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ITO, ZTO, AZO and Ag are commonly used in transparent conducting oxide (TCO)/metal/TCO electrodes to form
multilayered thin films on a suitable substrate. A detailed surface free energy (SFE) knowledge of these films is
critical to design desirable TCO-based sandwich structures. In this study, TCO/Ag/TCO multilayer thin films
were coated onto glass substrates using ITO, ZTO, AZO and Ag targets by magnetron sputtering. The wettability
properties of TCO, Ag interlayer and TCO/Ag/TCO were evaluated by contact angle measurements of seven
different liquids having various surface tension values. The dispersive and polar components of SFE were
calculated using geometric and harmonic mean approaches. The acidic and basic components of SFE were
calculated using van Oss-Chaudhury-Good method. Following this, the work of adhesion values between TCO
films and Ag interlayer were estimated using SFE values of the films. The results show that the SFE components of
the surfaces differ depending on the TCO type, the total SFE values of TCO/Ag/TCO films were lower than that of
TCO films, and AZO/Ag adhesion is stronger than the other TCO/Ag structures. The reasons behind these dif-
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ferences were discussed by evaluating the SFE, XRD, AFM and SEM analysis simultaneously.

1. Introduction

Transparent conducting oxide (TCO) films play a key role in many
technologically demanding applications because of their high optical
transparency in the visible region and promising electrical conductivity
[1]. However, a single layer of TCO films is often far from to meet the
desired level of electrical conductivity, and the incorporation of a thin
metal film between TCO layers without deteriorating the optical trans-
parency is one of the options used to overcome this problem [2]. Ag is
the most widely used interlayer material among metals due to its low
electrical resistivity and suitability for magnetron sputtering systems
[2-7]. Thus, the preparation of TCO/Ag/TCO multilayer films is a hot
topic, and the physical properties of these sandwich films have been
extensively studied previously for use in many applications such as
organic light emitting diodes [8], ultraviolet light emitting diodes [9],
electrochromic devices [10], organic solar cells [11], photovoltaic-
thermoelectric hybrid systems [12] and flexible electronics [13].
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In addition to optical and electrical properties, analysis of TCO-based
films by means of surface thermodynamics approaches is also critical to
produce a successful film [14]. In this context, controlling the surface
properties such as wettability and surface free energy (SFE) of the in-
terfaces of the designed structure within the desired range is crucial for
adapting of TCO films to a specific application [15-37]. In many studies,
the wettability properties of a TCO surface have been modified by
applying plasma treatment methods such as O, plasma [16-21], Hy
plasma [19], air plasma [22,23], argon plasma [16,24,25], and Cl,
plasma [26]. For example, You and Dong treated the ITO surface with O,
plasma, and improved the interface formation and electrical contact of
the ITO electrode with the organic compound by increasing the SFE of
the ITO for use in organic light emitting diodes [18]. Vunnam et al.
treated the ITO surface with air plasma to attain a favorable interface
between printed nano-inks and ITO surface, and reported that the per-
formance of printed electronic devices can be improved by controlling
the SFE of the ITO [23]. Lee et al. treated the ITO surface with argon
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atmospheric pressure plasma to increase the SFE of the ITO, and opti-
mized the optical transmittance and sheet resistance of ITO glass by this
way [25]. The wettability properties of a TCO surface can also be
changed by using UV-ozone treatment [15,27,28]. To give an example,
Dong et al. prepared sandwich type polymeric solar cells by coating an
ITO interlayer treated with UV-ozone on top of an Ag reflector to in-
crease the compatibility of interlayers by realizing a hydrophilic surface
[28]. Apart from these, chemical treatment methods were also tried to
control the surface properties of TCOs [29-31]. For instance, Besbes
et al. treated the ITO surface by the use of self-assembled monolayer of
an electron accepting phosphonic acid to increase the SFE of the ITO,
and improved the ITO/polymer interface for using in organic light
emitting devices [30]. Arazna et al. showed that the treatment of ITO
surface in an ultrasonic bath of acetone and alcohol (ethyl alcohol or
isopropyl alcohol) is effective for increasing the SFE of the ITO, and this
modification might be useful in preparing ITO-based organic light
emitting devices [31]. On the other hand, Saafi et al. showed that the
controlling of the wettability characteristics of ZTO based films that can
be used in gas and bio-sensors is critical for photocatalytic performance
[37]. All of these studies clearly indicate that the wettability and SFE
properties of TCO and TCO/metal/TCO have an important role in order
to design a desired structure. Recently, we conducted a detailed SFE
analysis in ITO/Au/ITO structures to clarify the effect of Au interlayer
[14]. Our results showed that the total SFE values of ITO/Au/ITO
multilayer thin films were higher than that of ITO surface. However, the
effect of Ag interlayer on the SFE properties of TCO/Ag/TCO multilayer
thin films still remained elusive.

Besides, there are many unanswered questions in this field to be
considered regarding the adhesion relationships between interlayers.
For example, how does the adhesion force between interlayers differ
depending on the type of TCO and interlayer? Are there any force dif-
ferences between top TCO and bottom TCO’s adhesion to the interlayer?
To the best of our knowledge, there is no paper focusing on these
important cases. However, a detailed study on the adhesion properties of
metal interlayer to the TCO films in such structures is getting more and
more important as such systems are recently considered in flexible
electronics. In order to answer these questions, the SFE components,
which is critical to control many interface phenomena such as adhesion,
adsorption, wetting, and lubrication behavior [38,39], of each interlayer
must be determined most appropriately. As known, the determination of
the SFE for solid surfaces cannot be done by direct methods due to the
low mobility of solid molecules, and the SFE calculations based on
contact angle measurements are probably the most efficient way that
can be used for this purpose [40]. Yet, the SFE components of a surface
might show deviations depending on many factors including the selec-
tion of liquid pairs used during calculations, and the method of SFE
calculation [14,38-46]. Thus, it is often unfortunately impossible to
obtain the correct SFE values for a solid surface without conducting a
detailed examination.

