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Abstract

Flexible transparent conductive films with symmetric and asymmetric multilayered struc-
tures are studied using the ZnS–TiO2–Ag material system, in order to capitalize on
the divergent properties of the two dielectric layers for improved performance. The
dielectric/metal/dielectric-structured films were deposited by magnetron sputtering se-
quentially, with high-purity targets. Multilayered films with various dielectric combinations
and metallic layer thicknesses were prepared and analyzed. The surface morphology and
phase structure were characterized by atomic force microscopy and scanning electronic
microscopy. The optical properties were tested by spectrophotometry and analyzed by
numerical simulation approach. The sheet resistance was measured via a four-point probe
tester. Among the series of multilayers, asymmetric ZnS/Ag/TiO2 film with 35 nm thick-
ness of dielectric layers and 8.5 nm of metallic layer possesses the optimum comprehensive
optoelectronic performance. The average light transmittance reaches 90.72% in the visible
spectrum, and the sheet resistance is 7.69 Ω/sq. The good result is ascribed primarily to
the combined advantages of superior percolation effect of bottom ZnS layer on ultrathin
Ag layer, beneficial impingement effect of top layer deposition on the metallic layer, and
excellent surface smoothness of the top dielectric layer.

Keywords: transparent conductive film; dielectric/metal/dielectric; asymmetric; magnetron
sputtering; surface morphology; optoelectronic property

1. Introduction
Transparent conductive films (TCFs) play an important role as electrodes in the fields

of photovoltaic devices, flat panels, light-emitting diodes, electromagnetic screens, low-
emissivity glasses, etc. [1–3]. Nowadays, Indium Tin Oxide (ITO) still dominates the
application of TCFs; however, the inadequacy of indium reserves and lack of flexibility
of ITO films restrict further development in the flexible electronic industry. Numerous
indium-free TCF materials are studied as ITO candidates, such as transparent conductive
oxides of Aluminum-doped Zinc Oxide (AZO), Fluorine-doped Tin Oxide (FTO), Gallium-
doped Zinc Oxide (GZO), and composite films with carbon nanotubes, graphene, silver
nanowires, metallic grids, etc. [4,5]. Among the new types of TCFs, the ultrathin metallic
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layer based composite films with a dielectric/metal/dielectric (D/M/D) structure have
revealed excellent properties in aspects of light transmission, electrical conductivity, surface
smoothness and mechanical flexibility [4,6]. Great expectations have been placed on it as
one of the emerging transparent electrode materials, especially in the application of flexible
electronic devices [7].

The metallic layer mainly contributes to the electrical conductivity of the D/M/D
multilayer, the typical thickness of which is 6~16 nm [1,8,9], corresponding to various metal
types and deposition processes. Due to the superior ductility of metallic materials, the
multilayer can maintain its prime function, even with cracks under excessive deforma-
tion [5,10]. Ag possesses superb light transmittance among metals and has been adopted
as the intermediate layer material for many multilayer systems [11,12].

The dielectric layers function primarily as anti-reflection and protection films on the
bottom and top sides of the multilayers, further suppressing the local surface plasmon
resonance (LSPR) effect in some cases [13–15] for better optical transmission properties.
The multilayer structure can be symmetric, with one dielectric material on both sides, or
asymmetric, with different dielectrics. ZnS is a widely used dielectric material, possessing
a high refractive index and good light transmission properties [16]. It also demonstrates
superior percolation properties for the intermediate metallic layer, which promotes the for-
mation of a continuous and uniform layer at a minimal thickness [17,18], while improving
film stability [18,19]. TiO2, as another popular dielectric material, demonstrates not only
excellent dielectric and optical properties, but also chemical stability, moisture resistance
and photocatalytic activity [20].

Various physical vapor deposition methods have been reported to deposit TCFs
with D/M/D structures, mainly with processes of vacuum evaporation, e-beam-assisted
evaporation [21,22] and magnetron sputtering [8,20]. The magnetron sputtering process
can provide much higher energy to the atoms or particles from the targets compared to
the evaporation method. Thus, films deposited via magnetron sputtering usually exhibit
denser microstructure and higher bonding force, which could obviously promote the
engineering application.

