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A B S T R A C T   

The lowest resistivity of ~4.8 × 10− 4 Ωcm and an average visible transmittance of 82% in very thin ITO films of 
thickness ≤35 nm were produced by the technique 3-D confined magnetron sputtering (3DCMS) at room tem-
perature. Utilizing two DC power supplies to the side and top targets and controlling the plasma parameters, we 
fabricated crystalline microstructures up to ~24 nm and 52 nm by incorporating a high collisional environment 
in high-density plasmas. Material properties are carefully studied in light of the formation of crystalline 
microstructure. The measured grain sizes are reasonably matched with the theoretical estimation using the two- 
body collision model, taking into account the formation of tens of nanometers-sized grains or nanoclusters by 
add-atoms/coagulation. Also, the chemical properties of the films were carefully analyzed. The fabricate ITO thin 
films have shown good bending capabilities with a bending radius of 3 mm and the cycle of 30,000 for their 
potential flexible applications.   

1. Introduction 

Over the last couple of decades, the indium tin oxide (ITO) thin films 
have been recognized as a leading transparent conductive oxides (TCO) 
material for numerous applications such as organic light-emitting de-
vices (OLED), flat panel displays, smart windows, solar cells, gas sensors, 
and so on [1,2]. It is also observed that the electrical (resistivity, ρ = 1–3 
× 10− 4 Ω.cm) and optical properties of crystalline structured ITO 
(c-ITO) [3] are better than those of amorphous structured ITO (a-ITO) (ρ 
= 6–8 × 10− 4 Ω.cm) [4,5] films. Park et al. [6] reported that the a-ITO 
films have a high resistivity owing to the lack of required energy for 
crystallization and the tin (Sn) dopant for activation. Guillen et al. [7] 
have proposed that the c-ITO is doped to degeneracy by the substitu-
tional Sn4+ ions positioned on In3+ sites and by the existence of doubly 
charged O2− vacancies. However, since Sn was not effectively activated, 
the carriers were mainly contributed by oxygen vacancy in a-ITO films 

[7]. ITO films can be fabricated in a-ITO or c-ITO states, which depends 
on the processing conditions, such as film thickness, substrate temper-
ature, and partial pressure of oxygen. Some previous works [8–11] re-
ported that the ITO films of 100–200 nm thickness were a-ITO in nature 
when deposited at room temperature. However, the films were grown 
with the crystalline structure for film thickness >200 nm or with the 
intentional heating and substrate temperature above 150 ◦C. Never-
theless, this process is not encouraging for the flexible applications of 
ITO films. Also, the thick ITO films are mostly unstable to use in flexible 
substrates because such films are brittle, and the use of high substrate 
temperature can damage the polymer substrates. Thus, the key to syn-
thesizing high performance ITO films of low thickness is to achieve 
crystalline microstructure at a low deposition temperature or process 
temperature, and it is challenging for oxide materials. 

Different methods such as ion beam sputtering [12], pulsed laser 
deposition (PLD) [13], spray pyrolysis [14], sol-gel process [15], 
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electron beam evaporation [16], DC and RF magnetron spurting (MS) 
[4–7,17–19] and chemical vapor deposition [20] have been used for the 
deposition of ITO thin films. Among these techniques, the DC MS can 
widely be used for different industries since the method can offer su-
perior controllability and uniformity of the film over larger area sub-
strates [6,21]. Additionally, DC MS provides a higher deposition rate as 
compared to that of RF MS. Further, one needs to control the plasma 
parameters in MS to fulfill the deposition of ITO films at 
low-temperature deposition [22,23]. Some groups [24,25] have also 
reported fabricating good c-ITO films by utilizing the ion bombardment 
on growing films at low temperatures. The ion bombardment translates 
energy to the growing film during deposition [26], which can affect the 
structural properties of the films. There are two approaches reported to 
increase the ion bombardment on the substrate. One method is by 
generating high-density plasmas, and the second is by imposing addi-
tional substrate bias during the MS. However, the application of bias to 
the substrate [27] improves the ion bombardment to enable the for-
mation of c-ITO films and enhance the possibility of bombardment of 
very high energy ions that can damage the substrate and adversely 
degrade the film properties. Thus, the generation of high-density plasma 
by the magnetron can play a crucial role in making c-ITO films of a low 
thickness (<40 nm) at low deposition temperature. 

In the previous studies, our groups have designed and developed a 
small area high-density magnetron source [18] to incorporate and solve 
the above points to deposit high conductive AZO [28] and ITO films 
[18]. Later, we scaled up this small source and developed a large area 
magnetron source [29], where plasma flares with a plasma density order 
of 1012 cm− 3 were observed. The magnetron is composed of five rect-
angular targets to produce a large area and large discharge current. 
There are four targets at the side racetrack and one target at the top of 
the magnetron so that power can separately be applied to the side and 
top targets. The design of the magnetron is like an inverted cup structure 
and called the 3-Dimensionally confined MS source (3DCMS). The 
construction of 3DCMS supports a strongly confined magnetic field and 
traps more particles (electron and ions) to facilitate more collisions and 
ionization to generate very high-density plasma. Afterward, the source 
was used to grow ITO crystal nanocluster (NC) in a high-density plasma 
environment [23]. Then, in recent works [30,31], we successfully 
deposited TCO thin films by this large area 3DCMS source at low tem-
perature and without substrate heating at very low-pressures (≤4 
mTorr). Note that, in all these studies, only one DC power source was 

