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A B S T R A C T

A detailed surface free energy (SFE) knowledge of transparent conducting oxide (TCO)/metal/TCO electrodes is
necessary for their applications related to surface wettability. However, SFE analysis of these surfaces has not
been performed systematically previously. In this study, ITO and ITO/Au/ITO multilayer thin films were coated
onto O2 plasma treated polycarbonate (PC) substrates by magnetron sputtering. The wettability characteristics of
untreated PC, O2 plasma treated PC, ITO, Au interlayer, and ITO/Au/ITO multilayer thin films were evaluated by
apparent contact angle measurements of nine different test liquids having various surface tensions. Following
this, Lifshitz-van der Waals, acidic, basic, dispersive, and polar components of SFE were calculated using acid-
base, geometric and harmonic mean approaches. In the present study, in which the significance of calculation
methods and selected liquid pairs on SFE parameters were investigated, the effect of Au interlayer presence on
SFE parameters were also evaluated simultaneously. The results showed that the total SFE values of ITO/Au/ITO
multilayer thin films were found to be higher than that of ITO surface. The reasons behind this difference were
discussed in terms of SFE components obtained using various liquid pairs by different methods. The results were
also supported with XRD, XPS, AFM, and TEM analysis.

1. Introduction

Transparent conducting oxides (TCOs) such as Indium Tin Oxide
(ITO), Indium Zinc Oxide (IZO) and Aluminum Zinc Oxide (AZO) have
widespread applications in modern technologies thanks to their high
optical transparency and electrical conductivity properties, as well as
their stability in air [1,2]. ITO is one of the most widely used material
among TCOs because there is a trade-off between optical transmittance
and electrical conductance, and ITO offers a superior combination of
them [3–6]. However, a single layer of ITO films is often inadequate to
provide the desired electrical properties, and the incorporation of a thin
conducting film between ITO layers without deteriorating the optical
transparency is one of the easiest way to overcome this problem [2].
Au, Ag, Cu and Al are the most common metals which were used as an
interlayer between bottom and top ITO layers for this purpose [7–10].
Among them, Au has been extensively preferred in many coatings due
to its relatively lower electrical resistivity, higher optical transmittance,

and atmospheric stability. Intensive efforts have been made to develop
ITO/Au/ITO multilayer thin films on suitable substrates to be used in
the optoelectronic research in recent years [7,9,11–18].

The wettability of an ITO surface [19] was proposed to be an im-
portant parameter in many applications, such as photovoltaic cells
[20,21], light-emitting devices [22–28], semiconductor devices [29],
nanorod films [30], and superhydrophobic coatings [31]. The control of
the wettability, which is the ability of a surface to interact with a cer-
tain liquid, is relevant to many areas of technology [32,33]. For any
material, the molecules in the bulk phase are surrounded by other
molecules on every side resulting in a zero sum of net force, while the
molecules at the surface encounter a net force called “surface free en-
ergy” (SFE) inward [32–34]. Unfortunately, the determination of the
SFE for solids cannot be done by direct methods due to the low mobility
of solid molecules, and the wettability that determined by contact angle
measurements can be used as an indirect method for this purpose. The
SFE components of a solid surface are critical for understanding,
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interpreting, and predicting many interface phenomena such as ad-
sorption, wetting, adhesion, lubrication behavior, friction, and bio-
compatibility [32,35]. In many studies, the surface of an ITO has been
modified to adapt to the specific application by altering the surface
wettability [20–29,36,37]. For example, Besbes et al. treated the ITO
surface with phosphonic acid to increase the SFE of the ITO and en-
hanced the ITO/polymer interface to be used in organic light-emitting
devices [23]. Vunnam et al. treated the ITO surface with air plasma to
attain a favorable interface between printed nano-inks and ITO surface,
and obtained a desired interface by controlling the SFE of the ITO [37].
Similar studies showed that the oxygen treatment of the ITO surface to
provide a higher SFE is one of the suitable treatment option for pro-
viding better adhesion with polymer substrates [19,22,38]. Dong et al.
fabricated an inverted top-illuminated polymer solar cells by coating an
ITO interlayer treated with UV-ozone on top of an Ag reflector to
protect the Ag reflector from oxidation and to realize a hydrophilic
surface without degrading the surface morphology or the optical re-
flectance [21]. Arazna et al. showed that the ultrasonic degreasing in
acetone and ethyl alcohol is an effective way to increase the SFE of the
ITO and might be useful in preparing ITO-based organic light emitting
devices [27]. All of these results indicate that the SFE components of
ITO and ITO/Au/ITO has an important role. However, the effect of Au
interlayer on the SFE properties of ITO/Au/ITO multilayer thin films
still remained elusive.

Besides, a contradiction is still present, of what would be the
method of SFE calculation for an ITO surface. Some of the researchers
used the acid-base approach [23,26,37,38], while others used the
geometric [19,24,25,27,38] and harmonic mean approaches [22].
Elmas et al. used the equation of state approach to calculate the SFE
values of the ITO on glass, PET and Si substrates by using water contact
angle data [39]. Another case that cannot be explained is the effect of
the selection of the liquid pairs used during calculations on the SFE
components of an ITO surface. In fact, both the SFE calculation methods
and the selection of liquid pairs are not only the problem of ITO but also
of all solid surfaces. Intensive efforts have been made to calculate the
SFE value of a solid surface thoroughly and to eliminate discrepancies
in SFE calculations [40–49].

