = 2.2 × 1020 cm−3 and ∆Nc = 5.6 × 1020 cm−3 by varying
average power and working pressure. Although the variations in Sn doping efficiency and
oxygen vacancy defects would influence the carrier concentration in the film, they may not
be the dominant factors. Therefore, we infer that the variation of carrier concentration with
annealing temperature should be primarily attributed to the possible material exchange
between the film and the annealing ambient rather than the Sn doping efficiency or the
slight oxygen sub-stoichiometry state. Therefore, the analysis of the hydrogen-related
defects is of main concern in this work.

Table 3. The Sn doping efficiency and oxygen vacancy concentration at different annealing temperatures.

Temperature (◦C) Sn4+/(Sn4+ + Sn2+) (%) OV/(OV + OL) (%)

25 75.0 45.1
300 73.0 45.6
400 70.2 47.2
500 69.3 47.6
600 70.0 46.5
700 71.9 44.1
750 69.8 42.0

The hydrogen centers in ITO film were studied by FTIR absorption spectra, as shown in
Figure 2. The assignment of the infrared absorption peaks in the FTIR spectra is summarized
in Table 4. The peak located at 3680 cm−1 origins from the vibration of OH species [33]. The
peak at 520 cm−1 is attributed to the vibration of the In-O bond [34,35]. The peak intensity
slightly decreases with increasing annealing temperature at 300–700 ◦C, possibly due to the
removal of weak In-O bonds by annealing. A broad band in the range of 1291–2260 cm−1

was observed for the as-deposited film, which possibly originated from the C, H and H2O-
related impurities in the film. It becomes weaker with increasing annealing temperature at
300–700 ◦C due to the removal of these impurities by annealing. It has been reported in the
case of AZO films deposited by reactive HiPIMS stored in ambient air contain hydroxyl
groups in the bulk of the film, and these groups are released after subsequent annealing in
reducing atmosphere [36]. The film resistivity significantly decreases after this release. In
this case, a similar phenomenon may occur in HiPIMS-ITO films. The water content in the
as-deposited film is quite high and drops after annealing. The release of the adsorbed water
may contribute to the decrease of film resistivity after annealing. However, the intensity
of the broadband becomes stronger and with featured peaks superimposed on it after
annealing at 750 ◦C. The featured peaks should be assigned to the stretching vibration of
Si-H, C-O, H2O and O-H bonds [37–44]. It is speculated that these featured peaks originated
from the adsorbent on the film surface, which is porous and rough, as observed by FESEM.
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Table 4. Assignments of the infrared absorption peaks of ITO film.

