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ABSTRACT

The ultra-thin tin doped crystalline indium oxide (ITO) films (≤50 nm) were successfully deposited by a
3-dimensionally confined magnetron sputtering source (L-3DMS) at the temperature lower than 100 �C. The
resistivity and the mobility of the ultra-thin ITO films deposited at a low processing temperature were about
∼5×10−4 � · cm and >30 cm2/Vs, respectively, for the thickness of 30 nm. The high quality of the ultra-thin
ITO films deposited by L-3DMS is believed to be related to the improved crystallinity with oxygen vacancies of
the ITO films by high density plasma and low discharge voltage of the L-3DMS which enables the formation of
a crystalline structure a low processing temperature.
KEYWORDS: Transparent Conducting Oxide (TCO), 3-D Confined Magnetron Sputtering, ITO Film, High
Plasma Density, Crystal Structure, Low Temperature.

1. INTRODUCTION
Over the past few decades, the tin doped indium oxide
(ITO) has been a leading transparent conductive material
for the various applications such as flat panel displays,
solar cells, smart windows, gas sensors, organic light emit-
ting devices, etc.1�2 It is well known that the ITO thin film
with a crystalline structure (1∼3× 10−4 � · cm)3 is bet-
ter than an amorphous structure (6∼9× 10−4 � · cm).4�5

The amorphous structure ITO films are reported to have
a high resistivity due to the absence of tin (Sn) dopant
activation6 while the ITO films with the crystalline struc-
ture are reported to show a low resistivity because it is
doped by the substitution of Sn4+ into In3+ sites by the
presence of oxygen vacancies.7 That is, for the amorphous
structured ITO thin films, Sn is not efficiently activated
and the carriers are contributed primarily to oxygen vacan-
cies. The state of ITO thin films structure is dependent
on processing variables such as substrate temperature, film
thickness, etc. According to previous researches,8–11 the
ITO film is an amorphous structure when the deposited
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thickness is thin (up to 100∼200 nm in thickness) and at a
low processing temperature. On the contrary, the ITO film
is a crystalline structure when the deposited film thickness
is high (above 200 nm in thickness) and at the substrate
temperature above 150 �C. The high substrate temperature
and thick thickness for crystalline ITO film are the draw-
backs for the applications to flexible displays because the
thick ITO films are brittle for flexible substrates and high
temperature processing damages the substrate. Therefore,
for display applications, the key issue of ITO films is to
synthesize a crystalline thin film at a low temperature.
ITO thin films have been deposited by various meth-

ods likes ion beam sputtering,12 pulsed laser deposition,13

spray pyrolysis,12 electron beam evaporation,14 sol–gel
process,15 chemical vapor deposition,16 DC and RF mag-
netron sputtering,17�18 etc. Among these methods, DC
magnetron sputtering is widely used methods, due to
the good uniformity and high quality thin film can be
deposited over a large area. Moreover, DC magnetron sput-
tering has high deposition rates and the deposited film
property can be easily controlled by adjusting plasma
parameters such as power, pressure, inert gas flow rate,
etc. Crystalline ITO thin films can be also deposited by
DC magnetron sputtering at high substrate temperatures.
However, for flexible displays, the substrate temperature
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is limited due to the use of polymer materials as the sub-
strates, thus, the formation crystalline ultra-thin ITO films
by DC magnetron sputtering at a low temperature without
annealing will be challenging.

In a previous research, a high density plasma magnetron
source which is called the 3D confined magnetron source
(3DMS) has been developed.19�20 The 3DMS can gener-
ate low energy and high ion flux to the substrate by effi-
cient inelastic energy transfer between the electron and
neutrals via collisions. In this study, a modified version
of 3D magnetron source (scale-up 3-dimensionally con-
fined magnetron sputtering source; L-3DMS) was used
to deposit highly electrical property and ultra-thin ITO
films at a low temperature and the effects of process con-
ditions on the deposited ultra-thin ITO properties were
investigated. Also, correlations between the measured
deposited ITO film properties and plasma characteristics
were investigated.