The main aim of this study is to reach a detailed SFE knowledge of
each interlayer in the TCO-based sandwich structures as accurately as
possible by evaluating the wettability characteristics of TCO, Ag inter-
layer (TCO/Ag) and TCO/Ag/TCO multilayer thin films by SFE calcu-
lations. For this purpose, single layer of TCO, double layer of TCO (TCO/
TCO), TCO/Ag and TCO/Ag/TCO films were deposited on soda lime
glass (SLG) substrates by magnetron sputtering. The ITO, ZTO and AZO
were selected as TCO materials in this study due to their popularity in
the optoelectronic field. Seven different test liquids having various
surface tension values were used to make more reliable evaluations, and
the apparent contact angles of these liquids were measured on the pre-
pared surfaces by the sessile drop method. Then, the dispersive and
polar components of SFE were calculated using geometric (Owens and
Wendt’s method) [47] and harmonic (Wu’s method) [48] mean ap-
proaches. The acidic and basic components of SFE were calculated using
van Oss-Chaudhury-Good method [49]. According to the calculations, it
was observed that the presence of Ag interlayer between the TCO layers
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had an important effect on the SFE properties of the sandwich films. In
addition, the work of adhesion (W,) values between TCOs and Ag
interlayer were estimated using the calculated SFE values of each
interlayer based on the Dupré, Fowkes and Girifalco-Good equations
[50-55]. The results obtained by using surface thermodynamics ap-
proaches were also supported with various characterization methods
such as XRD, AFM, and SEM.

2. Experimental section
2.1. Materials

AZ0 target was composed of ZnO (98 wt%) and Al,03 (2 wt%), ITO
target was composed of InyO3 (90 wt%) and SnO; (10 wt%), and ZTO
target was ZnySnOy4. The dimensions of these TCO targets, as well as the
high purity (99.99%) Ag target, were 2 in. diameter and 0.25 in.
thickness. Soda lime glass (76 x 26 mm) was used as the substrate.
Ultrapure water (CAS Number: 7732-18-5), methanol (CAS Number: 67-
56-1), acetone (CAS Number: 67-64-1), 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), 1-bromonaphthalene (CAS Number: 90-11-9), and
hexadecane (CAS Number: 544-76-3) were purchased from Sigma-
Aldrich.

2.2. Preparation of TCO/Ag/TCO multilayer thin films on glass substrate

TCO and Ag thin films were deposited on SLG by direct current (DC)
magnetron sputtering. Prior to deposition, the substrates were cleaned
by ultrasonication in acetone, methanol and DI water for 10 min,
respectively. Then, further cleaning was conducted by oxygen plasma
etching for 2 min to eliminate organic residues. In a regular sputtering
procedure, the chamber was first evacuated below 2 x 10 Torr.
Following this, a pre-sputtering was conducted for 10 min to remove the
contaminants. Finally, the deposition was carried out at about 2 x 107
Torr in Ar atmosphere at room temperature. The Ar flow rates were kept
at 40 sccem during Ag deposition, and at 40, 30 and 30 sscm during ITO,
ZTO and AZO depositions, respectively. The distance between all targets
and the substrates was 7 cm. More details regarding the deposition pa-
rameters were given in Supplementary Material Table S1.

2.3. XRD, AFM, and SEM analysis

Grazing Incidence X-Ray Diffraction (GIXRD) was conducted by
Panalytical X-Ray Diffractometer, with Cu-Ko radiation (A = 1.5406 A)
and at a grazing angle of 0.75° between 26 = 20-70° with a step size of
0.08° for all samples. The topographical features of the as-prepared films
and the roughness values were determined by atomic force microscopy
(AFM) in a tapping mode and under ambient conditions by using a sil-
icon cantilever (SI-DF20, Seiko Instruments). The backscattered electron
(BSE) images of cross sectional morphologies of the films were obtained
using high resolution FEI NOVA Nanolab field emission scanning elec-
tron microscopy (FESEM) at an accelerating potential of 5 kV after
milling of surface by focused ion beam (FIB) lithography. In order to
protect the films, Pt was coated on the surface before ion etching. The
thicknesses of the as-prepared films were measured by cross section SEM
images and a Veeco Dektak 150 surface profilometer. The surface pro-
filometer measurements were repeated from 3 different regions on the
surface of all sandwich structures and the average thickness values of
sandwich structures were 86.9 nm, 94.5 nm and 89.5 nm for AZO/Ag/
AZO, ITO/Ag/ITO, and ZTO/Ag/ZTO, respectively.

2.4. Contact angle measurements

The apparent contact angles (¢) under air were determined by the
sessile drop method using Biolin Scientific Attension Theta Lite contact
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angle measurement system with a PC-controlled motorized syringe. 5 pL
drops of water (W), glycerol (GLY), formamide (FA), diiodomethane
(DM), ethylene glycol (EG), 1-bromonaphthalane (BN), and hexadecane
(HD) were formed on the surfaces. Then, contact angles were deter-
mined after the needle was removed from the liquid droplet formed on
the surface. Only the initial values, which were recorded within 1-2 s
following the removal of the needle from the droplet, were reported as
apparent contact angle. The contact angles were measured on at least
five different places of each surface for all of the test liquids and the
mean values were reported.

