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We deposited indium-tin-oxide (ITO) films on silicon and quartz substrates by magnetron sputtering technology in
pure argon. Using electrostatic quadrupole plasma diagnostic technology, we investigate the effects of discharge power
and discharge pressure on the ion flux and energy distribution function of incidence on the substrate surface, with special
attention to the production of high-energy negative oxygen ions, and elucidate the mechanism behind its production. At
the same time, the structure and properties of ITO films are systematically characterized to understand the potential effects
of high energy oxygen ions on the growth of ITO films. Combining with the kinetic property analysis of sputtering dam-
age mechanism of transparent conductive oxide (TCO) thin films, this study provides valuable physical understanding of

optimization of TCO thin film deposition process.

Keywords: magnetron sputtering, ion energy, ITO thin film, high energy oxygen anion
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1. Introduction

Photovoltaic energy has increasingly emerged as a piv-
otal driver in the global energy structural transformation.!!!
In comparison to traditional passivated emitter and rear cell
(PERC) solar cells, heterojunction with intrinsic thin-film
(HJT) heterojunction solar cells offer superior advantages,
including enhanced conversion efficiency (> 25%), minimal
susceptibility to optical degradation, and a reduced tempera-
ture coefficient.!>3 In the manufacturing process of HIT so-
lar cells, it is essential to deposit a transparent conductive ox-
ide (TCO) thin film on passivation surface to improve the lat-
eral conductivity of the passivating hydrogenated amorphous
silicon (a-Si:H) layer. Currently, the prevalent approach in-
volves the utilization of direct current (DC) magnetron sput-
tering technology for TCO thin film deposition. Nevertheless,
this deposition process gives rise to the issue of “sputtering
damage”, which diminishes the passivation quality of the a-
Si:H layer and the optoelectronic performance of the TCO thin
film.[*>! The effective mitigation of sputtering damage is a fo-
cal concern within the photovoltaic industry, as it significantly
impacts the conversion efficiency limit and yield in the mass
production of HJT solar cells, thus representing one of the cur-
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rent industry’s focal points of discussion.

The formation of sputtering damage constitutes a com-
plex multiscale physical process encompassing sputtering,
transport, and deposition across three distinct regions. Within
the process of thin-film TCO deposition, a substantial pop-
ulation of negative ions (O™, O,, InO~, among others) is
generated near the target surface. These ions, possessing en-
ergies approaching the target voltage (on the order of hun-
dreds of electron volts), collide with the substrate, resulting
in sputtering and etching of the deposition layer. This phe-
nomenon stands as the primary causative factor underlying
the occurrence of sputtering damage in TCO thin films.[¢~]
In the 1970s, the Palo Alto Research Center in the United
States first confirmed that high-energy particle irradiation in-
troduces structural defects within the a-Si:H deposition layer.
It was postulated that ion-induced damage could potentially
constitute the core issue affecting the efficiency of future HIT
devices.['%! Subsequently, researchers at the AIFOKA Corpo-
ration in Japan observed a significant increase in the resistivity
of indium-tin-oxide (ITO) thin films with elevated target volt-
age. This effect was attributed for the first time to crystalline
damage resulting from the high-energy oxygen negative ions
bombarding the thin film.[!!] Researchers have demonstrated
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that high-energy negative ions serve as a pivotal determinant in
the extent of sputtering damage. No matter whether the objec-
tive is to diminish power or elevate gas pressure, the ultimate
aim is to reduce the flux and energy of high-energy negative
ions. [12:13]

Achieving comprehensive monitoring of high-energy
negative ions throughout the TCO magnetron sputtering de-
position process is a prerequisite for comprehending the phys-
ical mechanisms underlying sputtering damage and develop-
ing damage mitigation techniques. The evolution of energy-
resolved mass spectrometry techniques has provided a robust
means for diagnosing the behavior of high-energy negative
ions. Tominaga et al. from Tokushima University, Japan, pi-
oneered the direct measurement of high-energy negative ions
during magnetron sputtering using an improved Faraday cup
apparatus.!'*! The development of energy-resolved mass spec-
trometry techniques has also facilitated diagnostic research on
high-energy negative ions. For instance, in their investigation
of the sputtering process of metal targets in argon/oxygen at-
mospheres, Mraz et al. discovered various negative ions pre-
dominantly composed of O~ ions, whose energies matched
the target voltage, confirming the origin of high-energy nega-
tive ions from the target surface.!'>! Welzel et al. systemati-
cally analyzed the lateral distribution of oxygen negative ions
incident on the substrate surface, confirming the highest flux
of high-energy oxygen negative ions in the groove region of
the target surface.!'®! Although these studies investigated the
influence of plasma parameters on ion energy and behavior,
they lacked ITO performance characterization and failed to
link the high-energy negative ion behavior with the damage
of ITO films. In our previous study, it has been verified that
the regulation of high-energy negative ions by additional elec-
trodes can effectively inhibit sputtering damage and improve
the photoelectric performance of ITO films.!!”]