The research on D/M/D multilayered TCFs has been concentrated on the symmetric
structures in recent years; however, adoption of different dielectrics in the composite film
was less frequently reported. The magnetron-sputtered multilayered TCFs of ZnS-TiO2-Ag
material system were prepared and analyzed in this paper, including multilayered structure
combinations with ZnS and TiO2 as the bottom or top layer, attempting to synergistically
exploit the superior percolation effect of bottom ZnS layer on ultrathin Ag layer, beneficial
impingement effect of top layer deposition on the metallic layer, and excellent surface
smoothness of the top dielectric layer.

2. Materials and Methods
Flexible transparent polyethylene terephthalate (PET) sheets, with dimensions of

20 × 20 × 0.175 mm, were adopted as substrate for the film samples. Before being fixed
onto the base plate for deposition, the substrate was sequentially ultrasonic-cleaned in
acetone, ethyl alcohol and deionized water for 10 min, respectively, followed by dying
with high-purity N2 gas. The sputtering targets (≥99.99 purity, 76.2 mm diameter, from
ZhongNuo Advanced Material (Beijing, China) Technology Co., Ltd.) of ZnS, TiO2 and Ag
were used as raw materials. A magnetron sputtering instrument (JiashuoJSD-500, Hefei,
China) was utilized for depositing the various layers, equipped with 4 target positions and
4 separate sputtering power supplies. The base pressure was controlled at 5 × 10−4 Pa, and
the working pressure was set to be 0.4 Pa by inflating with high-purity Ar gas. The ZnS
and TiO2 targets were matched with radiofrequency (RF) power, and the Ag target with
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direct-current (DC) power. The power values for ZnS, TiO2 and Ag were 110 W, 150 W and
90 W, respectively. The deposition rate of each layer was obtained by preparing a relatively
thick (around 350 nm) layer under the identical process parameters to the corresponding
multilayer fabrication, then calculating the rate via the thickness measured by white light
interferometry (Rtec R-wlafm, San Jose, CA, USA) and deposition duration. The calculated
rates are 0.138 nm/s for ZnS, 0.032 nm/s for TiO2 and 0.521 nm/s for Ag. When preparing
the multilayered film samples, each sublayer was sputter-deposited sequentially according
to the specific structure, without breaking the vacuum state in between.

The surface morphology of each film sample was characterized by atomic force
microscopy (AFM, Bruker Dimension Icon, Boston, MA, USA) and scanning electronic
microscopy (SEM, Hitachi SU8010, Tokyo Japan). The quantitative measurement was
conducted based on the images via the software Image J (version 1.54p). The electrical
properties were measured via a four-point probe tester (Jingge M-3, Suzhou, China), and
the relative optical transmittance of films was tested by spectrophotometry (Youke UV756,
Shanghai, China, wavelength range 190~1100 nm). The average transmittance (Tav) was
calculated as Equation (1):

Tav =
1
n

n

∑
i=1

Ti (1)

where Ti represents the transmittance at a specific wavelength, and n is the number of data
in defined spectrum.

The transmission spectrum data from two relatively thick (around 350 nm) dielectric
films of ZnS and TiO2, respectively, were utilized to deduce the refractive index and
extinction coefficient according to the envelope approach of transmittance data [23]. These
samples were deposited on electronic soda-lime glass substrates (20 × 20 × 1.1 mm) to
avoid possible influence from the smoothing layer [24,25] of the PET substrates. The prime
equations [23] are listed as follows:

N = 2s (TM − Tm)/(TM Tm ) +
(

s2 + 1
)

/2 (2)

n =

[
N +

(
N2 − s2

)1/2
]1/2

(3)

Ti =
2TMTm

TM + Tm
(4)

F =
8n2s

Ti
(5)

x =
F −

[
F2 −

(
n2 − 1

)3(n2 − s4)]1/2

(n − 1)3(n − s2)
(6)

α = − ln x
d

(7)

k =
αλ

4π
(8)

where TM and Tm are the maximum and minimum values of the transmittance at corre-
sponding interference fringes, s is the refractive index of the substrate, n and k are the
refractive index and extinction coefficient of the deposited films, respectively.