3. Results and discussion

3.1. Characterization, wettability properties and surface free energy
analysis of TCO/Ag/TCO surfaces

The apparent contact angle results of the seven different test liquids
on TCO-based surfaces are given in Table 1. The prepared surfaces were
flat and gave repeatable contact angle results with a maximum deviation
of &+ 2°. In general, if Oy is smaller than 90°, the surface is considered as
hydrophilic, however if 6y is larger than 90°, it means that the surface is
hydrophobic [38,46]. The W contact angles were found to be larger than
90° for all tested TCO films, indicating that the as-prepared AZO, ITO
and ZTO films on SLG substrates were led to formation of a hydrophobic
surface. It was determined that W contact angle results of TCO films
increase with the increase of their hydrophobicity in the following
order: AZO (Ow = 98°) < ITO (0w = 102°) < ZTO (0w = 104°). Whereas,
the W contact angle values for AZO/Ag/AZ0O, ITO/Ag/ITO, and ZTO/
Ag/ZTO were found as 101°, 105°, and 105°, respectively. These results
clearly indicate that the type of TCO and the presence of Ag interlayer
between TCO layers have a significant influence on the wettability
characteristics of the thin films formed. Surface properties of the TCO
double coating (TCO/TCO) without Ag interlayer were also analyzed to
make clarify the effect of the presence of Ag interlayer. The W contact
angle values for AZO/AZO, ITO/ITO, and ZTO/ZTO were found as 94°,
102°, and 102°, respectively, indicating that water repellency of TCO/
Ag/TCO surfaces is higher than both TCO and TCO/TCO films. In

Table 1
Apparent contact angle (°) results on TCO, TCO/TCO, TCO/Ag, and TCO/Ag/
TCO surfaces.

Surface w (©) oLy %a ) ’bu %ka %N ’ip
©) ©) ) ©) ©)
AZO 98 +1 93+1 80 + 55 + 73 + 44 + 7+1
2 2 2 2
AZO/AZO 94 +2 90+1 77 £ 51 + 70 £ 40 + 6+1
1 2 2 2
AZO/Ag 108 £ 98 +1 89 + 63 + 83 + 59 + 25 +
2 1 2 1 1 2
AZO/Ag/ 101 + 94+1 81 + 59 + 78 £ 53+ 20 +
AZO 2 2 2 1 2 1
ITO 102 + 94+1 87 + 64 + 77 + 55 + 22 +
2 2 1 2 1 2
ITO/ITO 102 £ 93+1 87 + 63 + 77 + 53 + 21 +
2 2 2 2 2 2
ITO/Ag 107 + 95+1 90 + 66 + 81 + 60 + 27 +
1 1 1 1 1 1
ITO/Ag/ 105 £ 95+1 89 + 65 + 81 + 58 + 26 +
ITO 1 1 1 1 2 1
ZTO 104 £ 94 +1 90 + 66 + 79 + 58 + 27 +
1 1 1 1 1 1
ZTO/ZTO 102 + 93+1 86 + 65 + 76 + 56 + 25 +
1 1 1 1 1 1
ZTO/Ag 109 £ 98 +1 91 + 68 + 84 + 61 + 28 +
1 1 2 1 1 1
ZTO/Ag/ 105 + 95+1 90 + 67 + 81 + 59 + 27 +
ZTO 1 1 1 1 1 2

W: Water, GLY: Glycerol, FA: Formamide, DM: Diiodomethane, EG: Ethylene
glycol, BN: 1-Bromonaphthalene, HD: Hexadecane.
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addition, similar W contact angle values on multilayered ITO and ZTO
films, both with and without Ag interlayer, suggest that the effect of In
and Zn to change the three-phase contact line of the water droplet is
negligible. The oil repellency of the TCO surfaces were also evaluated by
determining the contact angles of HD liquid, which is generally accepted
as oleophobicity index [56]. The HD contact angle was measured as 25°
for the ZTO/ZTO film, and 27° for the ZTO/Ag/ZTO film, all of which
are comparable with the ITO-based films. However, the HD contact
angle was found as 6° for the AZO/AZO film, and 20° for the AZO/Ag/
AZO film, indicating that the AZO/HD interactions were stronger than
the both ITO/HD and ZTO/HD interactions.

To evaluate the wettability properties of TCO films, let us consider
the work of adhesion (W,) values between various liquids having
different surface tensions and TCO films. The W, values were calculated
by Young-Dupré equation [W, = y,y(1 + cosd)] for all tested liquids
[501, where y;,, denotes surface tension values of the liquids used in this
equation. The W, values for W-AZO interface decreased sharply from
67.7 mJ/m? to 58.9 mJ/m? with the presence of Ag interlayer between
AZO layers as given in Fig. 1(a). Similar trends were also observed for
other tested liquids and other TCOs as given in Fig. 1(a) and Supple-
mentary Material Fig. S1. These results suggest that Ag interlayer
inserted between TCO layers in thin films could generate repulsive in-
teractions with liquids which located over the outer layer. Regarding all
TCOs including sandwich structures, ITO- and ZTO-based films gave
similar W, values, which were lower than AZO-based films. In addition,
the W, values for both DM-TCO and BN-TCO interfaces were quite
higher than polar liquids-TCO interfaces as seen in Fig. 1(a) and (b).
These results indicate that all TCOs have mainly dispersive surface
character and the presence of Ag interlayer is effective for changing the
liquid-TCO interactions. However, a detailed SFE analysis of TCO/Ag/
TCO films is necessary to verify this statement.

The SFE components including Lifshitz-van der Waals and acid-base
interaction parameters of the surfaces were calculated by applying acid-
base (van Oss-Chaudhury-Good method) approach [49]. The main
equation of the van Oss-Chaudhury-Good method can be written as,

Yv(1 + cosd) :2(\%“’1/?” +aJrsre + \/7572) ey

where subscript S denotes solid, L liquid, V vapor, and y*" is the
Lifshitz-van der Waals SFE term which comprises “dispersion (London)”,
“orientation (Keesom)” and “induction (Debye)” interactions [49,57].
The surface tension components of the liquids used in van Oss-
Chaudhury-Good method were obtained from the literature
[38,58-60], and given in Supplementary Material Table S2. Other
equations are,

v =2\rirr ()

J/iTvr — yl{‘W+J/;\B (3)

where subscript i denotes liquid or solid, y; denotes Lewis acid
parameter, y; denotes Lewis base parameter, and 7/ comprises all the
electron donor-acceptor (acid-base) interactions that originate from the
hydrogen bonding or n-electrons [40,49]. DM and BN were chosen as the
nonpolar liquids, and W-FA, W-EG, W-GLY liquid pairs were selected as
the polar liquids in evaluating the SFE components using the three-
liquid acid-base method [49]. Because, the good compatibilities asso-
ciated with the use of W-FA-DM/BN, W-EG-DM/BN, W-GLY-DM/BN
liquid triples during calculations were already determined by Della
Volpe et al. [44,45]. Accordingly, y" was calculated by using 6 results of
DM and BN liquids, and then W-GLY, W-EG, W-FA 0 pairs were used to
calculate y{ and yg values [38,46,49].