Wavenumber (cm−1) Assignments

3680 Si-OH
2260, 2020 Si-H
1904, 1802 C-O
1603, 1460 water
1350,832 C-H
1291, 531 C-O

520 In-O

Figure 3a,b shows the SIMS depth profile for the as-deposited and 500 ◦C-annealed
ITO films, respectively. The intensity (in the unit of counts per second, CPS) in the SIMS
spectra reflects the relative concentration of the certain element. The variation of the
concentration of certain elements along the depth direction can be observed in the spectra.
For the as-deposited ITO film, the intensity of H and C at the near-surface of the film is
almost 1.5 orders higher than that in the bulk of the film, suggesting that the H and C
in the as-deposited film are probably uptake from the ambient due to ambient exposure
of the specimens. The Sn element seems to be unevenly distributed along the depth of
the film. For the 500 ◦C-annealed ITO film, the distribution of C is similar to that of the
as-deposited film. However, the C content in the annealed film is smaller than that in the
as-deposited film both at the near film surface and in the bulk of the film. The integral SIMS
intensity of C from 0 to 80 nm for both the as-deposited and annealed film was calculated.
The result shows that the integral intensity of C decreases from 1.7 × 105 CPS·nm/s to
9.1 × 104 CPS·nm/s, suggesting the C related impurity was eliminated after annealing.
This is in accordance with the analysis of FTIR results. However, the intensity of H in the
bulk of the film increases to the level that is close to the near-surface of the film. Meanwhile,
the amount of hydrogen tends to have lowered around 40 nm of etching. This result
suggests that hydrogen redistribution and hydrogen adsorption from the ambient may
occur during the annealing process. To verify the hydrogen adsorption, the integral SIMS
intensity of H from 0–80 nm for both the as-deposited and annealed film was calculated.
The integral intensity of H increases from 4.3 × 105 CPS·nm/s to 5.0 × 105 CPS·nm/s,
indicating that more hydrogen atoms were incorporated into the film. In addition, the
Sn element exhibits a more even distribution along the direction perpendicular to the
substrate. However, the comparison between the concentrations of different elements
cannot be made since the spectra do not give the absolute intensity of the corresponding
elements. Therefore, the hydrogen concentrations in the SIMS spectra are not necessarily
high since the relative intensity does not give the absolute concentrations.
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Figure 4a shows the XRD patterns of ITO films annealed at different temperatures.
The diffraction peaks for the as-deposited film are all identified to be belonging to the
diffraction by (2 1 1), (2 2 2), (4 0 0), (4 3 1), (4 4 0) and (6 2 2) planes of cubic bixbyite In2O3
lattice (JCPDS Card No. 06-0416). The multiple-peak feature of the pattern reveals the
poly-crystal nature of the film with (2 2 2)-planes as the preferentially orientated planes. The
cubic bixbyite crystal phase is stable after annealing at 300–500 ◦C. The full width at half
maximum (FWHM, β) of the (2 2 2) peak decreases with increasing annealing temperature,
as shown in Figure 4b, indicating that the grains grew larger after annealed. The grain size
(D) was calculated according to Scherrer’s formula [45]:

D =
0.94λ
β cos θ

(1)

where λ is the wavelength of the incident X-ray (0.154 nm), and θ is the diffraction position.
The grain size increases with annealing temperature, as shown in Figure 4b. Noticeably, an
emerging peak located at 41.38◦ was observed when the annealing temperature increased
to 600–750 ◦C, which is assigned to the diffraction by In3Sn alloy (JCPDS Card No. 07-0345).
The existence of the In3Sn phase suggests that the oxide films are partially reduced to the
alloy phase after being annealed at such a high temperature. Similarly, In/Sn clusters
have been observed in ITO film after H2 plasma treatment and annealing treatment in H2
containing atmosphere reported by other groups [19,20].
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Figure 4. (a) XRD patterns of the ITO films annealed at different temperatures. (b) The variation
of full width at half maximum (FWHM, β) of the (2 2 2) peak and corresponding grain size with
annealing temperature.