The main aim of this study is to reach a detailed SFE knowledge of
the ITO-based films as accurately as possible by evaluating the wett-
ability characteristics of ITO, Au interlayer (ITO/Au) and ITO/Au/ITO
multilayer thin films by various SFE calculation methods. For this
purpose, ITO, ITO/Au, and ITO/Au/ITO multilayer thin films were
coated onto O2 plasma treated polycarbonate (PC) substrates by mag-
netron sputtering. The O2 plasma treated PC was used as substrate
material in this study due to its adequate optical, mechanical and ad-
hesion properties [50–53], and the SFE analysis of the untreated and O2

plasma treated PC was also performed. Nine different test liquids
having various surface tensions were used to prepare a comprehensive
report, and the apparent contact angles of these liquids were measured
on the prepared surfaces by the sessile drop method. Then, the dis-
persive and polar components of SFE were calculated using geometric
(Owens and Wendt’s method) [54] and harmonic (Wu’s method) [55]
mean approaches. The acidic and basic components of SFE were cal-
culated using van Oss-Chaudhury-Good method [56]. Although calcu-
lation methods and selected liquid pairs were effective on SFE com-
ponents, the total SFE of ITO/Au/ITO multilayer thin films were found
to be higher than that of ITO surface by all methods. It was also ob-
served that the duration of Au deposition had an important effect on the
overall quality of the interlayer structure by changing the SFE values of
Au interface. In addition, the critical surface tensions of ITO, ITO/Au
and ITO/Au/ITO multilayer thin films were determined by Zisman’s
plot [57–60] to make clarify the effect of Au interlayer presence on the
wettability properties of ITO-based films. The findings were also sup-
ported by various characterization methods such as XRD, XPS, AFM,
and TEM.

2. Materials and methods

2.1. Materials

Polycarbonate (PC) was supplied from Makrolon (ASTM D1746,
50 mm × 50 mm × 21 mm). The ITO target was composed of In2O3

(90 wt%) and SnO2 (10 wt%) with a thickness and diameter of 0.25 in.
and 2 in., respectively. A high purity (99.99%) Au target was used with
0.125 in. thickness and 2 in. diameter. Ultrapure water (CAS Number:
7732-18-5), methanol (CAS Number: 67-56-1), formamide (CAS
Number: 75-12-7), and diiodomethane (CAS Number: 75-11-6) were
purchased from Merck. Glycerol (CAS Number: 56-81-5), ethylene
glycol (CAS Number: 107-21-1), diethylene glycol (CAS Number: 111-
46-6), 1-bromonaphthalene (CAS Number: 90-11-9), N,N-di-
methylformamide (CAS Number: 68-12-2) and hexadecane (CAS
Number: 544-76-3) were purchased from Sigma-Aldrich.

2.2. Preparation of ITO/Au/ITO multilayer thin films on polycarbonate

ITO and Au thin films were deposited on PC by magnetron sput-
tering as explained in our previous works [17,61]. Prior to deposition,
the PC substrates were fully cleaned by ultrasonication in methanol and
DI water for 20 min, and then dried under nitrogen atmosphere. PC
substrates were also plasma-treated for 2 min under oxygen gas to in-
crease surface hydrophilicity. A regular sputtering procedure initiated
with evacuating the chamber below 2 × 10−6 Torr first, which was
followed by a 5 min of pre-sputtering to remove the contaminants. Fi-
nally, the deposition was carried out at ~3 × 10−3 Torr, under pure Ar
gas flow (40 sccm) and at room temperature in the absence of substrate
heating. The deposition durations were 7.0 min for ITO layers and
adjusted to 20 and 30 s for the Au to form a continuous interlayer. The
sample preparation conditions, thickness and RMS roughness of the
films are given in Supplementary Material Table S1.

2.3. XPS, AFM, XRD, and TEM analysis

A Veeco DEKTAK 150 profilometer was used to determine the
thickness of the films and average values of 5 measurements taken from
different locations were reported. X-Ray Photoelectron Spectroscopy
(XPS) studies were conducted with an MXR1 Gun-400 μm 15 kV
spectrometer equipped with an Al Kα source. The analyzed spot size
was 400 μm with the analyzer pass energy of 300.0 eV. The binding
energies were referenced to the neutral adventitious C1s peak at
284.6 eV. The RMS roughness of the surfaces were determined by using
contact mode of AFM under ambient conditions on 10 μm × 10 μm
surface areas. Grazing Incidence X-Ray Diffraction (GIXRD) was carried
out in the Grazing focusing geometry at a grazing angle of the incident
X-ray beam (ω) 0.75° using a Panalytical X-Ray Diffractometer, with
Cu-Kα radiation (λ = 1.5406 Å). XRD patterns were recorded from
2θ = 20–70° with a step size of 0.016° for all samples. Cross sectional
morphologies of films were analyzed using HRTEM analysis (Jeol,
HRTEM). HRTEM samples were prepared by Focused Ion Beam (FIB)
lithography.