The SFE results obtained for AZO-, ITO- and ZTO-based films by
using these six different liquid combinations are given in Supplementary
Material Table S3, S4 and S5, respectively. It is clearly seen that the van

Oss-Chaudhury-Good method gives similar y1* values for the same TCO
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Fig. 1. Work of adhesion values of (a) AZO, AZO/AZO, AZO/Ag/AZ0O, (b) AZO/Ag/AZ0O, ITO/Ag/ITO, ZTO/Ag/ZTO surfaces. W, Water; GLY, glycerol; FA,
formamide; DM, diiodomethane; EG, ethylene glycol; BN, 1-Bromonaphthalene; HD, hexadecane.

surface even if the liquid triple used is changed. For example, by using
the W-FA-DM and W-GLY-DM liquid triples, the y£° of ZTO/Ag/ZTO was
found as 24.56 rnJ/mz, and this value was close to 25.48 mJ/m? which
was found by using W-FA-BN, W-EG-BN and W-GLY-BN liquid triples.
Similarly, the y** values for AZO/Ag/AZO, and ITO/Ag/ITO were
calculated as 29.15, and 25.70 mJ/m?, respectively using all liquid tri-
ples containing DM. On the other hand, the results of some SFE com-
ponents might differ depending on the liquid pairs used. For example,
the y; component of the SFE was found as 0.54 mJ/m? with W-EG-DM
triple for ITO/Ag/ITO surface, indicating that the Lewis base parameter
of the surface is very low. Whereas, the y5 of the very same surface could
also be calculated as 1.72 or 1.73 mJ/m? by using W-FA-DM and W-FA-
BN triples, respectively, which is in fact about 3.2 times higher than the
75 obtained from the W-EG-DM triple. Obviously, 3.2 times difference in
any physical property obtained from the exactly same sample could
cause unacceptable scientific deviations, and thus our observations

suggest that the SFE measurements should be performed on as much
well-conditioned liquid triples as possible, and by providing mean data
[14]. Therefore, we calculated the SFE components (v57, v, r5, 748, and
y?‘) of the TCO-based surfaces using the mean of the data obtained from
W-FA-DM/BN, W-EG-DM/BN, W-GLY-DM/BN liquid triples (Table 2).
Although van Oss-Chaudhury-Good method was effective for deter-
mining the SFE components of a surface, sometimes meaningless nega-
tive values can be seen in the square roots of y{ and yg [40,46,59]. In our

work, such negative \/E values were encountered during computa-
tions, and we assumed these values as zero in accordance with Robert J.
Good’s suggestion [59]. This trouble caused the 742 to be calculated as
zero, and thus the contribution to the y° was only originated from the
r5¥component. Then, it becomes rather difficult to evaluate surface
polarity since 742 represents the polar contribution of SFE [17]. Yet, van
Oss-Chaudhury-Good method is still quite effective for understanding
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Table 2
Values of the Lifshitz-van der Waals, acidic and basic components (mJ/m?) of
the TCO-based surfaces calculated by van Oss-Chaudhury-Good method.

Surface v e 7s raB ylet

AZO 32.13 0.00 2.29 0.00 3213
AZO/AZO 34.17 0.00 3.49 0.00 34.17
AZO/Ag 26.16 0.00 0.48 0.00 26.16
AZO/Ag/AZO 28.82 0.00 1.52 0.00 28.82
ITO 26.88 0.00 1.69 0.02 26.90
ITO/ITO 27.66 0.00 2.11 0.01 27.68
ITO/Ag 25.05 0.00 0.60 0.01 25.06
ITO/Ag/ITO 25.84 0.00 1.05 0.00 25.84
ZTO 25.56 0.00 1.36 0.02 25.58
ZTO/ZTO 26.34 0.01 1.46 0.08 26.43
ZTO/Ag 24.23 0.00 0.44 0.00 24.23
ZTO/Ag/ZTO 25.02 0.00 1.16 0.00 25.02

the acidity and basicity of the surfaces in terms of y§ and yg as given in
Table 2. It is clearly seen that all the TCO surfaces show monopolar basic
character because y; values were found to be zero (or nearly zero) and
quite small compared to the y5 component [14].

The dispersive (ygv) and polar (y§,) components of the SFE were
calculated by applying geometric (Owens and Wendt’s method) [47]
and harmonic (Wu’s method) [48] mean approaches. The equation of
the geometric mean (GM) approach can be written as,

7rv(1 + cost) = 2(\/ rivriy + }’gv?’lz‘/) (C)]

The equation of the harmonic mean (HM) approach can be written
as,

731“/7/11\/ Ysv¥iy
d d + p
Yoy Hriv o vsv 7y

By solving the equation (4) for the GM approach and equation (5) for

Yiv(1 + cosd) = 4( )

the HM approach, 74, and 75, components of the SFE were found. The
DM and BN were chosen as the nonpolar liquids, and the W was selected
as the polar liquid in evaluating the SFE components. The y¢, and 1},
values of the W, DM and BN liquids used in these equations were ob-
tained from the literature [38,41,61] and given in Supplementary Ma-
terial Table S6. Then, the total SFE (y5”') of the surface was calculated as,

s =5+ sy (6)

The v, 74y, and y2* results of the surfaces calculated from geometric
and harmonic mean approaches using contact angle values of W-DM and
W-BN liquid pairs are given in Supplementary Material Table S7, and the
mean data obtained from these liquid pairs are listed in Table 3. As can
be seen, the mean values obtained from GM approach and from van Oss-
Chaudhury-Good method are similar. For example, the mean values for

Table 3
Surface free energy components (mJ/m?) of the TCO-based surfaces calculated
by geometric and harmonic mean approaches.