Figure 5a–g shows the SEM images for the ITO films. The corresponding AFM images
were embedded at the top right corner of the SEM images. The surface roughness of
the film is plotted as a function of annealing temperature in Figure 5h. The surface of
the as-deposited film consists of uniform grains with clear boundaries. However, the
grain boundaries become blurred after annealing at 300 ◦C. Then, they become clear
again when the annealing temperature increases to 400 and 500 ◦C. The blurred grain
boundaries seem to be on a transition stage of molten-to-recrystallization, which exhibits
a surface morphology with seemingly amorphous characteristics. The grain size seems
to slightly increase as the annealing temperature increases from room temperature to
500 ◦C. However, coarse grains were observed when the annealing temperature increased
to higher than 600 ◦C. Voids started to appear at 700 ◦C. Suspected clusters were observed
after annealing at 750 ◦C. The emergence of coarse grains, voids and clusters are likely
to be caused by violent structural evolution such as precipitation of metal particles and
escape of gaseous materials. As a result, the surface roughness generally increases with
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annealing temperature, as shown in Figure 5h. The porous and rough film surface after
being annealed at 750 ◦C is more likely to accommodate adventitious contaminants, which
is in accordance with the analysis of the FTIR spectra.
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Figure 6a,c shows the TEM images with a magnification of 58 K of as-deposited and
500 ◦C-annealed ITO films, respectively. Both films exhibit columnar crystals. However,
the columnar crystals grew larger after annealing. In addition, a thin amorphous layer
was observed at the film/substrate interface for the as-deposited specimen, whereas it
disappeared after annealed, suggesting that the crystallinity of the film increases after
annealing. Some small lighter-colored regions were observed in the TEM images with a
magnification of 58 K (Figure 6c). Since In3Sn metallic phase was observed in the XRD
patterns for ITO films deposited at ≥600 ◦C, the lighter-colored region is suspected to be
the metallic clusters. Although the XRD peak corresponding to In3Sn metallic phase was
not observed for the film annealed at 500 ◦C, it is possible that the proportion of the metallic
phase is too small to cause distinct diffraction that can be observed by XRD. Therefore,
the observations of TEM and XRD are in accordance with each other. Figure 6b,d show
the high-resolution TEM images with a magnification of 820 K, which exhibit clear grains
corresponding to the (2 2 2), (4 0 0), (2 2 1) and (4 4 0) planes of the cubic bixbyite In2O3
lattice with an interplanar distance of 2.93 Å, 2.53 Å, 4.11 Å and 1.78 Å, respectively.
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Based on the analysis of our experimental data and the information obtained from
the literature, different mechanisms for the effect of hydrogen on the film are proposed to
dominate in three temperature zones. When annealed at a low temperature (300–500 ◦C),
H is incorporated into the film and exists in the forms of interstitials (Hi) and substitutions
(Ho) at the oxygen sites. Hi and Ho have been reported to act as shallow donors in several
oxide semiconductors, including In2O3 and SnO2 [22,23]. However, it has been reported
that Hi in SnO2 is thermally unstable at near room temperature and tends to decay upon
annealing, while Ho in SnO2 is more thermally stable up to ≈500 ◦C [46]. Therefore, it
is predicted that the carrier concentration would increase due to the introduction of Ho
defects by annealing in hydrogen-containing atmosphere. In this temperature range, some
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donor defects can also be introduced by removing oxygen atoms that could be released in
the form of water molecules after combination with hydrogen. However, this seems not to
be the dominant mechanism as the variation of oxygen vacancy concentration is small. In
addition, the release of the adsorbed water after annealing, as indicated by the FTIR results,
may also contribute to the decrease of film resistivity. The film thickness was slightly
reduced due to the creation of oxygen vacancies and the release of the adsorbed water after
annealing. When annealed at an intermediate temperature (500–700 ◦C), the Ho defects
are thermally unstable and expected to decay with annealing temperature. Meanwhile,
some metallic clusters are formed locally in the film (observed by XRD and TEM) due to
the reduction of the oxide film by H2 as expressed by the following reactions:

In2O3−x + H→ In + H2O (g) (2)

SnO2−x + H→ Sn + H2O (g) (3)

where g denotes the gaseous phase. In this temperature zone, the film thickness modestly
decreases due to the lattice contraction as many vacancy defects exist in the film and the
partial reduction of the oxide. The decrease in oxygen vacancy concentration is possibly
due to the redistribution of oxygen atoms between the metallic cluster region and the
oxide lattice region. Namely, the oxygen vacancies in the oxide lattice region may be
passivated by the oxygen atoms released from the metallic cluster region. However, this
seems not to be the main reason for the decrease in carrier concentration as the variation of
oxygen vacancy concentration is small. When annealed at a high temperature (700–800 ◦C),
the metal oxide film was severely reduced to metallic particles and further reacted with
hydrogen, releasing gaseous hydride as expressed by the following reactions [47,48]:

In + H→ InH3 (g) (4)

Sn + H→ SnH4 (g) (5)

In this temperature zone, the film thickness would be dramatically decreased until it
totally vanished after being annealed at 800 ◦C.