2.4. Contact angle measurements and surface free energy calculations

The apparent contact angles (θ) under air were measured by the
sessile drop method using Dataphysics (OCA 30) contact angle system.
5 μL drops of water (W), glycerol (GLY), formamide (FA), diiodo-
methane (DM), ethylene glycol (EG), diethylene glycol (DEG), 1-bro-
monaphthalane (BN), N,N-dimethylformamide (DF) and hexadecane
(HD) were formed on the surfaces. Then, contact angles were de-
termined after the needle was removed from the liquid droplet formed
on the surface. The apparent contact angles were measured on at least
ten different places of each surface for all of the test liquids on the
surfaces and their mean values were calculated.
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The critical surface tension (γc) values of the coatings were de-
termined by Fox and Zisman’s method [57–60]. The contact angle
measurement results of liquid drops having various surface tension γ( )LV
values were used to plot the cos θ values against γLV . The surface ten-
sions of these liquids were obtained from the literature [32,35,62,63],
and given in Table 1. The equation used for determining the critical
surface tension is written as,

= − −θ β γ γcos 1 ( )LV c (1)

where the slope of the line gives -β, and the intercept gives
(βγc + 1). The γc was calculated by using the slope and intercept values
of the Zisman’s plot [32,33].

The dispersive γ( )SV
d and polar γ( SV

p ) components of the SFE were
calculated by applying geometric (Owens and Wendt’s method) [54]
and harmonic (Wu’s method) [55] mean approaches. The equation of
the geometric mean approach can be written as,

+ = +γ θ γ γ γ γ(1 cos ) 2( )LV SV
d

LV
d

SV
p
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p
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The equation of the harmonic mean approach can be written as,
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By solving the equation (2) for the geometric mean approach and
equation (3) for the harmonic mean approach, γSV

d and γSV
p components

of the SFE were found. The γLV
d and γLV

p values of the liquids used in
these equations were retrieved from the literature [32,34] and given in
Supplementary Material Table S2. Then, the total SFE γ( )S

Tot of the
surface was calculated as,

= +γ γ γS
Tot

SV
d

SV
p (4)

Lifshitz-van der Waals and acid-base interaction parameters of the
SFE were calculated by applying acid-base (van Oss-Chaudhury-Good
method) approach [56]. Contact angles of W, GLY, EG, FA, DM and BN
liquid drops were measured on the sample surfaces for this purpose.
The main equation of the van Oss-Chaudhury-Good method is written
as,

+ = + ++ − − +γ θ γ γ γ γ γ γ(1 cos ) 2( )LV S
LW

L
LW

S L S L (5)

where S denotes solid; L liquid; V vapor and γS
LW is the Lifshitz-van

der Waals SFE term which comprises “dispersion”, “dipolar” and “in-
duction” interactions. The surface tension components of the liquids
used in van Oss-Chaudhury-Good method were obtained from the lit-
erature [32,62–64], and given in Supplementary Material Table S3.
Other equations are,

= + −γ γ γ2S
AB

S S (6)

= +γ γ γS
Tot

S
LW

S
AB (7)

where +γS denotes Lewis acid parameter, −γS denotes Lewis base

parameter and γS
AB comprises all the electron donor–acceptor (acid-

base) interactions. γS
LW was calculated by using θ results of DM and BN

liquids, and then W-GLY, W-EG, W-FA θ pairs were used to calculate +γS
and −γS values [32,33,56].

3. Results and discussion

3.1. Characterization, wettability properties and surface free energy
analysis of untreated and O2 plasma treated polycarbonate substrates

Plasma treatment is one of the most popular surface modification
methods used to increase adhesion strength between substrate and
coating by improving surface hydrophilicity [50,53,65]. Contact angle
results on PC surfaces that were untreated and O2 plasma treated are
given in Table 1. The W contact angle value of untreated PC was
measured as 82°, indicating relatively poor wettability. A significant
reduction in the contact angle results for all test liquids was observed
after O2 plasma treatment of the PC. The work of adhesion (Wa) is
closely related to the effectiveness of polar functional groups on the
polymer surface treated by O2 plasma [66]. We calculated the Wa with
Young-Dupre equation = +W γ cosθ[ (1 )]a lv for polar test liquids. Wa

values for W-PC interface increased sharply from 82.9 mJ/m2 to
113.5 mJ/m2 with O2 plasma treatment as given in Fig. 1, indicating
that the presence of considerable amount of polar functional groups on
the surface. Similar trends were also observed for GLY, FA and EG li-
quids which are given in Fig. 1. The oleophobic behavior of the PC
surfaces were evaluated by measuring the contact angles of HD liquid
which is the commonly accepted index of oleophobicity [67]. HD
droplets were spread on the both untreated and O2 plasma treated PC
surfaces due to the strong liquid/solid interaction, indicating that PC
surfaces were very oleophilic.

SFE components of the untreated and O2 plasma treated PC

Table 1
Surface tensions (mJ/m2) of the test liquids and apparent contact angle (°) results on untreated PC, O2 plasma treated PC, ITO, ITO/Au, and ITO/Au/ITO surfaces.