connected to the side racetrack of the 3DCMS, due to which the plasma 
density was believed to be limited at low pressure. In the present study, 
we have separately used two independent DC power supplies to both 
side and top racetrack of 3DCMS for further enhancement of the plasma 
density and to study the effect of the plasma parameters (by changing 
applied power or power density (PD)) on the properties of growing ITO 
films. Along with the study of plasma parameters, we report the char-
acteristic change in the structural, optical, electrical, and chemical 
properties of the ITO films deposited with the single and dual power 
supplies at a fixed and moderate pressure. The film crystallinity and 
other properties are carefully studied with regard to the nanocluster 
formation at low-temperature and plasma parameters. 

2. Experimental 

The sketch of the experimental system and key components are 
shown in Fig. 1. The 3DCMS was assembled inside a cylindrical stainless- 
steel vacuum chamber of length 700 mm and inner diameter of 490 mm. 
Fig. 1 (at the bottom) shows the assembly of the 3DCMS in the cross- 
sectional view of the chamber. The 3DCMS magnetron system is a 
combination of five rectangular ceramic ITO targets with a composition 
10 wt % Sn2O3 doped onto 90 wt % In2O3. The 3DCMS magnetron has 
two racetracks, one on the side (or bottom) and the other is at the top. 
The side racetrack incorporates four targets, and the other one was used 
as the top target. In the side racetrack, two rectangular ITO targets are 
placed parallel and joined with the other two parallel and facing targets. 
The dimensions of two parallel facing and longer length targets are 300 
mm × 80 mm × 40 mm. The other two facing targets of shorter lengths 
have dimensions of 200 mm × 80 mm × 40 mm. Thus, these four 
magnetrons were configured like the four walls of a room, with the fifth 
target as the roof. In this way, the design of 3DCMS was made hollow 
and like an inverted ‘cup’ structure. The total target area of the side 
magnetron is 800 cm2 (~10 times higher than the target area of a planar 
four-inch magnetron). The fifth target (target area = 600 cm2) has the 
dimensions of 300 mm × 200 mm × 60 mm. The “inverted cup-shaped” 
configuration was made to assist a close and confined magnetic field 
geometry to traps more charged particles (electron and high energy 
ions) inside the hollow region of the magnetron, which lead to the 
generation of high plasma density, and to realize good properties of a 
low thickness (t < 40 nm) ITO thin films at low temperature [29]. The 
detailed design consideration, the geometry, magnetic field 

Fig. 1. Schematics of the 3-DCMS experimental system with some crucial components. Also, it shows the working conditions, (a) operation-A and (b) operation-b.  
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configuration, and science of the 3DCMS can be found in our earlier 
report [29]. 

We utilized two operation conditions, e.g., operation-A and 
operation-B, for the deposition of ITO films, as shown in Fig. 1. In 
operation-A, only one variable DC power (Advanced Energy, DC 
Pinnacle) supply was connected with the targets supported with the side 
racetrack. The power density (PD) was varied from 1 W/cm2 to 3 W/cm2 

for this condition. We consider the high PD condition (PD = 3 W/cm2) of 
operation-A to use in operation-B. In operation-B, two different power 
supplies (Advanced Energy, DC Pinnacle) were separately connected to 
the side and top targets. In operation-B, the PD of the side targets and the 
top target was kept equal and constant at 3 W/cm2 to generate high- 
density plasmas by utilizing a very high power. The distance between 
the substrate (which is grounded) and the central plane of the side 
racetrack is 12 cm, and the inner surface of the top target is 16 cm. 

We used glass, standard Si (100) wafer, and PET substrates (without 
any intentional substrate heating) to deposit ITO films of thickness 35 ±
2 nm and analyze different film properties. The substrates were ultra-
sonically cleaned before placing them in the substrate holder before 
every deposition. The chamber was evacuated to less than 1.1 × 10− 3 Pa 
(~8 × 10− 6 Torr) base pressure using a turbo molecular pump (Osaka 
Vacuum, TG1100F), which is backed by a rotary pump (Edwards Vac-
uum, E2M80). Oxygen (O2) gas flow was mixed with 150 sccm of Ar 
background to adjust the oxygen vacancy to control the ITO film prop-
erties deposited by the 3DCMS. We used constant working pressure of 
0.8 Pa (~6 mTorr) for this study. 

The microstructural information of the films was studied using the 
high-Resolution X-ray Diffraction (XRD) (by Bruker Discover D8) with a 
Cu Kα (λ = 1.5418 Å) source with scanning range between 2θ = 20◦ and 
80◦. The optical transmittance of the films was measured by the 
UV–visible (UV-1800 ENG 240V SOFT) spectrophotometer in the 
200–1000 nm wavelength range. Electrical properties of films were 
measured at room temperature using the Hall-effect measurement 
(ECOPIA HMS-3000) and 4-point probe. The film bending tester (TP- 
E10) was used to measure the bending stiffness of the films. The bending 
parameter was fixed at a bending radius of 3 mm in an outward direction 
with a cycle 30,000 times. Atomic force microscopy (AFM) of selected 
samples was studied using the Park NX10 (Park system) in the contact 
mode. The microstructure was also investigated by SEM using the JEOL 
JSM-7000F at a voltage = 20 keV. 