Figure 7a shows the variation of carrier concentration and mobility of the film with
annealing temperature. The carrier concentration increases with annealing temperature
in the range of 300–500 ◦C before it decreases with annealing temperature in the range
of 500–750 ◦C. Assume that the carrier concentration only depended on the oxygen va-
cancy concentration with a directly proportional relationship, the increments of carrier
concentration would be expected to be 2.8 × 1020 cm−3 and 1.4 × 1020 cm−3 after an-
nealed at 500 ◦C taking the variations of carrier concentration with working pressure
(∆Nc = 1.2 × 1020 cm−3) and average power (∆Nc = 6.0 × 1019 cm−3) as references, respec-
tively. Actually, a much large increment (∆Nc = 8.0 × 1020 cm−3) was observed. Therefore,
the variation of carrier concentration should be primarily ascribed to the creation and decay
of the Ho dopant, although the evolution of carrier concentration is approximately the same
as the evolution of the oxygen vacancy concentration reported in Table 3. The Ho dopant
in ITO film is thermally stable and active in contributing free electrons to the conduction
band at a low temperature of 300–500 ◦C. However, the Ho dopants are thermally unstable
at higher temperatures (>500 ◦C) and tend to decay with increasing annealing tempera-
ture, leading to a decrease in carrier concentration. The mobility of free electrons slightly
decreases after annealed at 300 ◦C, possibly due to the amorphous-like structure of the film
surface. Further, increasing the annealing temperature to 400–700 ◦C leads to an increase in
mobility, which should be ascribed to the increase in grain size and the reduction of grain
boundary scattering. However, The electron mobility sharply decreases after annealed at
750 ◦C. On the one hand, the sharp decrease in mobility should be ascribed to the severe
surface scattering as the film thickness is greatly reduced to 20.6 nm after annealed. On
the other hand, the scattering by increased density of point defects and metallic inclusion
should play a role in decreasing the electron mobility in the film. As a result, the film
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resistivity (ρ) shown in Figure 7b decreases with annealing temperature at 300–700 ◦C, then
dramatically increases after being annealed at 750 ◦C.
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Figure 8a shows the transmittance (T) spectra for the ITO films annealed at different
temperatures. The films all exhibit a similar high transmittance of >80% in the visible light
range (350–800 nm). The film transmittance sharply decreases at the ultraviolet light range
(300–350 nm) for the as-deposited film, and the films annealed at 300–700 ◦C due to the
band-to-band transition. The film annealed at 750 ◦C is highly transparent due to the very
small thickness (28 nm). The absorbance (α) spectra plotted in Figure 8b were calculated
using the following expression [49]:

α =
1
d

ln
(

1
T

)
z (6)
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Figure 8. (a) The transmittance spectra, (b) light absorption coefficient (α) spectra and (c) Tauc’s
plots for the ITO films annealed at different temperatures. (d) The variation of optical band gap with
annealing temperature.
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The absorbance is very weak in the visible light range (350–800 ◦C) for all films and
sharply increases in the shorter light range due to band-to-band transition. The extremely
weak absorption of the ITO film annealed at 750 ◦C should be due to the small film thickness.
The absorption edge in the transmittance and absorbance spectra exhibit a blue shift after
annealing treatment, indicating that the optical band gap changed after annealing. The
optical band gap was obtained from the Tauc plot in Figure 8c according to the following
formula [50]:

(αhv)2 = A
(
hv− Eg

)
(7)

where hv is the energy of incident photons, A is a constant, and Eg is the optical band gap.
Figure 8d shows the variation of the optical band gap with annealing temperature. The
optical band gap increases with annealing temperature at 300–500 ◦C. Then, it decreases
with annealing temperature at 500–750 ◦C. This developing trend seems to be positively
related to that of free carrier concentration, suggesting that the Moss–Burstein effect, which
often arises in heavily doped semiconductors and manifests as widening of optical band
gap by increasing carrier concentration, plays an important role in influencing the optical
band gap. The existence of metallic clusters does not lead to observable deterioration of the
optical properties of the film, although deterioration has been observed in ITO treated by
H2 plasma and annealed in an H2-containing atmosphere reported by other groups [18,20].