The transmission properties of the multilayered films were simulated via the software
TFCalc (version 3.8), which is a well-received tool in designing and process controlling of
optic films. The incident beam was set as white light perpendicular to the top surface of
the films.
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3. Results
3.1. The Complex Refractive Indexes of Dielectric Layers

The transmittance spectra of magnetron-sputtered individual dielectric films (around
350 nm thickness) are presented in Figure 1a,b. The refractive index and extinction coeffi-
cient of the two dielectric layers were then calculated from the transmission curves based
on the data envelop approach, as shown in Figure 1c,d. The n values for both dielectrics
developed in a similar pattern, rising rapidly from 350 nm to the visible spectrum and
then descending slowly. The ZnS and TiO2 layers exhibit close refractive indexes in the
400~800 nm spectrum, and the n values at 550 nm are 2.28 and 2.31, respectively. Whereas
the extinction coefficient values differ obviously. Although the values of both materials
exhibit the trend of decreasing dramatically from the ultraviolet region to visible spectrum
and then tending to become stable, the ZnS layer possesses much higher k values than TiO2,
with 0.0205 and 0.0016 at 550 nm wavelength, respectively. This means the ZnS dielectric
layer will intrinsically attenuate the transmittance of the multilayers compared with TiO2.

  

  

400 500 600 700 800
0

20

40

60

80

100

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 Transmittance-ZnS

(a)

400 500 600 700 800
0

20

40

60

80

100

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 Transmittance-TiO2

(b)

400 500 600 700 800
1.4

1.6

1.8

2.0

2.2

2.4

2.6

 n-ZnS
 k-ZnS

Wavelength (nm)

n

(c)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

 k

400 500 600 700 800
1.4

1.6

1.8

2.0

2.2

2.4

2.6

 n-TiO2

 k-TiO2

Wavelength (nm)

n

(d)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

 k

Figure 1. The transmittance spectra of magnetron-sputtered individual dielectric films: (a) ZnS and
(b) TiO2. The calculated refractive indexes (n) and extinction coefficients (k) of dielectric films: (c) ZnS
and (d) TiO2.

3.2. The Optical Transmission Properties of Multilayered TCFs

Based on the previous research results of our group [26,27], and due to the similar
refractive indexes of ZnS and TiO2 in the visible spectrum, the thickness of both dielectric
layers was set to be 35 nm for all the multilayer structure combinations in this study.
The TCF samples were categorized into three groups, with the respective invariant as
intermediate metallic layer thickness or dielectric type, as displayed in Figure 2. The
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transmission spectra of all multilayered TCF samples demonstrate typical wave-shaped
curves, which is believed to arise from the interference fringes of the smoothing coating
on the surface of PET substrate [24,25]. The sublayer codes were set as Z35, T35 and
A8.5~11.5, which denote the layers of ZnS, TiO2 and Ag with thicknesses of 35 nm and
8.5~11.5 nm, respectively.
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Figure 2. The light transmission spectra of TCF samples with various multilayered structures: (a) the
group of 35 nm ZnS—35 nm TiO2—8.5 nm Ag; (b) the group of 35 nm ZnS—35 nm TiO2—9.5 nm Ag;
and (c) the group of 35 nm ZnS—35 nm TiO2—8.5~11.5 nm Ag.