Also, we carefully investigated the chemical properties of the ITO 
films. We utilized the x-ray source Al Kα (1486.6 eV) for the XPS analysis 
of the films deposited on Si wafer of area 4 mm × 5 mm. We took the 
binding energy 285.10 eV relevant to the C 1s peak referenced to the 
Fermi edge (EB

F) for the XPS analysis. The C 1s signal mainly arises from 
the polymeric hydrocarbon (C–C/C–H) species known as adventitious 
carbon (AdC) accumulated on the surface of the thin film due to its 
exposure to the ambient atmosphere. We utilized the He I discharge 
lamp and a retarding-field electron energy analyzer having energy res-
olution = 0.2 eV for the ultraviolet photoemission spectroscopy (UPS) 
measurements. The UPS measurements gave us the values of work 
function (Φs) equal to 4.4 eV and 4.65 eV of two selected ITO films 
deposited at operation-A and operation-B conditions, respectively. 

Additionally, we used Langmuir probe (LP) diagnostic at the sub-
strate location (Fig. 1) to measure the plasma parameters (such as 
plasma density (n0), electron temperature (Te), plasma potential (Vp)) 
from the LP characteristics. The substrate temperature was measured 
using a K-type thermocouple. The details of the LP diagnostics can be 
found elsewhere [32]. 

3. Results and discussion 

LP measurements were taken to study the plasma parameters. Fig. 2 
shows the comparison of plasma parameters using two operation con-
ditions of 3DCMS. As mentioned earlier, operation-B represents the high 
PD (=3 W/cm2) condition of operation-A with a constant PD of top 

target = 3 W/cm2. Fig. 2(a) shows that with increasing PD the plasma 
density (n0) varies from 5.0 × 1010 cm− 3 to 4.0 × 1011 cm− 3 in 
operation-A. In operation-B, n0 significantly increased, and it varied 
from 2.6 × 1011 cm− 3 to 7.1 × 1011 cm− 3 due to the addition of power to 
the top target. The electron temperature (Te), in Fig. 2(b), shows that the 
value of Te is higher in operation-B than that of operation-A. The addi-
tion of power to the top target enabled the enhancement of Te, which in 
turn produced higher no values in operation-B than that of operation-A 
condition. Like the variation of Te, the plasma potential (Vp), which 
provides electrostatic confinement to charged species, acquired a higher 
value in operation-B than operation-A. The generation of the higher 
value of n0 induces a greater ion flux and ion energy [26,33] to the 
film-growing substrate. Also, the higher the value of n0, the smaller the 
thickness of the plasma sheath [26] that covers the films. Thus, the 
contribution of deposition energy to the substrate, which mainly comes 
from the radiation energy and ion energy [26,33], will be different for 
operation-A and operation-B. Thus, one will expect different film 
properties using these conditions. 

We investigated the microstructure of the ITO films by the XRD 
analysis, as shown in Fig. 3. Fig. 3(a) and (b) represent the XRD spectra 
of the films deposited at different O2 flow rates using operation-A and 
operation-B, respectively. The XRD pattern shows that the diffraction 
pattern is dominated by a peak at ~30.56◦ relevant to the (222) plane. 
The intensities of other small peaks corresponding to planes (400), 
(411), (440), and (622) of ITO (JCPDS No: 06–0416 [31]) are small and 
not prominent. It can be seen from Fig. 3(b) that the relevant peak in-
tensities of (222) planes are sharper and higher than that of Fig. 3(b). 
The average grain size was estimated using the Scherrer equation and is 
plotted in Fig. 3(c). It is evident that the average grain size produced 
using operation-B is much higher than that of operation-A. 

We correlate the observed film properties with the measured plasma 
parameters. Despite a considerable difference in values of n0 in 
operation-A and operation-B, the Te does not show a significant change 
(even though it is slightly high in operation-B) in their values due to 
strong magnetic confinement [29]. The low Te and high n0 value (Fig. 2) 
are the typical features of the magnetron source. The n0 value also 
represents the electron density. It is probably due to this high electron 
density that is utilized to carry out electron impact dissociation of mo-
lecular O2, ionization in the plasmas, and excitation of atomic and 
molecular species in the MS process [26,33]. Thus, the electron-impact 
[electron-particle (electron, ion, radical, and so on)] processes are 
maintained in an environment of high-density plasma. Also, the energy 
deposited on the substrate [33] directly enables the formation of the 
crystalline microstructure of the ITO films. 