2. EXPERIMENTAL DETAILS
The large area 3D magnetron source (L-3DMS) was
installed at the top of a stainless-steel cylindrical vac-
uum chamber (the length–700 mm, the inner diameter–
490 mm). Figure 1 shows the schematic drawing of
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Fig. 1. Schematic representation of the L-3DMS used in the experiment.

the detailed experimental system composed of a vacuum
chamber, the L-3DMS, and an analysis tool. The L-3DMS
was made of five planar and rectangular magnetron sources
attached with 4 mm thick ITO targets. The figure denotes
the X–Z plane and Y–Z plane as shorter and the longer
sides of magnetron targets, respectively. In the longer
sides, two target parallel to each other, and dimensions of
300× 80 mm and the shorter sides with the dimensions
of 200× 80 mm. Additionally, the fifth target which is
placed at the top side (X–Y plan) has the target dimensions
of 300× 200 mm. This special construction forms more
completely confined magnetic fields and traps more high
energy electrons, and it leads to a high density plasma.
The ultra-thin ITO film was deposited on the glass

and silicon substrates at room temperature without
any intentional substrate heating with an ITO tar-
get of 10 wt.% Sn2O3/90 wt.% In2O3 ceramic tar-
get. DC power (Advanced Energy, DC Pinanacle) was
applied to the magnetron targets while flowing Ar(110
sccm)/O2(0∼0.4 sccm) at a constant working pressure of
4 mTorr. The distance between the substrate and target was
60 mm. Before the deposition, the substrates were used to
acetone and alcohol for cleaning. After cleaning, the sub-
strates were placed at the center of the substrate holder.
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The chambers base pressure was less than 5× 10−6 Torr
using a turbo molecular pump (Osaka Vacuum, TG1100F)
backed by a rotary pump (Edwards Vacuum, E2M80) and
a booster (Edwards Vacuum, EH250).
The current-voltage (I–V ) characteristics of the mag-

netron source were measured to study the capability of
the L-3DMS. A Langmuir probe (LP) inserted from the
side port of the chamber was used to analysis of plasma
parameters such as plasma potential (Vp), electron tem-
perature (Te) and plasma density (no).

21 The deposited
films thickness was measured using a step profilometer
(Alpha step; D-500 Stylus). The structural information of
the deposited films was obtained using High Resolution
X-ray Diffraction (XRD) with a Cu K� (� = 1.5418 Å)
source with the scanning range between 2� = 20 and 80�.
X-ray photoelectron spectroscopy (XPS; MultiLab 2000)
was used to characterize the bonding information of In,
Sn, and O. Aluminum K� (1486.6 eV) radiation was used
as the XPS measurements and the XPS core-level spectra
were calibrated with the C 1 s peak at 284.6 eV as the
reference. The optical transmittance of the deposited ITO
film was obtained using a UV-visible spectrophotometer
(UV-1800 ENG 240 V SOFT) for the 200∼800 nm wave-
length range. The deposited ITO films electrical proper-
ties were measured by Hall-effect measurement (ECOPIA
HMS-3000) and a 4-point probe at room temperature.

3. RESULTS AND DISCUSSION
Figure 2(a) shows the measured discharge current-
discharge voltage (I–V ) characteristics of the L-3DMS
operated with increasing DC power for various Ar operat-
ing pressures. As shown, the operating voltage was gen-
erally lower than the voltage of conventional magnetron
sputtering22 by showing 200∼400 V due to the strong
magnetic field confinement of the L-3DMS.23 In addi-
tion, high discharge currents due to the high plasma den-
sity in addition to large cathode area of the L-3DMS
were observed, and which will assist high sputtering rate
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Fig. 2. Characteristics of the L-3DMS. (a) current-voltage curve as a function of operating pressure. (b) plasma characteristics near the substrate
location and (c) ITO deposition rate as a function of power density at 4 mTorr of Ar operating pressure.