Table 5 lists the main results in this study and previous results for HiPIMS-ITO films
and ITO films prepared by other techniques. The annealing processes in the table were
all carried out in hydrogen-containing ambient (with different H2/N2 ratios). For the
as-deposited films prepared by DC magnetron sputtering (DCMS) and RF magnetron
sputtering (RFMS), the resistivity is (3.4–6.2)× 10−4 Ω·cm and the average transmittance in
the visible light range (Ave. T) is 70–90% [21,51,52]. After annealed at 500 ◦C, the resistivity
decreases to (2.2–4.1)× 10−4 Ω·cm and the Ave. T is improved to 86–90%. For the ITO films
prepared by sol-gel method and annealed at 600 ◦C, the resistivity is 4.4 × 10−2 Ω·cm and
the Ave. T is 86% [53]. For the ITO films prepared by e-beam evaporation, the resistivity
is 4.4 × 10−2 Ω·cm and the Ave. T is 32% [54]. These values are significantly improved
to 5.8 × 10−4 Ω·cm and 61% after annealed at 200 ◦C. For the as-deposited HiPIMS-ITO
films, the resistivity is (4.0–6.0) × 10−3 Ω·cm and the Ave. T is 78–82% [16,55,56]. The
resistivity decreases to 6.7 × 10−4 Ω·cm and the Ave. T is almost unchanged after being
annealed at 500 ◦C. Overall speaking, the ITO films prepared by DCMS and RFMS have the
best performance in terms of the electrical and optical properties both at the as-deposited
and annealed states; the ITO films prepared by HiPIMS score the secondary level at the
as-deposited state but achieves similar level to the DCMS and RFMS after annealed; the ITO
films prepared by e-beam evaporation have inferior performance at the as-deposited state,
but the resistivity can be improved to the similar level of the DCMS and RFMS while the
transmittance remains poor after annealed; the ITO films prepared by the sol-gel method
have inferior performance even after annealing. The results of this work fill in the blank of
the annealing data for the HiPIMS-ITO film.

Table 5. Comparison of the results of this study with previous results.

Method
H2/N2 Ratio

(%)
Annealing
Temp. (◦C)

ρ (Ω·cm) Ave. T (%)
Ref.

As-dep. Post-ann. As-dep. Post-ann.

DCMS 50 500 3.4 × 10−4 2.2 × 10−4 88 90 [21]
DCMS 100 500 6.2 × 10−4 2.7 × 10−4 90 92 [51]
RFMS 2 500 6.0 × 10−4 4.1 × 10−4 70 86 [52]
Sol-gel 3.75 600 N.A. 4.4 × 10−2 N.A. 86 [53]

E-beam evaporation 20 200 5.6 × 10−2 5.8 × 10−4 32 61 [54]
HiPIMS N.A. N.A. 4.0 × 10−3 N.A. N.A. N.A. [16]
HiPIMS N.A. N.A. 4.0 × 10−3 N.A. N.A. N.A. [55]
HiPIMS N.A. N.A. 6.0 × 10−3 N.A. 82 N.A. [56]
HiPIMS 5 500 5.6 × 10−3 6.7 × 10−4 78 78 This work

Notes: N.A. is short for not available; Ave. T is short for average transmittance in the visible light range; As-dep.
is short for as-deposited; Post-ann. is short for post-annealed.
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4. Conclusions