Surface Geometric mean approach Harmonic mean approach
7 I e 7 I et
AZO 3213 047  32.60 3321 264 3584
AZO/AZO 3417 085  35.01 3501 375 3876
AZO/Ag 2616  0.03  26.20 28.04 032  28.36
AZO/Ag/AZO  28.82  0.38  29.19 3031 213 3245
ITO 26.88 042  27.30 2866 212 3078
ITO/ITO 27.66  0.36  28.03 2033 198  31.32
ITO/Ag 25.05 011 2517 2710 081  27.91
ITO/Ag/ITO 2584 021  26.05 2777 131 29.08
ZT0 2556 031  25.87 2753 1.69  29.21
ZTO/ZTO 26.34 047 2681 2820 221  30.41
ZTO/Ag 2423 005 24.28 2640 034 2674

ZTO/Ag/ZTO 25.02 0.26 25.28 27.07 1.45 28.53
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7ion AZO surface were calculated as 32.60 mJ/m? by using GM
approach. Whereas, the mean values for y*'on the same surface were
calculated as 32.13 mJ/m? by using van Oss-Chaudhury-Good method.
However, when using HM approach, the 71, y4, and 75, components of
the SFE were found to be higher than the results obtained with GM
approach (Table 3). For example, the mean values of the y1* for AZO/
Ag/AZO, ITO/Ag/ITO, and ZTO/Ag/ZTO were calculated as 32.45,
29.08, and 28.53 mJ/m?, respectively by using HM approach. Whereas,
the y2°t values for AZO/Ag/AZO, ITO/Ag/ITO, and ZTO/Ag/ZTO were
calculated as 29.19, 26.05, and 25.28 mJ/m?, respectively by using GM
approach. As in Wu’s previous determinations [48], these results show
that the SFE components calculated by the HM approach are higher than
the GM approach. On the other hand, no matter what the calculation
approach is, all the SFE components of TCO/Ag/TCO surfaces were
found to be lower than that of both TCO and TCO/TCO surfaces. These
results point out that the presence of Ag interlayer resulted in a decrease
of the SFE components. In order to explain this situation, the SFE
components of the Ag interlayer were determined. The 2%, ¥, and r4,
for the Ag interlayer deposited on AZO surface were calculated as 26.20,
0.03, and 26.16 mJ/m?, respectively by using the GM approach, indi-
cating that the SFE components of the Ag interlayer were quite lower
than the AZO, AZO/AZO, and AZO/Ag/AZO surfaces as given in Table 3.

In addition, it was found that the SFE values of AZO double coatings
(AZO/AZO) were found to be higher than that of the AZO single layer
surfaces as shown in Fig. 2. This is expected, because the growth of a
TCO on the glass substrate, and the growth of the same TCO on an
identical surface with itself are different processes, at least by means of
the resultant morphology of the obtained surface. This result will be
discussed later in more detail together with XRD and AFM analysis
simultaneously in this work. Similar to AZO-based films, the y1°* values
of ITO/Ag and ZTO/Ag surfaces were found to be lower than that of Ag
interlayer free ITO- and ZTO-based surfaces as shown in Fig. 2. These
results show that the presence of Ag interlayer that have lower SFE than
TCO layers in thin films reduces the final SFE of the coating. In general,
chemical composition, chemical heterogeneity, surface morphology,
surface roughness, crystallographic orientation, molecular polarizability
and electrostatic interactions are the main factors affecting the SFE
value of a solid surface when measurements are conducted under the
same conditions [14,38,49]. Thus, a detailed crystallographic and
morphological analysis is necessary to make clarify the effect of Ag
interlayer presence on the SFE properties of TCOs.

SFE depends on the number of broken bonds on the surface. Obvi-
ously, the surface atoms are not bonded to their maximum number of
nearest neighbors, and their coordination numbers are not same with
the coordination numbers of bulk atoms. This means that structural
ordering and percentage crystallinity should dictate the SFE. Besides,
even in the same crystal structure, the crystallographic orientation also
effects the SFE, since the coordination numbers of surface atoms on
different crystallographic planes are not always equal. Fig. 3 shows the
grazing incidence XRD measurement results of double layer oxides and
TCO/Ag/TCO films. As can be seen in this figure, AZO shows a poly-
crystalline nature with hexagonal wurtzite structure, having diffraction
peaks associated with the zinc oxide (002), (102) and (103) planes,
where the (00 2) peak being the most intense in both the spectra of AZO/
AZO and AZO/Ag/AZO (JCPDS File No. 00-036-1451). The peaks
(100),(101) and (1 10) are also realized with a very low intensity in the
spectra of AZO/AZO while it is not distinguishable when Ag was
deposited between two AZO layers as seen in Fig. 3(a). Besides, an
intense crystalline peak at about 38° was observed in all TCO/Ag/TCO
films, and the peak was ascribed to the (111) peak of Ag, expressing the
successful deposition of Ag as the interlayer. Similar to AZO-based films,
ITO/ITO and ITO/Ag/ITO films were also seen to be polycrystalline with
cubic bixbyite InyOs. The diffraction peaks at about 30°, 35° and 50° are
ascribed to (222), (400) and (440) peaks of ITO, respectively (JCPDS
File No. 71-2195). The intensities of ITO peaks are found to be
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Fig. 3. Grazing incidence XRD patterns of (a) TCO/TCO and TCO/Ag/TCO films (i) AZO/AZO, (ii) AZO/Ag/AZO, (iii) ITO/ITO, (iv) ITO/Ag/ITO, (v) ZTO/ZTO, (vi)