This study leverages electrostatic quadrupole (EQP)
plasma diagnostic technology to investigate the mechanistic
impact of high-energy negative ion dynamics on sputtering
damage in TCO thin films. It explores the influence of power
and gas pressure on generation of high-energy oxygen nega-
tive ions, elucidates the mechanism of high-energy O~ pro-
duction, and analyzes the potential effects of high-energy O™
on the growth of ITO thin films. These findings provide essen-
tial physical insights to support the optimization of TCO thin
film deposition processes and the design of advanced mag-
netron sputtering target structures.

2. Experiment

In this work, ITO thin films were prepared using the DC
magnetron sputtering method, and the experimental device is
shown in Fig. 1. The magnetron is positioned to the left of
the six-way cross vacuum chamber (with a diameter of 16 cm

and a length of 25 cm), and is powered by a direct current
power supply (Truplasma DC 4020, Trumpf Huettinger). The
target material consists of indium tin oxide (ITO) containing
90% wt.% InpO3 and 10% wt.% SnO,. The EQP plasma an-
alyzer (EQP 1000, Hiden) is mounted on the right flange, a
substrate bracket (stainless steel, 80 mm diameter, 5 mm thick-
ness) with an aperture (1 mm diameter) are mounted on the
EQP probe, both of which are well grounded. The distance
between the target and the EQP probe is fixed at 70 mm. The
background vacuum of the chamber before the experiment was
less than 1.0 x 10~* Pa. In this study, the discharge power
ranges from 50 W to 200 W, and the pressure varies from
0.4 Pato 1 Pa.

In terms of film characterization, the crystal structure of
ITO films was analyzed by x-ray diffraction (XRD, D8 Ad-
vance, Brucker) using 6—260 mode, and the source was the
Cu Ka spectral line with wavelength 0.15418 nm. The el-
emental composition and chemical bond state of the sam-
ple surface were analyzed using the ESCALAB 250XI x-ray
photoelectron spectrometer (XPS) equipped with an Al Ky
(hv = 1486.6 eV) x-ray source and an Hel (21.2 eV) x-ray
source. The surface and cross section morphology of the sam-
ples were observed by a Hitachi (SU-8010) scanning electron
microscope (SEM). The transmittance of the film was mea-
sured by SHIMADZU UV-2550 UV-visible spectrophotome-
ter. The wafer resistance of the film was measured using a
four-point collinear probe and a Keithley 2400 source meter.

DC power

Pump

Fig. 1. Schematic diagram of DC magnetron sputtering system at Soo-
chow University.

3. Results and discussion
3.1. Ion behaviors

Figure 2 shows the main mass spectra of (a) positive ions
and (b) negative ions in the deposition area obtained by EQP
plasma analyzer when the discharge power is 150 W and the
air pressure is 6 x 10~! Pa. It is evident that negative ions dom-
inate the ions incident on the substrate surface, primarily com-
prising species such as O™, O;, and InO™, while positive ions,
including Ar* and In™, are relatively scarce.!!8] The negative

108102-2



Chin. Phys. B 33, 108102 (2024)

ion density surpasses that of positive ions by two orders of
magnitude. The prevalence of negative ions can be attributed
to sputtering from the target material, with its flux closely
linked to the sputter rate of the target material. In contrast,
positive ions originate from collision ionization processes be-
tween electrons and Ar/In atoms. Thus, their flux should be
closely associated with electron temperature and density.
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Fig. 2. Mass spectra of the main (a) positive and (b) negative ions inci-
dent on the substrate surface. (c) Negative ion concentration at different
power and pressure.