The precise nature and differences in microstructure of the films 

Fig. 2. (a)–(c) LP measurements showing the variation and comparison of 
different plasma parameters at the substrate position using the operating con-
ditions in Fig. 1. 
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(Fig. 3) are expected to be because of different plasma parameters, as 
discussed above. Particularly, the high electron density facilitates more 
electron-impact processes and enables a high collisional environment, 
which is expected to be responsible for the observed crystallinity (Fig. 3 
(a)–(c)) in the films [34]. The physical scenario can be realized from the 
schematic diagram shown in Fig. 3(d). The figure depicts the deposition 
of ITO films with the shutter control. Nanometer-sized grain (estimated 
from XRD data) are expected to form inside the magnetron represented 
by ‘center zone’ (in Fig. 3(d)) by add-atoms or coagulation. These grains 
diffuse towards the substrate and deposit on the substrate with crystal-
line microstructure. Further, we performed the SEM measurements of 
two selected samples (represented by big grain sizes with red lines) of 
Fig. 3(c), which were prepared with an O2 flow rate of 0.2 sccm. Fig. 3(e) 
and (f) represent the SEM images of the samples prepared using 
operation-A and operation-B conditions, respectively. The surface of the 
film prepared with operation-A (Fig. 3(e)) is smooth and formed by 
closely packed non-uniform grains (with size ~ 20–30 nm and average 
grain size = 25 nm with respect to the scale bar of 100 nm) without 
islands or pinholes. The films prepared by operation-B (Fig. 3(f)) con-
dition exhibits inhomogeneous distributions of grains with size varies 
from 45–55 nm (average grain size = 48–52 nm with respect to the scale 
bar of 100 nm). The SEM data is consistent with the XRD analyses. 

For simplicity, we consider the growth of nanocluster (NC) in the 
present case. We approximate the average grain size as the size of the 
nanocluster. We recall the model of NC generation by two-body colli-
sions proposed by Knauer [35] to validate the microstructure informa-
tion and the process parameters. We consider the homogeneous 

nucleation supported NC growth by coagulation/add-atoms. The NCs’ 
growth rate is expressed as [35]. 

dNA

dt
= vz

dNA

dz
= π(rA + rNC)

2nvthδ (1)  

where NA is the number of atoms per NC, and vz, is the velocity of 
sputtered atoms/molecules/vapor. The other parameters are the radius 
of NC (rNC), the radius of atom (rA), the vapor density (n), average ve-
locity (vth) with a reduced mass of NA-sized NC and NC growth-retarding 
effect (δ ) due to the latent heat of condensation, respectively. The So-
lution to the above equation gives 

NA
1/3 ≈ nC

1/3 +

(
4π
3

)1/3( 1
2πγ

)1/2

av
2
∫∞

z=0

βn
M

dz (2)  

where nC corresponds to the dimension of the crystal embryo and γ = 5/ 
3 is a constant. We assume the MS environment to be a situation like an 
ideal gas so that n = p/kBT (kB ≡ Boltzmann constant, p ≡ pressure, and 
T~ 300 K) is constant (uniform) inside the 3DCMS. The factor av = 2rA is 
the interatomic distance ~0.29 nm (lattice constant [23], and M ~ 3 
(Z/L)2/3 ~ represents the Mach number [25,35] that depends on Z. In 
the present study (Fig. 3(d)), z = 12.0 cm is the distance between the 
mid-plane of the 3DMS to the substrate, and L = 30 cm is the dimension 
(length) of the opening of the 3DCMS. Note that we cannot make a 
functional dependence for δ; so, a conservative value of β0 = 0.05 is 
considered [35]. An estimation of Equation (2) gives a value of NA = 3 ×

Fig. 3. (a) and (b) XRD spectra of samples deposited at different oxygen flow rates using operation-A and operation-B, respectively, (c) the average grain size (d) 
geometry of the 3DCMS system depicting the intensive plasma environment assisting the formation of crystalline microstructure or NCs, (e) and (f), respectively, the 
SEM images of the samples at flow rates of 0.2 sccm using operation-A and operation-B, and (g) Substrate temperature indicating film growth near room temper-
ature (≤60 ◦C). 

L. Wen et al.                                                                                                                                                                                                                                     



Vacuum 193 (2021) 110520

5

105 with the size of NCs [35] = 2rNC = 2
(

3
4π

)1/3
nA

1/3av~24 nm for 

operation-A (and 50 nm for operation-B) that is close to the XRD data 
~25 nm (and 53 nm for operation-B) (Fig. 3(c)) and SEM data (Fig. 4(e) 
and (f)). A similar result is also reported in the literature for the growth 
of Ti metal NCs [34]. 

We measured the substrate temperature (Ts) using a K-type ther-
mocouple to get more information. The overall variation of Ts is shown 
in Fig. 3(g). The substrate temperature initially increases up to 200–300 
s, and it tends to saturate further. However, the film deposition time is 
very low, i.e., 13.5 s and 10 s for operation-A and operation-B, respec-
tively. The corresponding substrate temperature is ~65 ◦C and 55 ◦C, 
respectively, for the sample prepared using the conditions of operation- 
A and operation-B. Further, the growth rates for 35 nm films are 2.9 nm/ 
s and 3.5 nm/s, respectively. The growth rate is higher in operation-B 
than that of operation-A owing to a higher value of n0 ~7.0 × 1011 

cm− 3 (and Te = 3.0 eV) (Fig. 2) than n0 ~3.8 × 1011 cm− 3 (and Te = 2.4 
eV), which induces higher energy flux [26,33] to the substrate. Corre-
sponding to these plasma parameters and pressure of 0.8 Pa, the 
electron-neutral mean free path for collisions are λm ~17 cm and 23.5 
cm for operation-B and operation-A, respectively. This suggests that the 
λm ~ dimension of the 3DCMS indicating effective collisions that can 
facilitate atoms to get closer to form NCs inside the magnetron racetrack. 