Liquids γlv θ (°) Untreated PC θ (°) Treated PC θ (°) ITO θ (°) ITO/Au (20 s) θ (°) ITO/Au (30 s) θ (°) ITO/Au (20 s)/ITO

W 72.8 82 ± 2 56 ± 2 90 ± 2 83 ± 1 79 ± 1 87 ± 1
GLY 64.0 74 ± 2 52 ± 2 87 ± 1 79 ± 1 76 ± 1 85 ± 1
FA 58.2 61 ± 2 32 ± 1 79 ± 2 61 ± 2 53 ± 1 71 ± 2
DM 50.8 32 ± 2 25 ± 2 54 ± 2 48 ± 2 46 ± 1 51 ± 2
EG 48.0 53 ± 2 46 ± 2 66 ± 2 63 ± 1 57 ± 1 65 ± 1
DEG 44.4 49 ± 1 36 ± 1 63 ± 1 58 ± 1 51 ± 2 62 ± 2
BN 44.4 27 ± 1 20 ± 1 46 ± 2 37 ± 1 36 ± 2 44 ± 1
DF 37.1 25 ± 2 8 ± 1 36 ± 2 19 ± 1 14 ± 1 33 ± 2
HD 27.5 Spreading Spreading 20 ± 2 Spreading Spreading 17 ± 1

W: Water, GLY: Glycerol, FA: Formamide, DM: Diiodomethane, EG: Ethylene glycol, DEG: Diethylene glycol, BN: 1-Bromonaphthalene, DF: N,N-dimethylformamide,
HD: Hexadecane.

Fig. 1. Work of adhesion values of PC and O2 plasma treated PC. GLY, glycerol;
FA, formamide; EG, ethylene glycol.
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substrates were calculated with van Oss-Chaudhury-Good method using
θ results for W, DM, BN, FA, EG and GLY drops. DM and BN were
chosen as the nonpolar liquids, and W-FA, W-EG and W-GLY were se-
lected as the polar liquids in evaluating the SFE components using the
three-liquid acid-base method [56]. Some of the liquid pair combina-
tions (e.g. GLY-FA-DM/BN and GLY-EG-DM/BN) were deviated quite a
lot thus excluded from the SFE calculations. In fact, incompatibilities
associated with the use of GLY-FA and GLY-EG liquid pairs in SFE
calculations were already determined by Della Volpe et al. [46,48]. The
results obtained for PC surfaces by using these different liquid combi-
nations are given in Table 2. As expected, the selection of the liquid
pairs affected the results of the SFE components. For example, the acid-
base component γ( )S

AB of the SFE was found as 0 mJ/m2 with W-EG-DM
and W-EG-BN triples for O2 plasma treated PC surface, indicating that
the γS

Tot is mainly due to dispersive character. However, the γS
AB was

found as 6.45 mJ/m2 and 9.19 mJ/m2 with W-FA-DM and W-FA-BN
triples respectively for the same surface, indicating that the O2 plasma
treated PC surface is bipolar and has a significant polarity. These results
show that calculating the SFE parameters using average data of various
liquid pairs will result in more consistent evaluations. When all well-
conditioned liquid pairs are considered, the average values for γS

Tot , for
γS

AB, and for γS
LW on the untreated PC surface were calculated as 41.72,

0.18, and 41.53 mJ/m2, respectively. Whereas, the average values for
γS

Tot , for γS
AB, and for γS

LW on the O2 plasma treated PC surface were
calculated as 48.17, 4.21, and 43.96 mJ/m2, respectively. According to
the calculations, all the SFE components of O2 plasma treated PC sur-
face were found to be higher than that of untreated PC surface. The γS

AB

shows the polar contribution of the SFE and the increase in this para-
meter were much higher than the increase in γS

LW . This indicates strong
interaction between polar liquid droplets and O2 plasma treated PC
surface. On the other hand, the −γS component of the SFE shows the
hydrogen bonding ability of the carbonyl groups that were present on
the surface [68], and the O2 plasma treatment of the PC surface was
found to be very effective for increasing the −γS component, while the +γS
of the surface only increased slightly. The average value for the −γS on
PC surface increased from 5.44 to 22.88 mJ/m2 with the O2 plasma
treatment, suggesting that the carbonyl groups capable of hydrogen
bonding covered most of the polymer surface following the plasma
treatment. These results show that O2 plasma treatment of the PC
surface is effective for increasing the SFE and hydrophilicity by forming
of new oxygenated groups on the surface [51,52,69,70].

XPS analysis was carried out on untreated and O2 plasma treated PC
surface to identify the changes in intensity of chemical bindings. XPS
survey spectra, O1s and C1s core spectra of untreated and O2 plasma
treated PC are given in Supplementary Material Fig. S1. XPS survey
analysis of the PC depicted in Fig. S1(a) revealed that there are only C
and O elements on the PC surface. Elemental percentage composition of
the untreated PC was 96.71% for C and 3.29% for O. The O percentage
value on PC surface increased from 3.29 to 12.52% with the O2 plasma
treatment due to oxidation of the groups on the PC surface. A re-
markable change in the position and relative height of the peaks was

observed in the spectrum of treated PC with respect to the spectrum of
the untreated PC as given in Fig. S1(b). The increase in SFE and change
in wettability properties by plasma treatment can be attributed to the
increasing the intensity of –(O = C)–O– by insertion of new polar
groups to the PC surface as shown in Fig. S1(c) [51]. Although oxida-
tion of the surface has been demonstrated, the material’s wettability
response cannot be ascribed only to this chemical change. Thus, a joint
morphological and chemical effect should be studied where the struc-
ture and morphology play the dominant role. Topography is one of the
most important physical characteristics of surfaces, which influence
their wettability properties. The surface topography of the untreated
and O2 plasma treated PC were determined by AFM analysis and given
in Fig. 2. RMS roughness were measured as 1.28 ± 0.53 nm for un-
treated PC and as 1.35 ± 0.40 nm for O2 plasma treated PC surface.
These results were very close to each other indicating that effects of O2

plasma treatment are homogenous all over the surface, and SFE dif-
ferences between treated and untreated PC were mainly originated
from chemical modification of PC surface with O2 plasma treatment.