In Fig. 2(c), the monitoring of O~ and InO~ ions’ infor-
mation is performed with various power and pressure, which
will be advantageous for modulating ion parameters and opti-
mizing deposition process parameters in subsequent steps. It
is observable that increasing power enhances the sputter rate
of the target material, consequently leading to a substantial
augmentation in negative ion flux. Conversely, elevating gas
pressure results in a reduction of plasma density within the
sputtering zone, suppressing target surface current, and subse-
quently causing a reduction in negative ion flux.

Figure 3 illustrates the influence of different discharge
powers on the energy distribution curves of key positive ions
Both Ar™ and In™
ions exhibit pronounced energy peaks in the low-energy re-

under a discharge pressure of 0.6 Pa.

gion, centered at approximately 4 eV. Ar™ ions predominantly
originate from the primary plasma region and undergo ac-
celeration within the substrate sheath layer, where their en-
ergy primarily depends on the potential difference across the

sheath layer (sheath + pre-sheath). Given that both our sub-
strate and EQP probe are grounded, the sheath potential dif-
ference is approximately equal to the plasma potential. Con-
sequently, we calculate the average energy of Ar ions to be
around 4 eV, which closely aligns with the plasma potential
measured subsequently using probes. In contrast, In™ ions
stem from electron collision ionization of sputtered In atoms
within the plasma region. Their energy is slightly higher than
that of Ar™ ions, as it arises not only from sheath acceleration
but also from collision sputtering processes involving argon
ions. In general, augmenting discharge power elevates plasma
potential, consequently resulting in increased ion energy.
Figure 3(c) illustrates the influence of discharge power
on the energy distribution of O~ ions incident on the substrate
surface. It is evident that the energy distribution of oxygen
negative ions exhibits a multi-peak structure.[*!>-2%1 The high-
energy peaks, indicated by spades, primarily originate from
high-energy O™ ions sourced from the target surface, acceler-
ated by the cathode sheath layer, with their energy primarily
determined by the target voltage (~ eVr).?1=23 As the power
increases, the target voltage increases and the peak value
moves to the high energy region. Furthermore, high-energy
oxygen molecular ions O, accelerated by the cathode sheath
layer, may undergo dissociation in the primary plasma region,
generating oxygen negative ions (O, — O~ + 0).1?2] These
peaks correspond to ion fragments that retain their attached

electrons, and their energy Ef jon can be expressed as>+%]
i jon
Efion = (—eVe). (1)
my

Here, mg jon is the mass of the ion fragment and my is the mass
of the parent molecule ion. The energy of these O™ ions is ap-
proximately half the target voltage (~ 0.5Vr),[? as denoted
by square markers. The low-energy peaks, marked by clubs,
could potentially represent some oxygen atoms sputtered in
the target pre-sheath region, forming oxygen negative ions by
electron attachment,?’! although this theory requires further
validation. The low-energy peaks marked by hearts represent
those oxygen negative ions that experience a decrease in en-
ergy due to non-elastic collisions with neutral particles during
their transport to the substrate.

In Fig. 3(d), we examine the influence of different dis-
charge powers on the energy distribution of InO~ ions incident
on the substrate surface. It is evident that the energy distribu-
tion of InO™ negative ions exhibits distinct high-energy and
low-energy peaks. Although the InO™ ion flux is an order of
magnitude lower than that of O™ ions, its substantial molec-
ular mass results in non-negligible sputter damage. Likewise,
reducing sputtering power can suppress the generation of high-
energy InO™ ions.
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Figure 4 illustrates the influence of different discharge
pressures on the energy distribution curves of key positive and
negative ions at 150 W discharge power. In general, the peak
position of these four ions did not change under the influence
of the change of air pressure, but the peak value and peak
width change to some extent. For Ar' ion, the peak height

becomes 8.0 x 1073, the peak width becomes smaller and the
peak becomes sharper. Similarly, the peak strength of In™ ion
gradually increases by 8.0 x 10~ with the increase of air pres-
sure, and the capping becomes sharper. The peak values of O™
and InO™ are not significantly changed by changing the air

pressure, and the energy distribution curves of O~ and InO™
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are more similar under different air pressures.
Combined with the energy distribution curves of oxygen
negative ions depicted in Figs. 3(c) and 4(c), we can employ
the following equations to straightforwardly compute the av-
erage energy of high and low-energy oxygen negative ions,
along with the proportion of high-energy ions:
g _ JE-H(E)E -
JA(E)AE
Nhigh 25(%) f(E)AE
Notal ~ OSOOfi (E) dE ’

3)

where fi(E) represents the ion energy distribution function,
Nhigh signifies the ion density in the high-energy region, and
Niotal Stands for the total ion density.