In the first TCF group, the intermediate Ag layer was fixed to be 8.5 nm, and the
transmission spectra of film samples are exhibited in Figure 2a, with different dielectric
structures in the light wavelength range of 350~1100 nm. The four samples of this group
share a similar trend for the transmission development, where the transmittance increases
rapidly from the ultraviolet range to the visible spectrum, followed by gradually ascending
to the peak value around 600 nm wavelength, then descends continually towards the in-
frared region. The T35 A8.5 T35 sample presents the lowest transmittance among the group
counterparts, with the average transmittance in the 400~800 nm spectrum (Tav(400–800)) of
84.58%. The Z35 A8.5 T35 sample with ZnS as the bottom layer and TiO2 as the top layer
displays the best transmission properties in the visible spectrum, the Tav(400–800) of which
is 90.72%. The detailed data are listed Table 1.
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Table 1. The optical and electrical properties of ZnS-TiO2-Ag multilayered samples.

TCF RS
(Ω/sq)

T550
(%)

Tav(400–800)
(%)

ϕTC(550)
(10−3 Ω−1)

ϕTC(400–800)
(10−3 Ω−1)

Z35 A8.5 Z35 8.17 91.47 89.22 50.18 39.12
T35 A8.5 T35 10.93 85.33 84.58 18.72 17.14
T35 A8.5 Z35 8.76 88.80 86.72 34.80 27.46
Z35 A8.5 T35 7.69 92.10 90.72 57.10 49.10
Z35 A9.5 Z35 5.60 90.60 86.43 66.54 41.54
T35 A9.5 T35 6.29 89.50 88.27 52.43 45.65
T35 A9.5 Z35 6.90 89.10 86.85 45.70 35.39
Z35 A9.5 T35 7.20 89.68 87.64 46.73 37.13
Z35 A10.5 T35 5.96 90.92 87.32 64.77 43.24
Z35 A11.5 T35 4.74 92.10 86.43 92.64 49.08

The intermediate Ag layer thickness is increased to 9.5 nm in the second sample
group. These four samples possess very close transmission spectra in the entire measuring
scope. The transmittances of samples reach the peak values around 650 nm wavelength.
As shown in Table 1, the T35 A9.5 T35 sample possesses the optimal Tav(400–800) value of
88.27%, and the Z35 A9.5 Z35 sample presents the minimum average value of 86.43%.
Comparing the patterns in Figure 2a, it is found that the transmittance curves here decline
more pronouncedly from around 700 nm wavelength to the infrared region. This is a
representative phenomenon arising from the strengthened light reflection and absorption
effect of thicker and more continuous Ag layers. However, the 1 nm thickness increase in
Ag layer does not bring the uniform change on the transmittances of the four structures. The
Tav(400–800) decreases by about 3% for the Z/A/Z and Z/A/T structures, while the value
increases by about 4% for the T/A/T structure and maintains stable for the T/A/Z sample.

Since the Z35 A8.5 T35 sample demonstrates the best transmittance result in the
visible spectrum, we expanded the intermediate layer thickness range to explore the optical
characteristics of asymmetric Z/A/T structures, as seen in Figure 2c. The sample with
the thinnest 8.5 nm Ag layer presents the highest transmittance, covering the measuring
spectrum from 350 to 1100 nm. With the increase in the Ag thickness, the transmission
properties generally display a descending trend in the visible region, as the Tav(400–800)
value changes in Table 1. Furthermore, the decreasing trend of transmittance starts to
intensify close to the infrared spectrum, which is again ascribed to the thickening effect of
Ag layers, as discussed in Figure 2b.

3.3. The Electrical Conductivity of Multilayered TCFs

The sheet resistances (Rs) of multilayered samples with different structures are illus-
trated in Figure 3, and the detailed data are listed in Table 1. In the first sample group
with 8.5 nm thickness Ag layer, the T/A/T-structured sample exhibits the highest Rs of
10.93 Ω/sq, while the Z/A/T one possesses the lowest value of 7.69 Ω/sq. It is interesting
to note that the performance ranks on both electrical conductivity and optical transmission
are consistent for this group of samples.
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Figure 3. The sheet resistance of ZnS-TiO2-Ag multilayered samples with different structures.