The dispersive γS
d and polar γS

p components of the SFE for PC were
also calculated using geometric and harmonic mean approaches and the
results are given in Supplementary Material Tables S4 and S5. The
average values for γS

Tot , for γS
p, and for γS

d on untreated PC surface were
calculated as 42.57, 1.03, and 41.53 mJ/m2, respectively by using
geometric mean approach. Whereas, the average values for γS

Tot , for γS
p,

and for γS
d on O2 plasma treated PC surface were calculated as 50.97,

7.01, and 43.96 mJ/m2, respectively. These values are close to those
obtained from van Oss-Chaudhury-Good method. However, when using
harmonic mean approach, the γS

p components of the SFE were found to
be higher than the results obtained with Owens-Wendt and van Oss-
Chaudhury-Good method. For example, the average value for the γS

p

was calculated as 3.24 mJ/m2 for untreated PC surface and as 9.99 mJ/
m2 for O2 plasma treated PC surface by using the harmonic mean ap-
proach. Using the same method, the average value for the γS

Tot was
calculated as 44.96 mJ/m2 for untreated PC surface and as 54.02 mJ/
m2 for O2 plasma treated PC surface. In agreement with our results, Wu
has shown that the SFE parameters calculated by the harmonic mean
method are higher than the geometric mean approach [55].

3.2. Characterization, wettability properties and surface free energy
analysis of ITO/Au/ITO multilayer thin films

The prepared surfaces were smooth and gave reproducible contact
angle results. The contact angle results of the nine different test liquids
on ITO, Au coated ITO (ITO/Au) and ITO/Au/ITO surfaces are given in
Table 1. These results are in good agreement with the previous reports.
For example, Besbes et al. [23] reported θwater = 92 ± 1.5°, Devenas
et al. [26] reported θwater = 92°, You and Dong [24] reported
θwater = 85.1° for an untreated ITO surface, and we measured
θwater = 90 ± 2° for our prepared ITO surface. The contact angle re-
sults shown in Table 1 indicate clearly that the presence of Au inter-
layer between ITO layers have a profound influence on the contact

Table 2
Values of the Lifshitz-van der Waals, acidic and basic components (mJ/m2) of the PC and O2 plasma treated PC surfaces calculated by van Oss-Chaudhury-Good
method.

Liquid pairs PC O2 plasma treated PC

γ LW
s

+γs
−γs γ AB

s γTot
s γ LW

s
+γs

−γs γ AB
s γTot

s

W-FA-DM 43.37 0.00 5.70 0.00 43.37 46.15 0.59 17.54 6.45 52.60
W-EG-DM 43.37 0.00 4.47 0.03 43.40 46.15 0.00 29.88 0.00 46.15
W-GLY-DM 43.37 0.00 5.96 0.00 43.37 46.15 0.16 20.72 3.70 49.85
W-FA-BN 39.69 0.00 5.58 0.11 39.80 41.76 1.22 17.29 9.19 50.96
W-EG-BN 39.69 0.05 4.69 0.96 40.65 41.76 0.00 30.52 0.00 41.76
W-GLY-BN 39.69 0.00 6.25 0.00 39.69 41.76 0.41 21.35 5.94 47.70
mean 41.53 0.01 5.44 0.18 41.72 43.96 0.40 22.88 4.21 48.17
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angles of the thin films formed. The surface topography of the samples
was determined by AFM and given in Fig. 2. RMS roughness values was
found to be 1.73 ± 0.54 nm for the ITO surface, and 3.39 ± 0.60 nm
for the ITO/Au/ITO surface. Deposition of single and double layers of
ITO without Au interlayer resulted in a gradual improvement of RMS
roughness as can be seen in Fig. 2(c) and (d). Likewise, a similar trend
was observed upon increasing the deposition duration of Au from 20 to
30 s as shown in Fig. 2(e) and (f). Although, one might expect a less
increase of roughness with a smaller change of Au thickness comparing
to ITO, a similar increasing trend may be related to the delamination of
layer. Moreover, the highest RMS roughness was obtained with the
insertion of top ITO layer assembling ITO/Au (20 s)/ITO as depicted in
Fig. 2(g). Besides, photographic image of the multilayer film of the ITO/
Au (20 s)/ITO is shown in Fig. 2(h). The nearly zero nanoscale
roughness values of ITO and ITO/Au/ITO surfaces indicate that all
surfaces were quite smooth. Yet, the contact angle differences between
ITO and ITO/Au/ITO might still have been slightly affected by the
presence of minimal roughness. Besides, preferred orientation of ITO
top layer through the (400) plane is effective on the contact angle re-
sults. It was found that the contact angle results of the ITO/Au/ITO
surface were lower than that of the ITO surface for all test liquids. The
reasons under this difference will be discussed with XRD analysis. In
general, if W contact angle is less than 90°, the surface is hydrophilic,
however if W contact angle is greater than 90°, it means that the surface
is hydrophobic [32]. The W contact angle was found as 90° for ITO film
and 87° for ITO/Au/ITO film, indicating that ITO surfaces were close to