Figure 5 illustrates variations in the average energy of
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tween high-energy O~ ions and neutral particles, resulting in
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ions incident on the substrate surface, and effect of discharge power (c) and pressure(d) on high energy and low energy O~ ion fluxes

incident on substrate surface.

Surprisingly, we find that increasing power also leads to a
decrease in the proportion of high-energy O~ ions. To further
investigate the underlying reasons, we systematically analyze
the variations in high-energy and low-energy oxygen negative
ion flux with discharge power and gas pressure [as depicted in
Figs. 5(c) and 5(d)]. It is evident that while increasing power
has a minimal impact on the quantity of high-energy oxygen
negative ions, it significantly increases the quantity of low-
energy oxygen negative ions, consequently reducing the pro-
portion of high-energy oxygen negative ions. Elevating gas
pressure partially decreases the quantity of low-energy oxy-
gen negative ions and exhibits a more pronounced inhibitory
effect on high-energy oxygen negative ions.

3.2. Film characterizations

Figures 6(a) and 6(b) depict SEM images of the sur-
face morphology of ITO thin films under varying discharge
power and gas pressure conditions. The SEM results manifest
that, within the current parameter range, augmenting discharge
power and Ar flow rate (gas pressure) markedly enhances grain
size and crystallinity.[*®! The enhancement in film crystalline
quality is considerably more pronounced with increased gas
pressure than with increased power, ?°! owing to the gas pres-
sure elevation’s effectiveness in reducing the energy and flux
of high-energy oxygen negative ions, thereby averting severe
sputter damage to the thin film.
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Fig. 6. Surface morphology of ITO film under different discharge power (a) and discharge pressure (b).

From the SEM cross-sectional morphology image, it is
evident that we have successfully fabricated a uniform and
dense ITO thin film on a Si substrate, with a predominantly
columnar crystal growth structure.*”) The thin film growth
rate is primarily determined by discharge power, with rela-
tively weaker sensitivity to gas pressure. Therefore, it is dif-
ficult to analyze the effect of discharge power on the film re-
sistivity, so this study mainly analyzes the effect of discharge
pressure on the film. Under conditions of 150 W and 0.6 Pa,
the growth rate measures 62 nm/min. Subsequent studies can
try to increase the discharge power (above 150 W) and gas
pressure to obtain better film forming quality.

Figure 7 depicts x-ray photoelectron spectroscopy (XPS)
of the thin film under typical discharge conditions (power:
150 W, pressure: 0.6 Pa). The O 1s spectra show that the
main peak (O I) at 529.7 eV belongs to the In-O-In oxygen
bond, and the other peak (O 1) at 531.4 eV belongs to the O
vacancy in the InpyO3; matrix, indicating that there is oxygen
vacancy (InO3_,) on the surface of the film.[3!-*?] This obser-
vation aligns, to a considerable extent, with the x-ray diffrac-
tion (XRD) results, affirming that oxygen vacancy formation
is closely associated with the near-target oxygen-depleted en-
vironment during the magnetron sputtering process.

Figure 8 illustrates x-ray diffraction patterns (6—26 scan)

as a function of discharge power and gas pressure. XRD film
phase analysis reveals that the film primarily comprises the
(400) phase,*3] indicating that the stoichiometric percentage
of O and In is less than 1.5, with a significant presence of
oxygen vacancies within the film. Generally, a smaller peak
intensity ratio between the (222) peak and the (400) peak im-
plies a lower elemental stoichiometric ratio of O and In in
the film, resulting in reduced film transparency but higher

1341 To mitigate oxygen vacancies, it is advisable

crystallinity.
to introduce increased oxygen in later experiments. Further-
more, we observed that in the edge region of the film depo-
sition, the ratio of the (222) peak to the (400) peak is higher,
indicating a reduced presence of oxygen vacancies in the film.
This observation reflects distinct spatial distributions of In and
O particles sputtered by the circular planar target, resulting in
varying elemental stoichiometric ratios in films deposited in
different regions. !

