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Characteristics of Ar*-ion-implanted
Amorphous-1GZO

Keisuke YASUTA*, Toshimasa UI, Yuya YAMANE, Toshihiko SAKAI,
Yasunori ANDOH, and Junichi TATEMICHI

Nissin lon Equipment Co., Ltd. conducted research on electron transport properties of an argon-ion-implanted amorphous InGaZnO
(a-1GZ0) film deposited on a glass substrate. The research obtained valuable data on electron concentration and Hall mobility of the film
at various depths from the surface. The result shows that the a-IGZO fim has a high electron concentration in deep regions compared
with an argon plasma-treated a-IGZO film. In addition, the company estimated the argon stopping powers of a-IGZO and the donor level
of 0.05-0.1 eV below conduction band bottom energy, which can be applied to resistance control for a-IGZO device processing.
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1. Introduction

In the next-generation electronics field for flat-panel
displays (FPDs), research and development on amorphous
InGaZnO (a-IGZO), which is characterized by a wide band
gap, transparency, flexibility, and excellent film thickness
uniformity, have been widely conducted.

a-IGZO thin-film transistors (TFTs) fabricated in the
vacuum process achieve high-speed operation, low power
consumption, and high breakdown voltage."® Thus,
a-IGZO TFTs are expected to be applied to next-generation
FPDs, such as flexible displays, transparent displays, and
low-power-consumption displays. To improve the perfor-
mance of the oxide semiconductor TFTs, technologies to
lower the resistance in the source/drain regions by plasma
irradiation,® excimer laser irradiation,” and ion implanta-
tion®® have been studied. Of these technologies, ion
implantation has superb advantages in terms of depth direc-
tion controllability, microfabrication performance, and
productivity. As the technology is expected to further
improve the performance and achieve a higher definition of
displays, Nissin Ion Equipment Co., Ltd. has been
conducting research and development focusing on this field.

Previously, Nissin Ion Equipment reported that
oxygen vacancy (Vo) generated by noble gas ion implanta-
tion contributed to reducing the sheet resistance R; of the
a-IGZO0 oxide semiconductor.”® However, the concentra-
tion of noble gas implanted in an a-IGZO film is low, and
the ionization cross-section is small. Thus, it is difficult to
measure the concentration distribution of noble gas
elements and Vo in a-IGZO films.

To estimate electron transport properties and establish
resistance value control technology for a-IGZO films, we
performed one of the conventional noble-gas ion Ar*
implantation and Ar plasma irradiation for comparison. We
also estimated the stopping power of a-IGZO films for Ar
and the donor level based on the obtained results.

2. Experiment Procedure and Results

2-1 Sheet resistance evaluation of Ar*-implanted and

Ar-plasma-irradiated a-IGZO films

a-1GZO thin films with a film thickness 50 nm and
sheet resistance ~ 102 Q/sq. were formed on glass
substrates whose thickness was 0.5 mm by inductively
coupled plasma sputtering (gas flow rate: Ar/O = 95/5
sccm, pressure: 0.9 Pa, RF power: 7 kW, target: InGaZnOs,
target voltage: —400 V). To reduce Rs, an ion implanter”
of Nissin lon Equipment was used to implant Ar* ions (ion
energy: Ein 20-80 keV, dose: 1 x 10" ions/cm?). For
comparison, Ar plasma irradiation was also performed
(pressure: 20 Pa, RF power: 10-30 W, processing time:
1-10 min). To compare thermal stability, heat treatment
was performed in the atmosphere at 300°C for 1 h after Ar*
ion implantation or Ar plasma irradiation.

Figure 1 (a) shows the FEi. dependence of R, of
a-IGZO films after Ar" ion implantation and after heat
treatment at 300°C following ion implantation. After ion
implantation, R, of a-IGZO films decreased to 3 x 10°-1 x
10* Q/sq. Meanwhile, heat treatment at 300°C after ion
implantation increased R to 1 x 10*-2 x 10° Q/sq. Both
after ion implantation and after heat treatment at 300°C, R,
was a decreasing function of Ej, and the Ej,, dependence
of R was high after heat treatment in particular.

Figure 1 (b) shows the RF power dependence of R; of
a-1GZO films after Ar plasma irradiation and after heat
treatment at 300°C following plasma irradiation. After
plasma irradiation, R, of a-IGZO films decreased to ~ 2 x
10® Q/sq. regardless of the plasma irradiation condition.
Meanwhile, heat treatment after plasma irradiation
increased Ry to 1 x 10%—1 x 107 Q/sq. regardless of the irra-
diation condition.

The results above suggest the following. In the case of
Ar plasma irradiation, Vo, which supplies electrons, is
generated near the surface of a-IGZO films and easily
decreases due to the reaction with O, and H,O in the
atmosphere. Meanwhile, in the case of Ar" ion implanta-
tion, Vo is generated in deep regions away from the surface,
which are unlikely to be affected from the surface. This
ensures high thermal stability.
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Fig. 1. (a) Ion energy Ei,, dependence and (b) RF power dependence of the

a-1GZO film sheet resistance R, before and after heat treatment at 300°C
(Figure 2 of the published paper® (copyright: FTFMD 2021))

2-2 Depth direction analysis of the electron transport
properties

To clarify the difference in thermal stability between
Ar" ion implantation and Ar plasma irradiation, the electron
transport properties were analyzed in the depth direction by
combining wet etching and Hall measurement.