the limit of hydrophobic/hydrophilic balance. The oleophobic behavior
of the ITO surfaces were evaluated by measuring the contact angle of
HD liquid. The HD contact angle was found as 20° for ITO film and 17°
for ITO/Au/ITO film, indicating that ITO surfaces were oleophilic.
However, the HD droplets were spread on the ITO/Au surface, in-
dicating that the Au/HD adhesion were much stronger than the cohe-
sion within the HD molecules [33].

Fig. 3 shows the XRD patterns of single and bilayer ITO and mul-
tilayer ITO/Au (20 s)/ITO thin films onto PC. Peaks found at
29.85° ± 0.1 and 34.85° ± 0.1 can be indexed to the (222) and
(400) planes of ITO with bixbyite crystal structure (JCPDS File No. 89-
4596). No peak belonging to SnO or SnO2 was detected. The existence
of both (400) and (222) family of planes indicates the polycrystalline
nature of the films that were grown in the absence of substrate heating.
XRD pattern of single ITO film has a very low crystallinity as seen in
Fig. 3(a). This is mainly due to room temperature deposition and low
thickness of the film. Hence, XRD analysis of ITO double coating was
conducted to examine the variation of crystal properties without Au
interlayer. As shown in Fig. 3(b), intensity of the peaks increased with
thickness by forming ITO/ITO as compared to single layer ITO. Yet, the
crystal orientation in [111] direction was observed in both single and
bilayer ITO. It is seen in Fig. 3 (c) that Au (111) peak is obvious at
38.25° in the multilayered ITO/Au (20 s)/ITO (JCPDS File No. 04-
0784). By the insertion of Au interlayer, ITO top layer of the multilayer
film is found to be oriented through [100] direction. While ITO films
deposited by various techniques are often reported to orient in [111]

Fig. 2. 3D AFM images of (a) PC, (b) Plasma-treated PC, (c) ITO, (d) ITO/ITO (e) ITO/Au (20 s), (f) ITO/Au (30 s), (g) ITO/Au (20 s)/ITO and (h) photographic image
of ITO/Au (20 s)/ITO.
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direction, a preferred orientation along (400) plane was already re-
ported in ITO/Au/ITO multilayer films on PC substrate due to Au in-
terlayer [17]. Hence, once the (400) plane-oriented crystals are formed

on the Au interlayer, the film would grow preferentially using the in-
itially formed (400) plane-oriented crystals [71]. Furthermore, the
crystallinity of ITO is enhanced by inserting Au interlayer due to nu-
cleation seed effect of interlayer as shown in Fig. 3.

The SFE results obtained for ITO, ITO/Au, and ITO/Au/ITO surfaces
by using six different liquid combinations are given in Table 3. It is
clearly seen that the van Oss-Chaudhury-Good method provides similar
γS

Tot values for the same ITO surface even if the liquid pair used is
changed. For example, by using the W-FA-DM and W-GLY-DM, the γS

Tot

of ITO film was found as 32.02 mJ/m2 and this value vas very close to
31.88 mJ/m2 which was found by using W-FA-BN and W-GLY-BN liquid
triples. Similarly, the γS

Tot values of ITO/Au/ITO film were calculated as
33.71 mJ/m2 using all liquid triples containing DM. Although van Oss-
Chaudhury-Good methodology was successful for determining the SFE
components of the surfaces, sometimes negative values can be seen in
the square roots of +γS and −γS [33,64]. The negative values of square
roots of +γS and −γS were encountered in our work, and we assumed these
values zero as advised by Robert J. Good [64]. Accordingly, this caused
γS

AB to be calculated as zero. Thus, the contribution to the γS
Tot was only

originated from the γS
LW . Since the γS

AB shows the polar contribution of
the SFE, hence, it is difficult to analyze polar interactions of ITO surface
with this method [38]. However, van Oss-Chaudhury-Good method
gives useful information on the acidity and basicity of the surfaces in
terms of +γS and −γS as given in Table 3. It is clearly seen that all the ITO
surfaces are on the average monopolar basic because +γS values were
found to be quite small compared with the −γS component.

The dispersive γS
d and polar γS

p components of the SFE for ITO sur-
faces were calculated using geometric and harmonic mean approaches
and the results are given in Tables 4 and 5. The average values for γS

Tot ,
for γS

p, and for γS
d on the ITO surface were calculated as 32.59, 0.64, and

31.95 mJ/m2, respectively by using geometric mean approach.
Whereas, the average values for γS

Tot , for γS
p, and for γS

d on the ITO/Au/
ITO surface were calculated as 34.11, 0.85, and 33.26 mJ/m2, respec-
tively. According to the calculations, all the SFE components of ITO/
Au/ITO surface were found to be higher than that of ITO surface, in-
dicating that the presence of Au interlayer resulted in an increase of the
SFE components. In order to explain this situation, the SFE components
of the Au interlayer were determined. The average values for γS

Tot , for
γS

p, and for γS
d on the Au interlayer coated in 20 s were calculated as

37.09, 1.45, and 35.65 mJ/m2, respectively by using the geometric
mean approach, indicating that the SFE components of the Au inter-
layer were quite higher than the both ITO and ITO/Au/ITO surfaces as
shown in Fig. 4. These results suggest that Au interlayer that have
higher SFE between ITO layers in thin films could interact with liquids
which located over the outer layer. Similar trend was also observed by
using harmonic mean approach as given in Table 5.