ITO films were prepared by an in-line HiPIMS system. Annealing treatment in
hydrogen-containing forming gas can effectively reduce the film resistivity without observ-
able deterioration of the optical properties. The lowest film resistivity of 6.7 × 10−4 Ω·cm
was obtained after annealed at 700 ◦C for 40 min. The hydrogen (H2) plays different roles
in influencing the film properties at different annealing temperatures: (1) hydrogen atoms
substitute the oxygen atoms (Ho), acting as shallow donors that contribute to the increase
of carrier concentration at a low annealing temperature of 300–500 ◦C; (2) the substitu-
tional hydrogen (Ho) is thermally unstable at an intermediate annealing temperature of
500–700 ◦C and decays with increasing annealing temperature, leading to the decrease
of carrier concentration; In addition, metallic clusters are formed by the reduction of H2;
(3) the hydrogen gas reduces the metal oxide severely, producing volatile metal hydride,
leading to a dramatic decrease of the film thickness and finally vanish of the film at a
high annealing temperature of 700–800 ◦C. The substitutional doping of H and the modest
reduction by H2 both lead to the increase of free carrier concentration in the film and the
decrease of film resistivity.

Author Contributions: Funding acquisition, S.-Y.L., M.-J.Z. and A.X.; J.-F.Z., J.H. and Z.-Z.C. per-
formed the experiments; data analyze, J.-F.Z., M.-J.Z., S.-Y.L., W.-Y.W., C.-J.H., D.-S.W. and W.-Z.Z.;
M.-J.Z. wrote the manuscript; M.-J.Z. and S.-Y.L. revised and review the manuscript; supervision,
S.-Y.L. All authors took part in the investigation and discussion. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is partially supported by the Science and Technology Project of Xiamen (Nos.
3502ZCQ20191002, 3502Z20201003, 3502ZCQ20201001), the scientific research projects of Xiamen
University of Technology (Nos. YKJ18008R, 405011904, YKJ19001R), the National Natural Science
Foundation of China (No. 61704142), the Natural Science Foundation of Fujian Province (Nos.
2020H0025, 2020J02049), the National Natural Science Foundation of China Joint Fund for Cross-strait
Scientific and Technological Cooperation (Grant no. U2005212).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Forouhi, A.R.; Li, G.G.; Bloomer, I. Optical characterization of ITO films used in flat panel displays. In Metrology, Inspection, and

Process Control for Microlithography X; Jones, S.K., Ed.; International Society for Optics and Photonics: Santa Clara, CA, USA, 1996;
Volume 2725, pp. 471–477.

2. Kim, K.-K.; Kim, H.; Lee, S.-N.; Cho, S. Structural, optical, and electrical properties of E-beam and sputter-deposited ITO films for
LED applications. Electron. Mater. Lett. 2011, 7, 145–149. [CrossRef]

3. Saim, H.; Campbell, D. Properties of indium-tin-oxide (ITO)/silicon heterojunction solar cells by thick-film techniques. Sol.
Energy Mater. 1987, 15, 249–260. [CrossRef]

4. Lee, S.J.; Lee, S.H.; Kang, H.W.; Nahm, S.; Kim, B.H.; Kim, H.; Han, S.H. Flexible electrochromic and thermochromic hybrid smart
window based on a highly durable ITO/graphene transparent electrode. Chem. Eng. J. 2021, 416, 129028. [CrossRef]

5. Canhola, P.; Martins, N.; Raniero, L.; Pereira, S.; Fortunato, E.; Ferreira, I. Role of annealing environment on the performances of
large area ITO films produced by rf magnetron sputtering. Thin Solid Films 2005, 487, 271–276. [CrossRef]

6. Ghorannevis, Z.; Akbarnejad, E.; Ghoranneviss, M. Structural and morphological properties of ITO thin films grown by magnetron
sputtering. J. Theor. Appl. Phys. 2015, 9, 285–290. [CrossRef]

7. Demirhan, Y.; Koseoglu, H.; Turkoglu, F.; Uyanik, Z.; Ozdemir, M.; Aygun, G.; Ozyuzer, L. The controllable deposition of large
area roll-to-roll sputtered ito thin films for photovoltaic applications. Renew. Energy 2020, 146, 1549–1559. [CrossRef]

8. Ritzau, K.-U.; Behrendt, T.; Palaferri, D.; Bivour, M.; Hermle, M. Hydrogen doping of Indium Tin Oxide due to thermal treatment
of hetero-junction solar cells. Thin Solid Films 2016, 599, 161–165. [CrossRef]