Table 1 lists the average light transmittance of the ITO
film within the wavelength range of 400-800 nm and the cor-
responding optical bandgap parameters at different pressures,
according to the UV-visible spectra of ITO film deposited un-
der different pressures shown in Fig. 9. A notable rise in the
average light transmittance is evident with increasing pressure.
As the pressure increases, the collision frequency rises, lead-
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ing to enhanced scattering of argon ions. Consequently, the
energy of argon ions striking the target diminishes. Addition-
ally, the heightened collision frequency results in the dissipa-
tion of energy by high-energy O ions enroute to the substrate.
With minimized sputtering damage, crystal grains deposited
on the substrate effortlessly amalgamate into larger, more co-
hesive structures. Another contributing factor is that as the
sputtering pressure increases, the band gap of the film shifts
its absorption edge towards the blue spectrum, consequently
augmenting its average transmittance.
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Fig. 7. XPS spectra of thin films under typical discharge parameters
(discharge power 150 W, discharge pressure 0.6 Pa).

It has been observed that resistivity notably decreases
with increasing pressure, particularly within the range of 0.4—
0.8 Pa, where the decline is particularly rapid. This phe-
nomenon can be attributed to variations in the sputtering

chamber’s Ar" ion number density and collision frequency at
different pressure levels. With increasing pressures, the de-
creasing energy and flux of high-energy O~ ions facilitate the
deposition of ITO target atoms and atomic groups onto the
substrate. Consequently, films exhibit higher migration en-
ergy, superior crystal quality, larger grain sizes, fewer grain
boundaries, and enhanced carrier mobility. However, as pres-
sure exceeds 0.8 Pa, despite the increase in carrier mobility
due to reduced grain boundaries, looser crystal grains limit
carrier mobility. This equilibrium between grain boundary ef-
fects and crystal grain density explains the stabilization of re-
sistivity changes at pressures exceeding 0.8 Pa.
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Fig. 8. XRD lines of ITO films under different discharge power and
pressure conditions.
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Fig. 9. Ultraviolet-visible spectra of ITO films deposited under different
pressures.

Table 1. Changes of key photoelectric characteristics with discharge
pressure.

Pressure (Pa) Transmittance (%) Band gap (eV) Resistivity (Q-cm)

0.4 52.6 3.19 0.48
0.6 54.9 3.32 0.36
0.8 57.0 3.33 0.24
1.0 58.1 3.34 0.23

4. Summary and conclusion

In this study, ITO films were deposited onto silicon and
quartz substrates using the magnetron sputtering technique in
a pure argon environment. The investigation focuses on the in-
fluence of discharge power and discharge pressure on the ion
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flux and energy distribution function incident upon the sub-
strate surface.

The energy distribution of oxygen anion shows a multi-
peak structure. The high energy peaks are mainly derived from
the high energy O~ ions of the target surface, which are ac-
celerated by the cathode sheath of the target surface, and the
energy is mainly dependent on the target voltage (~ eVr). In
addition, the high-energy oxygen molecular ion O; acceler-
ated by the cathode sheath may dissociate in the main plasma
region, producing oxygen negative ions (O, — O~ + O), the
energy of this part of the O™ ion is approximately equal to half
of the target voltage (~ 0.5¢Vr). The low energy peak may be
a part of the sputtered oxygen atoms in the target pre-sheath re-
gion, combined with electrons to produce oxygen ions. Never-
theless, this theory still needs further verification. The lowest
energy low energy peak is the part of the substrate in the pro-
cess of transport to the neutral particles and inelastic collision,
resulting in energy reduction of the oxygen anion.

The energy and flux of high and low energy oxygen an-
ions can be adjusted by changing the discharge power and dis-
charge pressure. The target voltage usually increases as the
discharge power increases, resulting in an increase in the en-
ergy of high-energy O~ ions and an increase in the number
of O~ ions. This increase has a negligible effect on the num-
ber of high-energy negative oxygen ions, but significantly in-
creases the number of low-energy O~ ions, thereby reducing
the proportion of high-energy O~ ions. Increasing the air pres-
sure increases the collision frequency between high energy O~
ions and neutral particles, reduces the energy of high energy
O~ ions and their number, and can better inhibit the sputter-
ing damage of high energy O~ ions on the film. Therefore,
it is suggested to reduce the sputtering power, increase the air
pressure, inhibit the production of high energy O~ ions, and
improve the quality of the film in the follow-up study.
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