ZTO/Ag/ZTO, (b) ZTO/ZTO (v) and ZTO/Ag/ZTO (vi) films.

decreasing with the Ag interlayer deposition. This situation is related to
the decreasing ratio of ITO in the overall film. Although we report a
preferred orientation along (400) in the top ITO film when Au was
inserted as the interlayer in our previous works [14,62], no such effect
was observed for the Ag interlayer in any of the TCOs that studied in the
present work. This might be attributed to the SFE and surface polarity
differences between the Au and Ag interlayers. Both the total SFE value
and surface polarity of Au interlayer is higher than Ag interlayer [14].
XRD patterns of ZTO/ZTO and ZTO/Ag/ZTO are plotted in Fig. 3(b),
which suggest only partial crystallinity of ZTO due to a very broad
amorphous peak through (002) plane at about 33°.

Combining the XRD patterns with the SFE results, one could expect
that the SFE results should be correlated with the atomic structure in the
multilayered films. For instance, the SFE results of double TCO coatings
were found to be higher than that of single layer coatings as afore-
mentioned previously (Fig. 2). Moreover, this SFE differences between
the single layer and double layered TCOs were found to be lowest in the
ZTO films (Fig. 2). In fact, this observation is persistent with the XRD
results in Fig. 3, which also suggest that the percentage crystallinity of
the ZTO is much lower than both AZO and ITO. Comparing the

deposition of a TCO on a glass substrate with its deposition on another
identical TCO layer, one could notice that the atomic distribution on the
surface of amorphous glass substrate and the crystalline TCO layer must
be different. Accordingly, the deposition of the secondary TCO layer on
the initial TCO film would result in better bonding and higher SFE as
comparing to the deposition of that TCO on the amorphous glass.
Apart from structural analysis, surface topography is also important
in the accurate evaluation of surface properties. Surface morphology
effects the SFE results since the number of broken bonds on a particular
surface depends for instance on roughness, homogeneity of the surface,
as well as the distinctive position and amount of surface intrusions and
protrusions. Therefore, a topographical study was conducted by AFM, as
can be seen in Fig. 4, to better comment on the wettability differences
between the as-prepared samples. The RMS roughness values that
determined through AFM analysis illustrate that all of the single layered
TCOs are actually smooth with roughness values changing between 1.47
and 1.80 nm (Table S1). Also, all of the double-layered coatings pro-
vided lower RMS roughness values comparing to single layered ones.
Similar to the SFE differences between single and double layered TCOs,
the deposition of a TCO on an identical, crystalline TCO layer and the
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63 nm

Fig. 4. 3D AFM images of (a) AZO, (b) AZO/Ag/AZO, (c) ITO, (d) ITO/Ag/ITO (e) ZTO, (f) ZTO/Ag/ZTO.

deposition of that TCO on an amorphous glass substrate are different
phenomenon. It could be expected that the deposition of a TCO on an
identical substrate would provide better cohesion and matching
comparing to the use of a glass substrate, and thus, growth of the top
TCO would be more homogeneous, providing a smoother surface.
Interestingly, the AFM results illustrate that the surface roughness of
TCO/Ag films strongly depend on the TCOs (Fig. S2 and Table S1). While
Ag films on ITO and AZO films were much smoother, its deposition on
ZTO cause formation of a rough surface (Fig. S2). This might be due to
the lower crystallinity of ZTOs, causing Ag atoms to agglomerate on the
ZTO surface, and thus deteriorating the surface properties. In fact, one of
the main factors behind the texture and morphology of a film was re-
ported to be substrate-adatom interactions [63,64]. In this context,
many reports mentioned the effect of substrate crystallinity on the film
morphology [65-67]. For instance, Yoon et al. prepared BaTiOs films on
Si, InSb and ITO-coated glass substrates and reported that the topog-
raphy of the deposited films strongly depend on the substrate crystal-
linity, especially for high temperature depositions [67]. Although the
deposition temperatures are low in this work, they are in fact kept same
for all different TCO-based structures studied here. Also, calculated SFE
results indicate that the SFE differences between the ZTO and ITO is not
that dramatic. All of these suggest that the reason behind the poor sur-
face morphology of Ag interlayer in the case of ZTO seems to be the
limited ordering of the surface atoms in the ZTO-bottom layer, which
might affect the morphology of the Ag interlayer as the interactions
between the disordered surface atoms of ZTO and ordered surface atoms
of Ag might favor definitive orientations in the Ag structure, might cause
Ag agglomerations and the formation of a rougher surface. Overall, as
can be seen in Fig. 4 that the introduction of Ag interlayer increases the
roughness values on the surface of sandwich films considerably.