With the metallic layer thickness increasing to 9.5 nm, the electrical conductivities
of the entire group of samples have improved obviously. Among the four structures, the
T/A/T sample displays the most distinct decrease on the sheet resistance, and ranks the
second in the group, whereas the Z/A/T one falls to the last position. The Z/A/Z sample
here shows the best electrical conductivity with the sheet resistance of 5.60 Ω/sq.

For the Z/A/T-structured samples in the third group, the sheet resistance decreases
stably with the growth of Ag thickness, as expected. The intermediate metallic layer plays
the dominant role for the electrical conductivity for the D/M/D-structured TCF. Thicker Ag
layer thickness means more continuous state and corresponding more carrier concentration
with higher Hall mobility [28]. The sample with 11.5 nm thickness Ag layer presents the
lowest sheet resistance, of 4.74 Ω/sq, among all the samples in this paper.

3.4. Morphology Characterization
3.4.1. The Surface Morphology of the Dielectric Layer

Due to the limited electrical conductivity of the dielectric materials, AFM method was
adopted for the surface morphology characterization of ZnS and TiO2 layers. The single
ZnS and TiO2 layers with thickness of 35 nm were deposited under the identical process
parameters as corresponding D/M/D films. The AFM images are displayed in Figure 4.
The average surface roughness of ZnS layer is Ra 0.387 nm, and Ra 0.400 nm for TiO2. Both
types of dielectric layers demonstrate fair smoothness as the bottom layer of the D/M/D
structure, which would facilitate the optical and electrical performance of the multilayered
films [24].
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Figure 4. AFM images of the surface morphology of dielectric layers: (a) ZnS; (b) TiO2.

3.4.2. The Surface Morphologies of Multilayered Films

During the sequential sputtering of multilayered samples, the films acquired good
electrical conductivity since the intermediate metallic layer deposition. Thus, the surface
morphology of the metallic layer and top dielectric layer could be characterized by SEM
method, which is relatively more efficient.

The surface morphologies of Ag layers with different thicknesses and bottom layers
are shown in Figure 5. On the bottom layer of ZnS, Ag layer can form almost continuous
film at the small thickness of 8.5 nm, where the uncovered area is only 0.11%. There are a
few relatively big particles of light color, with an average size of about 40 nm, as seen in
Figure 5a. When the Ag layer thickness reaches 9.5 nm, a fully continuous metallic film
is obtained. This layer seems more uniform compared to the previous one, with some
rock-shaped particles of a smaller average size around 35 nm.

When considering the ones with TiO2 bottom layer, the morphology differs evidently
from the former ZnS samples. With 8.5 nm thickness Ag layer, the sample surface presents
more uncovered areas, shown as the irregular dark patterns in Figure 5c. The uncovered
area percentage reaches 3.28%, and a number of relatively large particles of light color
are randomly distributed, with an average size of about 70 nm. With the metallic layer
thickness reaching 9.5 nm, the uncovered area percentage slumps to 0.36%. The surface
morphology is denser and more homogeneous, with a small number of large particles
having an average size of around 55 nm.

The surface morphology of top dielectric layers from different multilayered structures
is displayed in Figure 6. The surface of top ZnS layer in Z/A/Z structure, shown in
Figure 6a, exhibits a continuous, uniform and smooth state, comprising small, round-
shaped particles with an average size of about 28 nm. The other symmetric T/A/T
structure presented a much different surface morphology, as displayed in Figure 6b. The
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surface of the TiO2 layer consists of relatively large particles with a wide range of size
distribution, which exhibits an obviously ununiform and rough state. There are a few
large particles in spherical shape, with an average size of around 93 nm. The particles
appear a light color under the second electronic mode of SEM analysis, mainly due to the
geometric features.

  

  

Figure 5. The SEM images of Ag layer morphology with different thicknesses and bottom layers:
(a) Z35 A8.5; (b) Z35 A9.5; (c) T35 A8.5; and (d) T35 A9.5.