Figure 2 shows an overview of the depth direction
analysis of electron transport properties of a-IGZO films.
Ar" ion implantation (80 keV, 1 x 10 ions/cm?) or Ar
plasma irradiation (20 Pa, 30 W, 10 min) was performed on
the a-IGZO film (thickness: 170 nm)/glass substrate struc-
ture. Isolation and ohmic electrode formation were
conducted to fabricate a Hall measurement device. Figure 3
shows sheet electron density #,, Hall mobility x, and R; as a
function of etching depth from the surface of a-IGZO
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Fig. 2. Overview of the depth direction analysis of a-IGZO films after Ar* ion
implantation and Ar plasma irradiation
(Figure 1 of the published paper® (copyright: FTFMD 2021))
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Fig. 3. Relationship between (a) sheet electron density n;, (b) Hall mobility x,
and (c) sheet resistance R, and the etching depth of a-IGZO films after
Ar* ion implantation and Ar plasma irradiation
(Figure 3 of the published paper® (copyright: FTFMD 2021))

films, which were obtained by repeating the process of wet
etching, film thickness measurement by spectroscopic
ellipsometry, and Hall measurement. n; of Ar-plasma-
irradiated a-IGZO films significantly decreased as the
increase in the etching depth, which indicates almost all of
Vo were generated near the surface of a-IGZO films.
Meanwhile, compared to the results of Ar plasma irradia-
tion, ns and p of Ar*-implanted a-IGZO films decreased
gradually as the increase in the etching depth. This result
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shows that high-density Vo was generated into deep regions
from the surface of a-IGZO films.

To evaluate the electron transport properties in the
depth direction more quantitatively, the parallel conduc-
tance model, which is shown in Fig. 4, was used to calcu-
late the depth direction profile of local electron density n;
and local Hall mobility 4 in a-IGZO films. In this model,
the electrical conductivity of electrons is described by the
synthesis of parallel connection of each layer. When the
weak magnetic field approximation (B << 1) holds, the
two equations below hold given the parallel conductance
Hall coefficient.

Omeas =~ ZUj (Umeas = Mmeas * Hmeas; 05 = 15 ° Nj) (1)
J
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Fig. 4. Parallel conductance model
(Figure 4 of the published paper® (copyright: FTFMD 2021))

Here, based on the results in Fig. 3, the weak magnetic

field approximation holds given that the Hall mobility of

a-IGZO films is u = 1-10 cm* Vs and the magnetic flux
density B is ~ 0.5 T. Omeas, Mmeas, and timeas are conductance,
electron density, and Hall mobility, respectively, obtained
in the Hall measurement. Thus, #n; and g of each section
can be estimated by using Egs. (1) and (2).

Figure 5 shows the depth direction profile of r; and g;
obtained through calculation. Depth 0 corresponds to the
a-1GZO film surface. the electron density is high in regions
of 0-20 nm for Ar-plasma-irradiated films and in regions
of 0—-60 nm for Ar*-ion-implanted films. Given that Ar does
not serve as a donor, on the assumption that only Vo gener-
ates electrons, the Vo profile can be estimated using a
simulator (Transport of lons in Matter, TRIM() based on
the n; profile. Here, the Vo profile in Fig. 5 almost matches
the n; profile. Based on these correlations, the ion energy

dependence of electronic and nuclear stopping power of

the a-IGZO films for Ar were obtained as shown in Fig. 6.
Here, the bond energy of In, Ga, Zn, and O is 2-3 ¢V.(2:(09)
We also estimated the depth direction profile of Ar atoms
implanted in the a-IGZO films by using the stopping power
obtained.
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Fig. 5. Depth direction profile of (a) local electron density #; and (b) local Hall

mobility g
(Figure 5 of the published paper® (copyright: FTFMD 2021))
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Fig. 6. Ion energy Ei,, dependence of the electronic and nuclear stopping
power of the a-IGZO film for Ar
(Figure 6 of the published paper® (copyright: FTFMD 2021))

2-3 Elucidation of the Vo donor level

To determine the Vo donor level, Poisson-Schrédinger
calculation® was performed. The calculation flow is
shown in Fig. 7. The energy band profile and the electron
distribution at 300 K shown in Fig. 8 were obtained based
on the Vo fitting line, which was obtained through the
calculation shown in Fig. 5, and the assumption that two
electrons were generated by each Vo. Here, E. is the energy
at the bottom of the conduction band, E, is the energy at
the top of the valence band, Ep is the mean Vo-donor-level,
Ey is the Fermi energy, p is the electron density, and d is the
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Fig. 8. Examples of energy band profiles and electron distributions at 300 K in
the a-IGZO/glass substrate structure obtained by calculation
(Figure 7 of the published paper® (copyright: FTFMD 2021))

film thickness shown in Fig. 2. The band gaps of the a-IGZO
films and glass substrates were ~ 3.5 eV and ~ 8.4 eV,
respectively.?

Based on the calculation, the donor level £. — Ep =
0.05-0.1 eV was obtained. As shown in Fig. 3, n, (solid line)
obtained through the calculation well matches the experi-
ment results. This shows the validity of the calculation.

3. Conclusion

We investigated the properties of Ar-ion-implanted
and Ar-plasma-irradiated a-IGZO films on glass substrates.
By combining the Hall measurement with wet etching, the
depth direction profile of local electron density and local
Hall mobility was obtained based on the depth direction
information of electron transport properties. It was found
that Ar" ion implantation generated high-density electrons,
which were induced by Vos, at deep positions from the
a-IGZO film surface, achieving high thermal stability. We
also estimated the stopping power of a-IGZO against Ar
and the donor level at positions of 0.05-0.1 eV from the
bottom of the conduction band. These findings are useful
for ion implantation-based resistance value control tech-
nology for the a-IGZO device process.
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