3.2. Estimation of the work of adhesion between TCOs and Ag interlayer

One way to decrease electrical resistivity of TCOs involves prepara-
tion of sandwich structures by inserting a metal film between the TCO
layers. The thickness of the metal interlayer kept relatively small in
these systems in order not to sacrifice much of the transparency. Metals
such as Au, Ag, Cu and Al are widely used as the interlayer film in such
TCO/metal/TCO sandwich structures [2,3,68]. Among them, Ag offers
the highest conductivity as well as the lowest absorption coefficient and
refractive index in the visible region, and thus becomes the ideal
candidate in terms of the trade-off between transparency and conduc-
tivity [13,69]. Yet, it is important to note that TCO/metal/TCO struc-
tures should also possess high thermal stability. This is simply because
they are usually subjected to post-deposition heat treatments to further
improve optical and electrical properties. The annealing process pro-
vides crystallite growth, and thus carrier mobility is enhanced as a result
of less scattering, in addition to an improvement in carrier concentration
thanks to better extrinsic doping and formation of oxygen vacancies
[2,70,71]. However, oxidation of Ag is reported during the annealing, as
well as the agglomeration of Ag, which disrupts film continuity due to
the growth of Ag islands [2,72-75]. Oxygen diffusion both at the Ag/
TCO interface and from the annealing atmosphere decreases the purity
of Ag, and thus both electrical conductivity and optical transparency
drops through increase of carrier and photon scattering [75-78].
Accordingly, the annealing should be conducted in vacuum or nitrogen
in the case of TCO/Ag/TCO structures, adding extra difficulty and cost.
What’s more, previous reports indicate that the electrical and optical
properties of TCO/Ag/TCOs start to decay when annealing temperature
increased above 450 °C even when the annealing is conducted in vac-
uum or nitrogen [2,76,77]. Likewise, the humidity stability of Ag is also
problematic and TCO/Ag/TCO structures are not stable under moisture
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attack [2]. Aggregation and/or migration of Ag atoms under humidity
causes the agglomeration of Ag interlayer and disrupts the TCO layer,
resulting in the loss of electrical and optical performance in like manner
with the afore-mentioned explanations for thermal stability [2,79-81].
Obviously, Au becomes the best option in this regard due to its excellent
thermal and humidity stability. In fact, Au is the least reactive metal and
its oxides are not stable. The Au is even mined in its pure form from
Earth’s crust while other metals necessitate various processes for
extraction from their ores. Accordingly, previous reports on TCO/Au/
TCO structures also indicate that such structures are stable and maintain
their electrical and optical performance as expected, for instance when
subjected to a moist atmosphere with a relative humidity of 90% at 60 °C
for 600 h [82]. Another important point in TCO/metal/TCO structures
should be their mechanical stability and flexibility since they are also
considered in flexible electronic devices such as in organic luminescent
displays (OLED), liquid crystal displays (LCD), capacitors, etc. The
incorporation of a metal interlayer improves the mechanical stability in
this regard comparing to a single TCO layer due mainly to the ductility of
the metal interlayer, which helps the TCO/metal/TCO structure to
maintain a high electrical conductivity even beyond the failure strain of
the TCOs [83,84]. Apparently, adhesion strength of the metal interlayer
plays a key role for mechanical stability, especially in flexible
electronics.

We calculated work of adhesion (W,) between TCOs and the Ag
interlayer to comment on the adhesion strength of the as-prepared
sandwich structures. The W, values for both top and bottom TCO
films to the Ag interlayer were determined by applying Girifalco-Good
equations [53] to the SFE values obtained by geometric and harmonic
mean approaches. The main equation of Girifalco-Good can be written
for our surfaces as:

Wa =2¢. /T1co¥ag ™

where y;c, is SFE of the TCO, y,, is SFE of the Ag interlayer, and ¢ is
the interaction parameter of interphase. According to the procedure
given by Souheng Wu [54], by combining the geometric mean equation
[47] and Girifalco-Good equation [53], the ¢ value of the interphase
between TCO and Ag can be written as,

¢ = \ X{YI'COng + \/ X[;coxﬁg (8

where Xf denotes dispersive component fraction of the SFE, Xf de-
notes polar component fraction of the SFE, subscript j represents the
material (TCO or Ag), and X! + X = 1.

By combining the harmonic mean [48] and Girifalco-Good equations
[53], the ¢ value of the interphase between TCO and Ag can be written
as [54],

¢ =2 X;I'C(?Xﬁg + X;)'C()Xz"\)g (9)
grcoXfco + 845X4,  grcoXico + 8agXh,
The parameters in the equation (8) and (9) were calculated as,

d

xi =0 a0
iy

X = i 1D
Yj

g =11/ 12)

By solving the equation (8) for the GM approach, and the equation
(9) for the HM approach, the ¢ values were found. Then, the W, values
for TCO films to the Ag interlayer were calculated using equation (7).

The W, values between TCO layers and Ag interlayer are given in
Table 4. The W, of a TCO film to Ag interlayer varied from 49.5 to 61.9
mJ/m? depending on the type of TCO and calculation model. The W, in

Applied Surface Science 567 (2021) 150901

Table 4
Work of adhesion (mJ/m?) values of the TCOs to silver and gold interlayer
calculated by geometric and harmonic mean approaches.

Interface W, (GM method) W, (HM method)
Top AZO-silver 55.1 59.4
Bottom AZO-silver 58.2 61.9
Top ITO-silver 51.2 56.9
Bottom ITO-silver 52.3 58.1
Top ZTO-silver 49.5 54.6
Bottom ZTO-silver 50.0 55.0
Top ITO-gold" 74.6 84.8
Bottom ITO-gold” 72.6 82.3

 : Calculated from the data given in reference [14].