  

  

Figure 6. The SEM images of top dielectric layer morphology with different multilayered structures:
(a) Z35 A9.5 Z35; (b) T35 A9.5 T35; (c) T35 A9.5 Z35; and (d) Z35 A9.5 T35.
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For the asymmetric-structured samples, both the top ZnS and TiO2 layers demonstrate
different morphologies from their symmetric counterparts. The top ZnS layer in T/A/Z
structure presents kind of rougher and nonuniform morphology features compared with
the Z/A/Z structure, as shown in Figure 6c. The particles here possess an average size of
about 30 nm, and some of them tend to agglomerate to form larger clusters. The surface
morphology of Z/A/T structure exhibits the most homogeneous and smooth state among
the four samples, as displayed in Figure 6d, where the particles on the surface possess an
average size of around 26 nm.

4. Discussion
4.1. The Transmittance Gap Between Experimental and Simulated Results

The light transmission results of multilayered samples are not always satisfying
(Table 1). To analyze the adverse factors, optical simulations were carried out via the
software TFCalc, as the simulation results could be regarded as kind of an ideal state,
which is based on the optical interfering mechanism of the incident and reflective lights
among sublayers with perfectly regular forms. The schematic representation of the film
structure for optical simulation is shown in Figure 7. The initial simulated transmittance is
the absolute value, which involves the substrate in the film structure. These results were
then divided by the measured transmittance values of the bare PET substrate to obtain the
equivalent relative transmittance. The comparison of experimental and simulated results is
demonstrated in Figure 8, grouped by the multilayered structure type. The gap values of
average transmittance in the visible spectrum [21] are listed in Table 2.

Figure 7. The schematic representation of the film structure for transmittance simulation.

Table 2. The gap of transmittance between the experimental and simulated results for TCFs with
varied structures.

TCF Z35 A8.5 Z35 T35 A8.5 T35 T35 A8.5 Z35 Z35 A8.5 T35
∆Tav(400–800) (%) −3.74 −12.44 −8.11 −4.27

TCF Z35 A9.5 Z35 T35 A9.5 T35 T35 A9.5 Z35 Z35 A9.5 T35
∆Tav(400–800) (%) −7.02 −9.44 −8.57 −7.94

TCF — — — Z35 A10.5 T35
∆Tav(400–800) (%) — — — −8.45

TCF — — — Z35 A11.5 T35
∆Tav(400–800) (%) — — — −9.14

Note: ∆Tav(400−800) is the absolute difference value between the experimental and simulated results
for the average light transmittance in the spectrum of 400–800 nm.
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Figure 8. The transmittance curves of multilayered TCFs from experimental and simulated
results. (a) ZnS/Ag/ZnS structure; (b) TiO2/Ag/TiO2 structure; (c) TiO2/Ag/ZnS structure;
(d) ZnS/Ag/TiO2 structure.

The transmittance gap for Z/A/Z structures is generally the smallest among the
four structures, which increases with the thickness growth of intermediate layer. ZnS,
as the bottom layer, demonstrates superior percolation property, which facilitates the
formation of continuous and smooth metallic layer at a thinner thickness compared to
TiO2 (shown in Figure 2). This advantage effectively suppresses the incident light loss of
scattering or LSPR effect from discontinuous layer. The gap values of the T/A/T structures
are the largest among the four types. The maximum difference occurs at the T35 A8.5 T35
sample, then diminishes with the thickening of metallic layer.

For the multilayers with TiO2 bottom layer, adopting the ZnS layer on top improves
the overall transmission property of the TCFs with 8.5 nm Ag layer, compared with the
symmetric structure. When the Ag layer increases to 9.5 nm thickness, the gap value
remains nearly stable.

For the Z/A/T structure, the transmittance gap is close to the Z/A/Z group. The
change in top dielectric layer does not evidently influence the transmittance feature, which
again indicates the substantial interface improvement of the bottom ZnS layer. With
the growth of metallic layer from 8.5 to 10.5 nm thickness, the Z/A/T structure keeps a
monotonically increasing trend, as shown in the last column of Table 2. It should to be
attributed primarily to the variation in actual ultrathin Ag layer morphology and interfacial
state, which deviate from the ideal situation in the multilayers. Although the sputtered ZnS
layer has a relatively higher extinctive coefficient (shown in Figure 1), the better interface
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situation of the bottom layer enhances the overall optical properties of the asymmetric
multilayered film, especially with thinner metallic layer.