Additionally, the high density trapped ions inside the magnetron 
(Fig. 3(d)) results in a high deposition rate of ITO species that are 
localized and combined to generate NC owing to adequate residence 
time. We estimate the diffusion feature of atoms in the 3DCMS for more 
clarity. The diffusion coefficient (DNC) [34] of NCs consisting of NA = 3 
× 105 atoms is = D0/NA

2/3–0.41 cm2/s. Accordingly, the time required 
for an NC to arrive at the substrate is ~ z2/DNC ~9.8 s. The size of the NC 
using XRD data is = 24 nm (~estimated dimension) for the sample of 
operation-A. So, the no of NCs to generate an ITO film of thickness ~35 
nm to be ~1.45. This information tells that the time necessary for the 
growth of 35 nm film is = 14.2 s, which is close to the measured 

deposition time of 13.5s in the case of operation-A. In the case of 
operation-B, due to the higher plasma density and lower λm (discussed 
above), the collision environment will be more severe, and one can 
expect the involvement of a greater number of atoms to form a bigger 
NC, as seen from the XRD and SEM data. One can estimate a deposition 
time of 9.2 s (NA = 3 × 106, DNC = 0.09 cm2/s, average grain size = 50 
nm (estimated size of NC = 51.9 nm, and number of NCs necessary =
0.7), which is close to the measured value of 10 s. 

We performed the AFM analyses of the two selected samples pre-
pared on Si substrates, as shown in Fig. 4(a) and (b). These are corre-
sponding to the conditions of operation-A (Fig. 3(e)) and operation-B 
(Fig. 3(f)), respectively. Fig. 4(c) shows the average height of the pro-
file (Ra), RMS (Rq), and Peak to Valley (Rpv) roughness. It can be seen 
that all Ra, Rq, Rpv values for the sample prepared with operation-B are 
much higher than that of operation-A. The presence of white back-
ground suggests the formation of crystalline grains on the substrate. It 
can be expected that the variation of the roughness is because of the 
collective impact of energy flux and the plasma parameters [26,33]. 

Additionally, we measured the film resistivity to study the electrical 
properties. Fig. 5(a) and (b) present the variation of film resistivity (ρ), 
carrier concentration (nc), and mobility (μc) of the 35 nm samples pre-
pared on PET substrates using the conditions operation-A and operation- 
B, respectively. The electrical properties were studied for the samples 
prepared with different oxygen flow conditions. In operation-A condi-
tion (Fig. 5(a)), the lowest ρ = 5.1 × 10− 4 Ωcm (or the best conductivity) 
of the films was observed at a flow rate of 2 sccm. The variation of μc was 
observed in between 30–35 cm2/V, and the nc varied between 2–4 ×
1020/cm3. In operation-B condition (Fig. 5(b)), μ increased with 
increasing the oxygen flow rate (except at 0.4 sccm), and nc decreased 
(except at flow rates of 0 and 0.1 sccm) with flow rate. The film re-
sistivity ρ = 4.8 × 10− 4 Ωcm was the lowest at a flow rate of 2 sccm. The 
overall nature of variation of ρ was approximately similar for both Fig. 5 
(a) and (b). As expected, (Conductivity is the product of nc, μc, and 
charge of an electron.) the nature of variation of μc and nc was 

Fig. 4. (a) and (b) The surface morphology of the films in Fig. 3(e) and (f), respectively, and (c) their corresponding roughness.  
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approximately opposite for samples prepared using operation-A and 
operation-B. Fig. 5(a) shows that ρ had similar trend with μ, but the 
value of ρ increased above oxygen flow rate 0.2 sccm. In both opera-
tions, ρ increased at high flow rates (>0.2 sccm) due to the fall in the 
values of carrier concentration. Fig. 5(b) shows the value of nc decreased 
with increasing oxygen flow. It might be possible that oxygen vacancy 
would decrease with increasing oxygen flow, so the free electrons 
(carrier concentration) gradually decreased. On the other hand, the re-
sidual free electron mobility remained high due to lower scattering [31] 
owing to the densely packed crystalline structure, as shown in SEM data. 
The higher mobility (>40 cm2/V) in Fig. 5(b) than that of Fig. 5(a) fa-
vors the assertion that the crystallinity of ITO films prepared by the 
condition of operation-B is higher than the operation-A (as seen from the 
XRD and SEM data). 