In addition, the effect of Au deposition time on the overall quality of
the sandwich films was also evaluated. When the Au deposition time
adjusted to 20 s, the thickness of Au interlayer was 10 nm as can be seen
from the cross section TEM image in Fig. 5(a) and (b). Besides, ITO/Au

Fig. 3. XRD patterns of (a) ITO, (b) ITO/ITO and (c) ITO/Au (20 s)/ITO on PC
substrate.

Table 3
Values of the Lifshitz-van der Waals, acidic and basic components (mJ/m2) of
the ITO, ITO/Au and ITO/Au/ITO surfaces calculated by van Oss-Chaudhury-
Good method.

Sample Liquid pairs γ LW
s

+γs
−γs γ AB

s γTot
s

ITO W-FA-DM 32.02 0.00 7.66 0.00 32.02
W-EG-DM 32.02 0.01 3.52 0.38 32.40
W-GLY-DM 32.02 0.00 6.52 0.00 32.02
W-FA-BN 31.88 0.00 7.66 0.00 31.88
W-EG-BN 31.88 0.01 3.53 0.41 32.29
W-GLY-BN 31.88 0.00 6.54 0.00 31.88
mean 31.95 0.00 5.90 0.13 32.08

ITO/Au (20 s) W-FA-DM 35.38 0.18 4.70 1.82 37.20
W-EG-DM 35.38 0.00 7.39 0.00 35.38
W-GLY-DM 35.38 0.00 8.36 0.00 35.38
W-FA-BN 35.91 0.14 4.71 1.63 37.54
W-EG-BN 35.91 0.00 7.35 0.00 35.91
W-GLY-BN 35.91 0.00 8.30 0.00 35.91
mean 35.65 0.05 6.80 0.57 36.22

ITO/Au (20 s)/ITO W-FA-DM 33.71 0.00 6.06 0.00 33.71
W-EG-DM 33.71 0.00 5.08 0.00 33.71
W-GLY-DM 33.71 0.00 8.03 0.00 33.71
W-FA-BN 32.81 0.00 6.02 0.00 32.81
W-EG-BN 32.81 0.00 5.14 0.10 32.92
W-GLY-BN 32.81 0.00 8.13 0.00 32.81
mean 33.26 0.00 6.41 0.05 33.31

Table 4
Surface free energy components (mJ/m2) of the ITO, ITO/Au and ITO/Au/ITO surfaces calculated by geometric mean approach.

Liquid Pairs ITO ITO/Au (20 s) ITO/Au (20 s)/ITO

γd
s

γ p
s γTot

s γd
s

γ p
s γTot

s γd
s

γ p
s γTot

s

W-DM 32.02 1.95 33.97 35.38 3.35 38.73 33.71 2.46 36.17
W-BN 31.88 1.98 33.85 35.91 3.24 39.15 32.81 2.62 35.43
FA-DM 32.02 0.00 32.02 35.38 1.81 37.20 33.71 0.23 33.95
FA-BN 31.88 0.00 31.88 35.91 1.64 37.55 32.81 0.35 33.17
EG-DM 32.02 0.57 32.59 35.38 0.43 35.81 33.71 0.43 34.15
EG-BN 31.88 0.59 32.47 35.91 0.36 36.27 32.81 0.57 33.38
GLY-DM 32.02 0.02 32.03 35.38 0.39 35.77 33.71 0.03 33.74
GLY-BN 31.88 0.02 31.90 35.91 0.33 36.24 32.81 0.06 32.88
mean 31.95 0.64 32.59 35.65 1.45 37.09 33.26 0.85 34.11
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(20 s)/ITO exhibited a smooth and uniform thickness without any ob-
servable defects as depicted in Fig. 5(b). As the deposition time of Au
increases, interlayer Au film is no longer stands on the bottom ITO layer
as shown in Fig. 5(c). Furthermore, once the top layer is deposited,
multilayer film is delaminated entirely, even the bottom ITO layer still
adheres to the surface as seen in Fig. 5(d). Delamination is probably
resulted by the thickening of Au interlayer which was measured as
15 nm. These observations are in good accordance with the SFE results
in Tables S6 and S7 in the Supplementary Material file. The average
values of γS

Tot , γS
p, and γS

d for the 30 s coated Au interlayer were cal-
culated as 38.99, 2.59, and 36.40 mJ/m2, respectively by using the
geometric mean approach. This indicates that the SFE components of
Au interlayer that have 15 nm thick were higher than that of the Au
interlayer that have 10 nm thick as shown in Fig. 4. On the other hand,
it was found that the SFE components of the thinner Au interlayer
(10 nm) were relatively closer to the SFE components of bottom ITO
layer. Therefore, when the Au deposition time was further increased,
the difference between the SFE components of ITO and Au interlayer
extended. This might be the reason for the delamination of Au

Table 5
Surface free energy components (mJ/m2) of the ITO, ITO/Au, and ITO/Au/ITO surfaces calculated by harmonic mean approach.