4.2. The Effect of Different Multilayered Structures on Electrical Conductivity

In the D/M/D structure, the resistance of metallic layer is far lower than that of
dielectric layer; therefore, the intermediate metallic layer plays the dominant role for the
electrical conductivity of multilayers. In an ideal situation, the samples in this study with
the identical metallic layer parameters should possess the same sheet resistance. However,
differently structured samples present varied results. To better analyze the electrical
properties, the bilayer films with D/M structure are also marked on corresponding groups
in Figure 3, as the initial state of the electroconductivity (Z35 A8.5—7.54 Ω/sq, T35 A8.5—
9.06 Ω/sq, Z35 A9.5—7.04 Ω/sq, T35 A9.5—7.23 Ω/sq). Due to the excellent percolation
property of ZnS layer, Ag layer is significantly more continuous at the lower thickness
(8.5 nm). Thus Z/A structure presents better electrical conductivity in the first group. When
the thickness increases to 9.5 nm, The Ag layer tends to be fully continuous on both types
of bottom layers, which diminishes the conductivity difference. The above phenomena
correspond well to the SEM results shown in Figure 2.

In the conditions of 8.5 nm Ag layer, the two D/M/D-structured samples with bottom
ZnS layer demonstrate close sheet resistance to the D/M structure. Nevertheless, the
RS values of the other two D/M/D samples with bottom TiO2 layer deviate from their
bilayer counterparts, where the top layer of ZnS lowers the resistance, while TiO2 does
the opposite. In the situation of 9.5 nm Ag layer, all of the complete D/M/D-structured
samples possess a smaller RS value than their respective bilayer counterparts. Furthermore,
both symmetric-structured samples reveal smaller RS values than the other asymmetric
ones. The ranking sequence in the former group of 8.5 nm metallic layer totally changed in
the latter one, indicating that the effects of different multilayered structures on the electrical
conductivity vary with the parameters of metallic layer. Since the resistance of a continuous
metallic layer is mainly ascribed to the diffuse scattering of the conductive electrons at
the surfaces, interfaces, grain boundaries, and other defects [29,30], these microstructural
characteristics of different multilayered structures are diverse from each other.