Fig. 6(a) shows the transmittance spectra of ITO films shown in Fig. 5 
(a). The figure shows that the films exhibit an average transmittance 
between 75–82% in the wavelength range from 400 to 700 nm. The film 
prepared at a flow rate of 0.2 sccm (in blue line) showed the highest 
transmittance in operation-A. In Fig. 6(b), the transmittances of the films 
prepared at 0.2 sccm using operation-A and operation-B are shown 
together. The sample containing the ITO film in operation-B exhibited 
better optical properties compared to that of operation-A. Further, we 
estimated the optical bandgap (Eg) in the ITO films using Tauc plots [36] 
as shown in Fig. 6(c) and (d). The Eg of the films was seen to fall from 
4.09 eV to 4.55 eV (Fig. 6(c)) with increasing O2 flow rate for the 
samples of operation-A. One would expect here that the decrease in Eg 
could be due to the fall in the value of charge carrier concentration (nc) 
via doping according to the Burstein–Moss (B–M) model [37]. In that 
sense, the overall variation of Eg would have shown a similar profile to 
that of nc in Fig. 5(a). Thus, due to the different nature of variation of Eg 
and nc, the B-M model is not evident in the present ITO films. One may 
expect here the role played by the oxygen vacancies, which are 
considered as the carriers for the contribution to nc [38]. Additionally, 
the values of Eg for the sample prepared with operation-B are greater 
than that of operation-A (Fig. 6(d)). From this feature, one can expect a 
higher oxygen vacancy in the film prepared by operation-B than that of 
operation-A. 

We performed the XPS analysis for additional information. The 

binding energy (BE) scale referencing was based on the C 1s peak with 
BE = 285.10 eV originated from the surface contamination known as 
adventitious carbon (AdC) [39]. Note that XPS measurements are sen-
sitive to surface contamination [39–44]. Also, note that aligning the 
spectra to the C 1s peak of AdC may not be reliable as it may lead to 
unphysical results [40,41]. Thus, to ensure the reliability of XPS mea-
surement, we adopted the procedure reported by Greczynski and Hult-
man [42]. According to their work, C 1s peak referenced to the Fermi 
edge (EB

F) is closely related with the sample’s work function Φs. They 
have validated the following relation [42]. 

EB
F +Φs = EB

V = constant (3)  

where EB
Vrepresents BE referenced to the vacuum level. Particularly, 

their results concluded that independent of the thin films and exposure 
to the air, the electronic levels of the AdC layers align. 

to the vacuum levels rather than to the Fermi levels as commonly 
considered. In addition to the XPS analysis, we have measured the values 
of Φs for some selected samples for better understanding. 

Also, Note that C impurities were previously proposed to affect the 
work function Φs of ITO films measured by XPS [43]. XPS samples were 
prepared on Si (100) substrates. Before every deposition, each substrate 
was etched in HF (hydrofluoric acid, 5 vol %) to remove the native SiOx 
[44]. After the deposition of the XPS samples, we took them out from the 
chamber to carry out XPS measurements. Prior to the XPS measure-
ments, the deposited samples were cleaned in two ways to avoid or 
minimize the influence of any contaminations. We used the Ar+ ion 
(energy = 2.0 keV) sputtering under vacuum with the incidence angle α 
= 45◦ (standard etch [42]) from the surface normal at Ar pressure of 4 ×
10− 7 Torr (5.33 × 10− 5 Pa) for 10 min in a chamber. Further, we used 
the ultraviolet photoemission spectroscopy (UPS) method in the same 
system to study the work function of a selected film after cleaning by 
these methods. We utilized the He I discharge lamp and a retarding-field 
electron energy analyzer having energy resolution = 0.2 eV for the UPS 
measurements. The ITO sample was enclosed by a spherical collector 
with an inside coating of Au, and the photoelectrons were detected in 
terms of photocurrent. Also, we utilized UV-ozone (O3) treatment of the 
samples by exposing them to UV light (from M/s. SEN Light 
Corporation-SUV-40GS) of wavelength 184.9 nm placed at a distance =
1 cm in the air for 20 min. In this method, the ambient O2 is converted to 
O3 by UV radiation, and the products can affect the ITO surface. The 

Fig. 5. (a) and (b) Electrical properties of deposited films as a function of O2 
flow rate using operation-A and operation-B operating conditions. 

Fig. 6. (a) Optical transmittance of the ITO films relevant to the samples in 
Fig. 5(a), (b) transmittance of the samples prepared using operation-A and 
operation-B at O2 flow rate = 2sccm, (c) the corresponding bandgaps (c) rele-
vant to (a) and (d) relevant to (b). 
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chamber’s base pressure was 1 × 10− 8 Torr for both XPS and UPS 
measurements. 

XPS spectra of In 3d5/2, Sn 3d5/2, and O 1s were collected at a take-off 
angle of 45◦ and fitted using the program CasaXPS. Fig. 7 presents the 
relevant XPS spectra of the samples deposited using conditions of 
operation-A and operation-B. In Fig. 7, we present the XPS results of the 
samples cleaned by the Ar+ ion sputtering as mentioned above (before 
the XPS measurements). In Fig. 7, the various satellite components of the 
XPS spectra are fitted using the Gaussian/Lorentzian product given in 
the literature [44]. All the spectra are decomposed into three compo-
nents, and they are represented using subscripts I, II, and III. All the plots 
in Fig. 7 show the raw data (represented by dots) and the fitted data (in 
purple color). The XPS spectra of the samples (not shown) cleaned by 
UV-ozone (O3) treatment are almost similar to those of Fig. 7. The 
relevant information on the film’s stoichiometry is given in Table 1. 