of ITO films by the L-3DMS. The I–V characteristics
as a function of oxygen flow rate between 0 and 0.4
sccm at 4 mTorr of Ar (110 sccm) were also observed,
but no significant change in I–V characteristics could be
observed (not shown) even though the characteristics of
the deposited ITO are significantly varied (discussed later).
Figure 2(b) shows the characteristics of the L-3DMS plas-
mas measured by a LP at the substrate position with
increasing DC power to the L-3DMS. As shown, with
increasing power density (1.0 W/cm2 corresponds to 800
W) from 1.0 to 3.0 W/cm2, the plasma density (no) was
increased from 0.55 to 4.1 ×1011 cm−3 while the electron
temperature (Te) near the substrate was increased from 1.7
to 2.6 eV. Due to the increase of electron temperature with
increasing the power density, the plasma potential (Vp) was
also increased with increasing the power density, however,
due to the low electron temperatures, the plasma potentials
on the substrate were also generally low and were in the
range of 4∼7 V. The high plasma densities observed for
L-3DMS is believed to be due to the strong confinement of
the high energy electrons near the magnetron surface. The
ITO deposition rate measured with increasing the power
density is shown in Figure 2(c), and due to the high plasma
density, the deposition rate was generally high at a given
power density by showing a deposition rate of 115 nm/min
at the power density of 3 W/cm2. This deposition rate was
not noticeably changed when a small oxygen flow rate of
0∼0.4 sccm was added to Ar.
Figures 3(a) and (b) show that details of electrical (resis-

tivity, carrier concentration, and mobility) and microstruc-
tural characteristics of the deposited 30 nm thick ultra-thin
ITO films, respectively, measured a function of oxygen
flow rate to Ar at 3 W/cm2 of power density. With increas-
ing the oxygen flow rate from 0 to 0.2 sccm, the resistiv-
ity was initially decreased from 7.4× 10−4 to 5.2× 10−4

� · cm, however, the further increase of oxygen flow rate
to 0.4 sccm increased the resistivity. In the case of car-
rier concentration, the initial increase of oxygen flow rate
from 0 to 0.2 sccm increased the carrier concentration
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Fig. 3. (a) Electrical characteristics (resistivity, carrier concentration, and mobility) and (b) XRD spectra of the 30 nm thick ultra-thin ITO films
deposited as a function of oxygen flow rate at 4 mTorr Ar and 3 W/cm2 of power density.

from 2.5×1020 to 3.8×1020 cm−3 and the further increase
of oxygen flow rate decreased the carrier concentration.
The variation of mobility was similar to that of resistiv-
ity but the change was smaller by showing the value in
the range of 31∼34.3 cm2/Vs (decrease from 34.3 to 31
cm2/Vs when the oxygen flow rate is increased from 0 to
0.2 sccm and increase to∼33 when oxygen flow rate is
further increased to 0.4 sccm.). The microstructure infor-
mation measured by the XRD in Figure 3(b) shows that
30 nm thick ultra-thin ITO films have crystalline structures
for the oxygen flow rate equal to/higher than 0.2 sccm by
showing a high intensity crystalline peak of (222) plane
and other XRD peaks are corresponding to (622), (440),
(411) and (400) planes of ITO crystalline reflecting the
In2O3 bixbyite structure.24

Using XPS, the narrow scan data of In 3d5/2 and Sn
3d5/2 were observed for different oxygen flow rate for
the conditions in Figure 3 and the results are shown in
Figures 4(a) and (b), respectively. In the case of XPS peak
of In 3d5/2, the peak position was varied from 444.37 eV
(0 sccm O2) to 444.21 eV (0.2 sccm O2), and to 444.41 eV
(0.4 sccm O2). It is reported that the binding peak ener-
gies of 445.24 eV (solid line) and 444.1 eV (dotted
line) are attributed to In 3d5/2 peaks of amorphous ITO
and the crystalline ITO, respectively,25 possibly indicating
more crystalline structure for the deposition condition of

0.2 sccm oxygen flow rate similar to the results obtained
by XRD in Figure 3(b). In the case of XPS narrow scan
data of Sn 3d5/2, as shown in Figure 4(b), the binding
peaks are located at 486.26 eV for 0 sccm/0.4 sccm of
oxygen flow rates and at 486.18 eV for 0.2 sccm of oxygen
flow rate. The Sn 3d5/2 peaks at 487.0 eV (solid line) and
486.2 eV (dotted line) are known to be related to the peaks
of Sn2+ and Sn4+, respectively. Therefore, the Sn 3d5/2

peaks observed for oxygen flow rates of 0∼0.4 sccm are
related to the binding energies of crystalline Sn4+ which
can be more electrically active dopant.26 However, the Sn
3d5/2 peaks, it is not significantly different at all oxygen
flow rate conditions.
By measuring oxygen XPS narrow scan data of O