ITO/Au/ITO is also calculated using the data given in our previous work
[14] and its results are also listed in Table 4, since Au is the other
promising interlayer material as explained above. The W, of the ITO film
to Au interlayer varied from 72.6 to 84.8 mJ, /m>. Whereas, the W, values
between ITO and Ag interlayer varied from 51.2 to 58.1 mJ/m?2. The
results show that the adhesion between Au and ITO is much better
comparing to the adhesion of Ag. Atomic structure, electronic structure,
bonding strength and surface quality are particularly important in
adhesion of TCOs and interlayers. In fact, both Au and Ag are FCC
crystals with very similar lattice constants (JCPDS 4-0783 and 4-0784),
and both having most intense XRD peaks of (111) planes at about 20 =
38.1°. The surface roughness of the interlayers is again almost similar in
this work and in our previous works [14,62]. As per electronic config-
uration, both Ag and Au are group 1B elements with only 1 valence
electron and have similar configurations. Yet, electronegativity of Au
(2.54) is higher than Ag (1.93), which could contribute to a higher
bonding strength, and thus better adhesion. Besides, Au is the noblest of
all metals, and is extremely stable as explained above. This might also
contribute to the very high work of adhesion at the Au/ITO interface
comparing to the Ag/ITO. Oxygen might diffuse to some extent through
the Ag at the Ag/TCO interface in the case of Ag interlayer, causing the
agglomeration of Ag layer and reducing its adhesion. Regarding the
work of adhesion comparison of various Ag/TCOs, Table 4 shows that
AZ0 provides the best adhesion to reach a better mechanical stability.
To comment more on the adhesion behavior, film qualities are
further evaluated through SEM analysis in Fig. 5. Strikingly, SEM results
signify that the Ag interlayer quality is extremely poor in the case of
ZTO, which is in good accordance with the W, calculations. In fact, we
report that a continuous Ag film with approximately 10 nm thickness
could be realized both on AZO (ca 39 nm) and ITO (ca 42 nm) bottom
layers. Besides, the top AZO and ITO layers on the Ag interlayer are also
found to be symmetrical with the bottom layers. However, the Ag film
continuity seems to be problematic with agglomerations in the case of
ZTO. The thickness of the aggregates was measured as 10-20 nm.
Although the deposition time was same for the deposition of Ag films in
all TCOs, increasing Ag thickness in ZTO show that Ag particles arriving
to the ZTO film preferentially deposited on another Ag particle instead
of ZTO. This might also be effected by the lower percentage crystallinity
of ZTO comparing to AZO and ITO as can be inferred from the XRD
patterns in Fig. 3, considering that Ag has FCC structure. Moreover,
unlike AZO and ITO, the thicknesses of bottom and top ZTO layers are
not symmetrical with about 25-30, and 50 nm thicknesses for the top
and bottom films, respectively (Fig. 5). On the other hand, due to the
non-continuous Ag interlayer, the top ZTO film is not continuous as well.
Besides, the top ZTO even seem to be in contact with the bottom ZTO at
some regions as highlighted in Fig. S3. Considering this, the thickness of
the top layer might be thought as the total film thickness just above the
bottom ZTO, or in other words the top layer might be in between 35 and
50 nm. As can be seen in Fig. S3, if the thickness of top ZTO is measured
from the ZTO-ZTO contact points, top and bottom ZTO layers might
even look symmetrical. Overall, these observations are in good accor-
dance with both SFE and W, calculations. However, we must note that
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Fig. 5. Cross section SEM images of (a) AZO/Ag/AZO, (b) ITO/Ag/ITO, (c) ZTO/Ag/ZTO.

the above-given explanations in interlayer selection regarding electrical
and optical properties as well as the thermal and humidity stability
should also be considered in the selection of optimum TCOs for the
specific applications at hand. In this regard, ITO not only provides the
best combination of transparency and conductivity, but also has better
thermal and humidity stability comparing to AZO [85-88]. For instance,
40 nm ITO/15 nm Ag/40 nm ITO on glass substrate provides a sheet
resistance of 4.2 ohm/sq and optical transmittance of 85% [85], while
40 nm AZO/16 nm Ag/40 nm AZO on glass substrate provides a sheet
resistance of ~5 ohm/sq and optical transmittance of ~82% [86].
Regarding thermal and humidity stability, while ITO is stable in Ar at-
mosphere until 900 °C, and stable in air until temperature reaches about
800 °C, AZO is stable in Ar atmosphere until 600 °C, and in air until
temperature reaches about 350-400 °C [87,88]. Another interesting
observation in Table 4 is that the W, between metal interlayer and
bottom and top TCOs are slightly different. Naturally, this could be
originated from the SFE differences between top and bottom TCOs.
Although bottom TCOs are deposited on the substrates, the top TCOs are
grown on the metallic interlayers. Accordingly, the surface morphology
of the top TCOs are not same with the bottom TCOs as can be also un-
derstood from the AFM images shown in Fig. 4. All in all, the SFE be-
tween interlayers should be controlled by various surface treatments in
such a way that the W, values are balanced to prepare more stable and
durable sandwich structures in the future.

4. Conclusions

A detailed SFE knowledge is vital in evaluating the adhesion,
adsorption, wettability and lubrication behavior of any given surface,
and thus to design structures with specific surface properties for
adapting various needs. This is particularly important for sandwich
structures as such systems have many interfaces, and the adhesion be-
tween these layers should be appropriate to satisfy an acceptable service

performance. In this context, we conducted a detailed SFE analysis of the
TCO-based structures with Ag interlayer by acid-base, geometric mean
and harmonic mean approaches. To do this, apparent contact angle
measurements of seven different liquids having various surface tension
values were performed by the sessile drop method. As well as the SFE,
work of adhesion between the TCOs and Ag interlayers were also
determined based on the Dupré, Fowkes and Girifalco-Good equations.
The theoretical SFE and work of adhesion results were discussed in
combination with material characterization tools to provide a compre-
hensive analysis. We report that the calculation methods and selected
liquid pairs affect the SFE values for the same surface significantly.
According to the calculations, the SFE values of the TCOs decrease in the
following order: AZO > ITO > ZTO, and the SFE components of the
TCO/Ag/TCO sandwich films are lower than that of TCO surfaces due to
the presence of Ag interlayer. Also, we report that the structural
ordering and percentage crystallinity, as well as the morphology of the
deposited films strongly influence the SFE results since they both effect
the number of broken bonds for the surface atoms. Significantly, W,
results indicate that the adhesion between AZO and Ag were found to be
stronger than that of both ITO/Ag and ZTO/Ag interfaces. In addition,
we observed that the adhesion between Au interlayer and ITO is stronger
than ITO/Ag interface due to the higher electronegativity and stability
of Au. Overall, this study demonstrates that desirable sandwich struc-
tures with excellent adhesion properties could be reached simply by
controlling the SFE properties of the interlayers.
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