In Fig. 7(a) and (b), the In components having binding energy (BE) 
peaks at ~ 444.7 eV (InII) and ~446.0 eV (InIII) (BE separation of 1.3 eV) 
are attributed to the c-ITO and a-ITO [45], respectively. Similarly, the 
components of SnII with BE peaks at 486.7 eV (operation-A) are attrib-
uted to Sn2+ electrically inactive dopants generated as SnO [23,45]. The 
component of SnII with BE peaks at 486.5 eV (operation-B) is attributed 
to the Sn4+ bonding state of ITO [23,46,47]. Therefore, the combination 
of BE peaks at 444.7 eV (In-3d5/2) and 486.5 eV (Sn-3d5/2), respectively, 
represent the In and Sn bonding states in c-ITO [24,48]. The strong 
components with InII peaks at BEs 444.7 eV (in operation-A) and 444.5 
eV (in operation-B) are consistent with the crystalline structures seen by 
the XRD and SEM analyses (Fig. 3). 

The signature of the minor peaks of InIII (at BEs 446 in operation-A 
and 445.9 in operation-B) and SnIII (at BEs 487.8 eV in operation-A 
(Figs. 7(c) and 487.6 eV in operation-B (Fig. 7(d)) could be attributed 
to the residual hydrogen [44]. This component in operation-B was found 
to be much lower compared to that of operation-A due to the better 
plasma characteristic discussed in Fig. 2. The high SnIII BE peaks could 
be attributed to H–Sn bonding [44]. Note that we have used Ar and O2 
gases with 99.9% purity for the deposition of thin ITO films. Addition-
ally, the chamber was evacuated to a base pressure less than 8 × 10− 6 

Torr before the deposition of each ITO sample. The possible hydrogen 
contamination could be caused by air inlet while taking out the sample 
after deposition and atmospheric exposure during the measurement. 

Similar results were also observed by Rein and his co-workers [44]. The 
location of BE peaks of the component InIII is close to the In(OH)3 state 
represented by the BE peak at 445.8 eV [44]. The formation of H2O2 in 
the ITO films is expected to be not severe [49] in the absence of a pre-
cursor or cleaning substance like H2O2 in the present case. The BEs 
components of InI (442.1 eV) and SnI (485.2 eV) correspond to pure In 
and Sn and are close to the reported values 442.4 [44,46] and 485 eV 
[44,50], respectively. 

The minor peak components (Fig. 7(e) and (f)) of OIII observed at BE 
= 532.6 eV could be resulted from the substrate surface (SiOx) [44,45]. 
The OI (BE peak at 529.8 eV) and OII (BE peak at 531.8 eV) components 
are ascribed to O2

− ions at oxygen-deficient sites [31,44,45]. The ratio R 
= OII/OI represents the measure of oxygen deficiency in the films [31]. 
The R values are also mentioned in Fig. 7(e) and (f). The sample pre-
pared using operation-B has shown a higher value of R (= 0.91) than 
that of operation-A (R = 0.61). Oxygen vacancies are expected to be due 
to point defects in the present ITO films. We recall here the SEM result 
shown in Fig. 3(f)), which shows crystalline structured ITO films with 
noticeable grain boundaries. Probably due to this feature, there is the 
possibility of grain boundary scattering, which can affect the film 
transmittance. This could be a reason for low transmittance <82% in 
this study involving very thin films of thickness = 35 nm. The detailed 
study on the effect of thickness variation on the film properties is beyond 
the scope of this work. 

Additionally, it is known from the literature [51,52] that the 
oxidation of suboxides needs the heating of the substrate at a certain 

Fig. 7. The XPS spectra of (a) and (b) In 3d5/2, (c) and (d) Sn 3d5/2, and (e) and (f) O 1speaks and their decomposition. The details are given in the text.  

Table 1 
ITO Film stoichiometry and work function in the present study.  

Sample’s 
operation 
condition 

Treatment/ 
cleaning 

Chemical 
composition (at. %) 

At. % Ratio Work 
function 
(eV) 

O Sn In In/ 
Sn 

O/ 
In 

Operation-A Ar+ ion 
sputtering 

56.1 4.2 39.7 9.5 1.41 – 

UV− O3 57.8 4.4 37.8 8.6 1.52 – 
Operation-B Ar+ ion 

sputtering 
55.2 4.5 40.3 9.0 1.37 4.4 ± 0.1 

UV− O3 56.4 4.7 38.9 8.3 1.45 4.65 ± 0.1  
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level. He et al. [51] reported that suboxides could oxidize into SiO2 
during annealing at temperatures >1000 K. In another study, Zhang 
et al. reported [52] that the suboxides could change their concentration 
due to high annealing temperature, although a low temperature 
(annealing at < 400 ◦C) could not alter the concentrations of Si2O3 and 
Si2O states. In this sense, we expect that the presence of SiO2 content in 
the SiOx layer is very low as our films are deposited at room temperature 
(Fig. 3(g)). 