1 s and by deconvoluting into two peaks at the energies
530.1 eV (OI) and 531.7 eV (OII) (not shown), the peak
intensity ratios of OII/OI were obtained and the results
are shown in Figure 4(c) for different oxygen flow rate
conditions in Figure 3. The two peaks of at the energies
530.1 eV (OI) and 531.7 eV (OII) are known to be related
to the doubly-charged O2− ions in the crystalline phase
without oxygen defect and the oxygen with a neighbor
oxygen defect (neighbor oxygen atom is vacant) of In2O3,
respectively.27 Therefore, the intensity ratio of OII/OI in
Figure 4(c) shows the ratio of oxygen vacancies in the
deposited films. As shown in Figure 4(c), the ratio was
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Fig. 4. The XPS spectra showing the variation of (a) In 3d5/2, (b) Sn5/2, and (c) the ratio of OII/OI for different oxygen flow rates. The process
conditions are the same as those in Figure 3.

the highest as 1.2 at the oxygen flow rate of 0.2 sccm
indicating that the deposited film has higher concentra-
tion of oxygen vacancies than other conditions. In the
ITO film, the oxygen vacancies are related to the electri-
cal carriers, therefore, for the ITO film with the oxygen
flow rate of 0.2 sccm, as shown in Figure 3(a), the high
carrier concentration was obtained not only by the dop-
ing of Sn4+ but also by the high oxygen vacancy in the
film.
For the optimized process condition of 0.2 sccm oxygen

flow rate in Figure 4, the electrical properties of ultra-thin
ITO film were measured for different thickness of ITO film
from 10 to 50 nm in thickness and the results are shown in
Figure 5(a) for resistivity and Figure 5(b) for other electri-
cal properties such as resistivity, carrier concentration, and
mobility. As shown in Figure 5(a), the sheet resistance was
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Fig. 5. (a) The sheet resistance and (b) other electrical properties (resistivity, carrier concentration, and mobility) of the ultra-thin ITO films as a
function of thickness for 0.2 sccm of oxygen flow rate. The other conditions are the same as those in Figure 3.

rapidly decreased from 1034 to 178 �/sq with increasing
the thickness from 10 to 30 nm and the further increase
of thickness to 50 nm decreased the resistivity slowly to
115 �/sq. The decrease of sheet resistance with increasing
the ITO thickness is related to the increased ITO thick-
ness but also can be related to the improved crystallinity
of the ITO film with increasing the thickness. As shown
in Figure 5(b), the increase of ITO film thickness also
significantly decreased the resistivity from 1.24× 10−3 to
5.2× 10−4 � · cm with increasing the thickness from 10
to 30 nm and the further increase in thickness to 50 nm
slowly decreased the resistivity. Therefore, it suggests that
the crystallinity of the deposited ultra-thin ITO film was
improved significantly up to 30 nm and the further increase
of the ITO film thickness to 50 nm was less significantly
improved the crystallinity.
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The optical properties of the ultra-thin ITO films
deposited on soda lime glass substrates with the differ-
ent thicknesses in Figure 5 were observed and the results
are shown in Figure 6(a). The inset figure shows the opti-
cal transmittances of ITO films averaged from 400 to 800
nm. The soda lime glass substrate itself showed the optical
transmittance of ∼90% for the visible wavelength range
of 400∼800 nm and the deposition of ITO films decreased
the optical transmittance with the increase of ITO thick-
ness. However, the optical transmittance of the ITO films
deposited on the soda lime glass substrate with the thick-
ness from 30 to 50 nm was in the range from 86 to 80%
for the visible wavelengths, and which is suitable for opti-
cal device applications.1�28 Figure 6(b) shows the variation
of substrate temperature measured during the operation of
L-3DMS using the condition in Figure 5 up to 1,200 sec-
onds. As shown in Figure 6(b), the substrate temperature
was increased with increasing deposition time due to no
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Fig. 6. (a) Variation of optical transmittance and average transmittance (400–800 nm, inset figure) of the ultra-thin ITO films for different thickness.
(b) Substrate temperature measured during the operation of L-3DMS using the condition in Figure 5 up to 1,200 sec.