9. Prepelita, P.; Stavarache, I.; Craciun, D.; Garoi, F.; Negrila, C.; Sbarcea, B.G.; Craciun, V. Rapid thermal annealing for high-quality
ITO thin films deposited by radio-frequency magnetron sputtering. Beilstein J. Nanotechnol. 2019, 10, 1511–1522. [CrossRef]

10. Nguyen, T.; Le Rendu, P.; Dinh, N.; Fourmigué, M.; Mézière, C. Thermal and chemical treatment of ITO substrates for improvement
of OLED performance. Synth. Met. 2003, 138, 229–232. [CrossRef]

11. Gupta, S.; Ada, E. Optimization of process parameters to achieve high quality as-deposited indium-tin oxide films for display
applications. J. Vac. Sci. Technol. A 2005, 23, 1173–1179. [CrossRef]

http://doi.org/10.1007/s13391-011-0610-0
http://doi.org/10.1016/0165-1633(87)90040-2
http://doi.org/10.1016/j.cej.2021.129028
http://doi.org/10.1016/j.tsf.2005.01.078
http://doi.org/10.1007/s40094-015-0187-3
http://doi.org/10.1016/j.renene.2019.07.038
http://doi.org/10.1016/j.tsf.2015.12.027
http://doi.org/10.3762/bjnano.10.149
http://doi.org/10.1016/S0379-6779(02)01292-4
http://doi.org/10.1116/1.1875152


Nanomaterials 2022, 12, 1995 14 of 15

12. Salami, H.; Uy, A.; Vadapalli, A.; Grob, C.; Dwivedi, V.; Adomaitis, R.A. Atomic layer deposition of ultrathin indium oxide and
indium tin oxide films using a trimethylindium, tetrakis(dimethylamino)tin, and ozone precursor system. J. Vac. Sci. Technol. A
2019, 37, 010905. [CrossRef]

13. Aiempanakit, M.; Kubart, T.; Larsson, P.; Sarakinos, K.; Jensen, J.; Helmersson, U. Hysteresis and process stability in reactive high
power impulse magnetron sputtering of metal oxides. Thin Solid Films 2011, 519, 7779–7784. [CrossRef]

14. Sittinger, V.; Lenck, O.; Vergöhl, M.; Szyszka, B.; Bräuer, G. Applications of HIPIMS metal oxides. Thin Solid Films 2013, 548, 18–26.
[CrossRef]

15. Horwat, D.; Mickan, M.; Chamorro, W. New strategies for the synthesis of ZnO and Al-doped ZnO films by reactive magnetron
sputtering at room temperature. Phys. Status Solidi C 2016, 13, 951–957. [CrossRef]

16. Carreri, F.; Sabelfeld, A.; Gerdes, H.; Bandorf, R.; Vergöhl, M.; Bräuer, G. HIPIMS ITO films from a rotating cylindrical cathode.
Surf. Coat. Technol. 2016, 290, 65–72. [CrossRef]

17. Stranak, V.; Bogdanowicz, R.; Sezemský, P.; Wulff, H.; Kruth, A.; Smietana, M.; Kratochvíl, J.; Cada, M.; Hubicka, Z. Towards high
quality ITO coatings: The impact of nitrogen admixture in HiPIMS discharges. Surf. Coat. Technol. 2018, 335, 126–133. [CrossRef]

18. Al-Kuhaili, M.F. Electrical conductivity enhancement of indium tin oxide (ITO) thin films reactively sputtered in a hydrogen
plasma. J. Mater. Sci. Mater. Electron. 2020, 31, 2729–2740. [CrossRef]

19. Yang, S.-H.; Lee, D.-M.; Kim, J.-K.; Kang, J.-W.; Lee, J.-M. Enhanced optical and electrical properties of ITO on a PET substrate by
hydrogen plasma and HCl treatment. J. Phys. D Appl. Phys. 2013, 46, 125103. [CrossRef]
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