Liquid pairs ITO ITO/Au (20 s) ITO/Au (20 s)/ITO

γd
s

γ p
s γTot

s γd
s

γ p
s γTot

s γd
s

γ p
s γTot

s

W-DM 33.44 5.55 38.99 36.38 7.83 44.21 34.91 6.46 41.37
W-BN 32.64 5.70 38.34 36.28 7.85 44.12 33.47 6.74 40.21
FA-DM 33.44 0.00 33.44 36.38 3.11 39.49 34.91 0.79 35.70
FA-BN 32.64 0.00 32.64 36.28 3.15 39.42 33.47 1.25 34.72
EG-DM 33.44 1.45 34.89 36.38 1.41 37.79 34.91 1.31 36.23
EG-BN 32.64 1.66 34.30 36.28 1.43 37.71 33.47 1.67 35.14
GLY-DM 33.44 0.00 33.44 36.38 1.56 37.93 34.91 0.17 35.08
GLY-BN 32.64 0.19 32.82 36.28 1.58 37.86 33.47 0.54 34.01
mean 33.04 1.82 34.86 36.33 3.49 39.82 34.19 2.36 36.56

Fig. 4. Comparison of total surface free energy values of ITO, ITO/Au, and ITO/
Au (20 s)/ITO surfaces calculated by geometric mean approach.

Fig. 5. Cross section HRTEM images of ITO/Au (20 s)/ITO with (a) Low magnification and (b) high magnification, (c) FESEM image of ITO/Au (30 s) and (d) HRTEM
image of ITO/Au (30 s)/ITO.
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interlayer when it deposited for 30 s. Regarding the thickness of bottom
ITO layer, it was found about 40 nm in Fig. 5(c). Overall, the thickness
values were in fairly good agreement with the actual measurement
results by surface profilometer as given in Table S1.

Finally, the critical surface tensions (γc) of the ITO, ITO/Au and
ITO/Au/ITO surfaces were determined from the Zisman’s plots using
contact angle results and surface tension values of the test liquids. The
cos θ against γLV values were plotted in a coordination system to con-
struct Zisman charts as shown in Fig. 6. It may not always be possible to
obtain plots with high regression coefficient values in Zisman's plots
[60]. When the results of all nine liquids used in the Zisman’s drawings,
R2 values were found to be lower than 0.9. However, it should be close
to 1 for better estimation of the γc. Thus, most suitable liquids were
selected to provide graphs with better regression coefficient values. We
used W, FA, BN, DF, and HD liquids for the ITO surfaces, and W, FA,
DM, BN, DF liquids selected for the Au surfaces. Then, the regression
coefficient values between 0.96 and 0.99 were found as given in Fig. 6.
The γc value of the ITO surfaces were found as 27.0 mJ/m2 for the ITO
single layer surface and as 28.0 mJ/m2 for the ITO/Au/ITO surface.
Whereas, the γc value of the Au interlayer was found as 35.6 mJ/m2 and
36.3 mJ/m2 for 20 and 30 s Au deposition durations respectively, in-
dicating that the γc of the Au interlayer were quite higher than the both
ITO and ITO/Au/ITO surfaces. Another observation is that the γc value
of the surfaces were found to be lower than the SFE results obtained
with Owens-Wendt and van Oss-Chaudhury-Good method. This could
be understandable as the values of γc differ depending on the liquid
series used in the calculations. In addition, Zisman warned that γc and
γSV are not equal and γc is only an empirical value characteristic of a
given solid, while γSV is a thermodynamic quantity [32,57–59].

4. Conclusions

In this work, ITO and ITO/Au/ITO multilayer thin films were de-
posited onto O2 plasma treated PC by magnetron sputtering. SFE
components of the untreated PC, O2 plasma treated PC, ITO, ITO/Au,
and ITO/Au/ITO multilayer thin films were determined by acid-base,
geometric mean and harmonic mean approaches using various liquid
combinations. It was found that the calculation methods and selected
liquid pairs affect the SFE values for the same surface significantly. Our
results indicate that acid-base approach and geometric mean approach
give similar γS

Tot values when the mean value of liquid combinations
take into consideration. The negative values of square roots of +γS and −γS
were encountered for ITO and ITO/Au/ITO surfaces, and this caused
the γS

AB to be calculated as zero. This indicated that it is difficult to
analyze the contribution of polar interactions to the total SFE for an ITO
surface with acid-base method. Harmonic mean approach provided
slightly higher SFE values for all of the surfaces examined as compared
to the geometric mean and acid-base approaches. While the acid-base
approach is still useful for observing the acidity and basicity of an ITO
surface, the geometric and harmonic mean approaches are suggested to
determine the polar component of SFE. On the other hand, O2 plasma
treatment of the PC is effective for making the surface of PC compatible
with an ITO coating by increasing the SFE values of the PC. The SFE
components of ITO/Au/ITO surface were found to be higher than that
of single ITO layer due to the presence of Au interlayer, which possess a
higher SFE than ITO. The necessity of using the mean data of many
liquid pairs in calculating the SFE components of similar surfaces for
making a reliable evaluation has been seen.
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