Table I. Comparison of thin (≤200 nm) ITO film performances deposited by various methods.

Film
Deposition thickness Substrate (TS ) s = Sheet resistance (�/sq.) Mobility Transmittance
methods (nm) temperature (�C) �= Film resistivity (�cm) (cm2/Vs) (%) Remark

MS29� 30 25–20031;
20032

Ts = 100–230 and
Ta = 10030;
TS < 10031

�= 2�5×4;
s = 30−85

30;
–

75–9230

84–8831
Substrate heating and post annealing;
Small area process; Thick thickness

Dual pulsed
Magnetron
source32

50 TS > 120 �= 9×104 13 85–88 High temperature process; Not good
electrical property

Facing target
Magnetron
sputtering34

40 Ts = 300 �= 3–8×104 15–20 80–90 High temperature process

Atomic layer
deposition
(ALD)31

40 Ts = 150–275 �= 2�0×102–5�3×105 0.5–13 80–90 Very low growth Rate; High temperature
process

Ion beam
sputtering
(IBS)13

200 Ts = 40−200 �= 1�5−3×104 20–25 75–85 Small area process; High temperature
process

3DMS
(Present
work)

30–50 Ts < 100 �= 5�4×104 s = 170±20 32–35 80–86 Option of larger area process that can be
scaleable

intentional temperature control and was almost saturated
after ∼300 seconds. For the deposition of 50 nm thick ITO
film, it takes about 26 seconds for deposition, therefore,
the substrate temperature was lower than 100 �C for the
deposition thickness ≤50 nm.
Table I shows the performance overview of the ITO thin

films deposited by various methods for the thickness of
≤200 nm.30–33 As shown in Table I, most of the processing
methods are involved with the substrate temperature higher
than 100 �C. Among these, the atomic layer deposition31

showed the lowest resistivity at the thickness of 40 nm,
however, this method needs longer processing time due
to the low deposition rate in addition to a high substrate
temperature. Also, the ion beam sputtering13 also exhib-
ited a good conductivity by showing the resistivity as low
as 3×10−4 � ·cm even though the thickness was thick as
200 nm and the optical transmittance is a little low. Com-
pared to these methods, the present work with L-3DMS

Sci. Adv. Mater., 13, 1498–1505, 2021 1503
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showed relatively higher electrical/optical performances at
the ultra-thin thickness (<50 nm) at the temperature lower
than 100 �C compared to other methods, and which can
be applicable to flexible substrates.

4. CONCLUSIONS
Highly conductive and highly optically transparent ultra-
thin ITO thin films were deposited at the substrate tem-
perature lower than 100 �C by using the L-3DMS which
has a high plasma density and a low plasma potential due
to highly confined magnetic fields in the plasma source.
Due to the plasma density higher than 4×1011 cm−3 and
the plasma potential lower than 7 V, a highly crystalline
ITO films with high oxygen vacancies could be deposited
for the ultra-thin ITO film thickness (≤50 nm) by control-
ling the oxygen flow rate to Ar, and which resulted in a
high carrier concentration in the film. By optimizing the
oxygen flow rate, a highly transparent (86% in the visi-
ble wavelengths including∼90% optical transmittance of
soda lime glass substrate) and highly conductive (resis-
tivity: ∼5×10−4 � · cm, carrier concentration: 3.8×1020

cm3, and mobility: 31 cm2/Vs) ultra-thin (30 nm) ITO film
could be deposited by the L-3DMS for the oxygen flow
rate of 0.2 sccm to 4 mTorr Ar at the temperature lower
than 100 �C. It is believed that the ultra-thin ITO film
deposited by the L-3DMS can be applicable to various
flexible optical devices as a transparent conductive film.
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