Further, we studied the correlation between the surface chemical 
composition and work function of ITO films for specific samples cleaned 
by Ar+ ion sputtering. We consider the best sample prepared by 
operation-B [relevant to Fig. 3(b) and (f), 4(b), 7(b),7(d), and7(f)] for 
the UPS measurements. Fig. 8(a) and (b) show the UPS spectra of the 
selected samples measured using He I (energy = 21.2 eV) and He II 
(energy = 40.8 eV) light sources, respectively. In the Figures, the ab-
scissa represents the BE of electrons in occupied states before the 
photoexcitation. The origin corresponds to the Fermi level of ITO films 
[42,43,53]. The structure of UPS spectra in Fig. 8(a) and (b) at higher BE 
represent the deeper electronic level [43]. Note that it was not possible 
to locate the Fermi edge by the UPS measurements because the DOS 
(density of states) of ITO films near the Fermi energy could be small. We 
measured its position (see Fig. 8(b)) in a sample prepared by depositing 
Au on the ITO. Note that the measured spectrum using He I, in Fig. 8(b), 
is quite similar to the work reported by Cox and his group [53]. The 
broad structures in the spectra at BE ~5.0 eV and 10.4 eV are shown by 
dashed lines. Sugiyama et al. [43] also observed similar results in their 
ITO samples. They proposed that the upper portion of the filled VB 
(valence band) of ITOs, including these broad features, primarily con-
sists of O 2p derived levels. The BE peak located at 18.3 eV in the He II 

spectrum (Fig. 8(a) can be attributed to the emission from In 4d derived 
levels in ITO [43]. With such UPS spectra, one can subtract [43] the full 
width of the measured spectrum from photon energy to determine the 
work function (Φ) of ITO films. We expect that the Ar+ sputter cleaning 
did remove the C contamination [39–42]. 

We further compared our data with the literature. The measured 
value of Φs for the present sample (Fig. 8) is 4.4 eV, which is lower than 
the cited value of 4.7 eV [43] and higher than the reported value of 
~3.6 eV for oxides [42]. Similarly, the value of Φs (Table 1) evaluated 
using UPS measurement (not shown) for the sample cleaned by 
UV-ozone (O3) treatment is 4.65 eV. In our studies, we got the values 
EB

F = 285.10 eV, Φs = 4.4 eV and 4.65 eV relevant to Equation (3). Thus, 
the sums EB

F + Φs = 289.5 eV and 289.75 eV, which is closed to the 
finding EB

F + Φs = 289.58 ± 0.14 eV by Greczynski and Hultman [42]. 
Table 1 shows that the In/Sn ratio is high (9.0), and the O/In ratio is 

low (1.45) for the sample prepared by operation-B and later cleaned by 
Ar+ sputtering. The decrease (low value) in the value of Φs for this case 
may be due to the change in the electronic structure of ITO film as re-
ported by Fan and Bachner [54], owing to the selective removal of ox-
ygen. It may be expected that the film composition can be altered around 
the nominal composition of the targets used by tuning the applied 
powers represented by operation-A and operation-B (Fig. 1). 

Additionally, we wish to point out that flexible devices simulta-
neously need a very high conductivity (low ρ) and transmittance in very 
thin ITO films. Also, it is very challenging to attain these properties 
altogether because they are correlated in a reverse fashion. Achieving 
high crystallinity in metal oxides at room temperature deposition is a 
demanding task. The growth of very thin ITO films (thickness <40 nm) 
with crystalline microstructure at room temperature by this 3DCMS 
method would be useful for flexible device applications. As shown 
above, the films produced by operation-B have shown better film 
properties compared to that of operation-A. We performed the bending 
test to check the flexibility of the ITO films deposited on PET substrates 
using the condition of operation-B for the point of view of flexible ap-
plications as a transparent. We took three samples with film thicknesses 
35 nm, 50 nm, and 80 nm. Fig. 9 shows the relative change in resistance. 
Results show that the resistance of ITO thin films does not significantly 
change under the maximum bending (outside bending) curvature of 6 
mm after 30,000 cycles. Thus, the ITO thin films have shown good 
performances due to well crystalline microstructure induced by the high 
plasma density generated by the 3DCMS. 

4. Conclusion 

Different thin film characterization tools and plasma diagnostic 
using LP was used to examine the nature of ITO film properties, which 

Fig. 8. The measured UPS spectra of ITO films using the light sources (a) He II 
and (b) He I, respectively. The sample is relevant to the results in Fig. 3(b) and 
(f) prepared by operation-B conditions and cleaned by Ar + ion sputtering. 

Fig. 9. The sheet resistance, before and after the bending, of ITO films of 
different thickness, prepared on PET substrates using operation-B. 
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depends upon the plasma parameters. We utilized two operating con-
ditions, operation-A and operation-B, by supplying powers from two 
independent electrical sources for the deposition of very thin ITO films. 
Using the 3DCMS approach with a highly confined magnetic field, we 
incorporated a high-density plasma environment, controlled the plasma 
parameters, and induce their effect on the growing thin ITO films of 
thickness 35 nm. The 3DCMS technique is purposefully utilized to study 
the growth and transport of the crystalline NCs to form the film. XRD 
and SEM results used for evaluating the crystalline grain sizes are 
credibly agreeing with the estimation of NCs using a theoretical model 
containing two-body collisions. The plasma density in operation-B was 
seen to be much higher ~7 × 1011 cm− 3 than that of operation-A. 
However, the change in the electron temperature was not significant 
due to rapid thermalization. The film properties of the samples prepared 
in operation-B were better than that of operation-A. The room temper-
ature deposition of 35 nm thick ITO films produced a minimum re-
sistivity of 4.8 × 10− 4 Ωcm and a maximum average transmittance 
≤82%. Also, the conductive ITO films have shown good flexibility for 
their flexible applications. 
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