4.3. The Effects of Multilayered Structures on Optoelectrical Properties

In the optical aspect, the sputtered single TiO2 layer presents better light transmis-
sion properties, on account of its lower extinction coefficient, than ZnS. According to the
simulation results, TiO2-involved multilayers should possess preferable transmittances.
However, the optical performances of films also depend strongly on other factors, like the
surface or interface morphology features and material microstructures. In the simulation of
light transmission, the deduced complex refractive indexes of the dielectrics were adopted
as the material data, to take into consideration the specific process effects on the optical
properties. Even so, the numerical simulation via the software is based on the presumption
that each sublayer possesses a perfectly continuous and smooth form. Therefore, there is a
difference between the simulated and experimental results. This gap is primarily ascribed
to the state of intermediate metallic layer, as it has an ultrathin thickness and good plasticity,
which means it is easy to change its initial state during sputtering deposition of the top
dielectric layer. With respect to the electrical properties, the sheet resistance deviations
of the D/M/D-structured samples from the D/M structures also indicate the significant
influence of the top layer on the metallic layer performance. The samples with bottom
ZnS layer generally demonstrate positive effects of the top layer deposition, whereas the
samples with bottom TiO2 layer present different effects of top layer deposition, depending
on the material type, sputtering power and metallic layer thickness.
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The Haacke’s Figure of Merit (ϕTC = T10/RS) [31] is adopted here to denote the
comprehensive optoelectrical properties of the multilayered TCFs, as listed in Table 1.
The numbers at wavelength of 550 nm are also displayed for reference, which are not as
representative as the average values because of the wave-like shape of the transmission
spectrum on the PET substrate. In the first group of samples with 8.5 nm thickness of Ag
layer, the Z35 A8.5 T35 possesses the highest transmittance and the lowest conductivity;
therefore, it possesses the best Figure of Merit (49.10 × 10−3 Ω−1) in the visible spectrum.
In the second sample group, with 9.5 nm thickness of metallic layer, the two symmetrically
structured samples demonstrate better ϕTC(400–800) than both the asymmetric ones, mainly
due to their superior conductivity. In the last group, owing to the continuous growth of Ag
layer thickness, the transmission and conductivity properties develop in opposite directions.
The ϕTC(400–800) of this structure shows favorable values at the 8.5 nm and 10.5 nm of Ag
layer thickness, indicating suitable structure parameters. This result is close to that of L.
Peres. [21], where the Z/A/T-structured TCF fabricated by e-beam evaporation method
demonstrates a maximum ϕTC(400–800) of 42.5 × 10−3 Ω−1. In this study, due to the much
higher energy of deposited atoms derived from the magnetron-sputtering process [32], the
intermediate metallic layer tends to suffer significant impingement during the deposition
of top dielectric layer. Therefore, the final state of the intermediate layer probably changes
evidently from the initial state, maybe denser, smoother and more continuous, or the
opposite, as demonstrated of the RS results in Figure 4.

Additionally, the different crystallization states of bottom layer may also affect the
microstructure (including interfacial coherent type, crystallization state, grain size, etc.) of
intermediate layer and even the top layer [33]. This phenomenon probably corresponds to
the different morphologies for the top layer of the same dielectric but with different bottom
layer materials, as displayed in Figure 3.

The TiO2 layer, as the top layer, exhibits significant difference in morphology be-
tween the TiO2/Ag/TiO2 and ZnS/Ag/TiO2 structures, and the latter presents the best
smoothness of top surface among the four multilayer structures. The bottom ZnS layer
contributes excellent percolation properties to facilitate the formation of continuous and
smooth Ag layer at a low thickness [34]. Furthermore, taking into account the optimized
optical structure parameters and the impingement effects of the top layer deposition, Z35
A8.5 T35 structure demonstrates the best comprehensive optoelectrical performance among
all ten D/M/D-structured TCF samples in this study.

5. Conclusions
Flexible transparent conductive films of ZnS-TiO2-Ag material system were prepared

via magnetron sputtering and characterized, with respective symmetric and asymmetric
D/M/D structures.

The Ag layer forms a continuous and uniform film at 8.5 nm thickness on bottom
ZnS layer, which demonstrates better percolation properties than TiO2. The asymmet-
ric ZnS/Ag/TiO2 structure possesses the smoothest and most uniform surface mor-
phology among the four dielectric-layer combinations (ZnS/Ag/ZnS, TiO2/Ag/TiO2,
TiO2/Ag/ZnS and ZnS/Ag/TiO2).

The average transmittance of the multilayers in visible spectrum generally tends to
descend with the increase in Ag layer thickness, except the T/A/T structure presents
obviously higher values with 9.5 nm thickness of Ag layer than 8.5 nm. The Z35 A8.5 T35
film presents the highest average transmittance of 90.72% in the 400–800 nm wavelength
range. The optical properties of the multilayers not only depend on the light interfering
effect among sublayers, but also largely on the layer forms and morphologies of surfaces
and interfaces.
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The sheet resistance of the multilayered films generally decreases with the growth
of the metallic layer thickness. The Z35 A11.5 T35 sample possesses the smallest value of
4.74 Ω/sq.

The Z35 A8.5 T35 film possesses the best Haacke’s Figure of Merit among the series of
multilayers, with a ϕTC(400–800) of 49.10 × 10−3 Ω−1. This is primarily ascribed to the com-
bined advantages of superior percolation effect of bottom dielectric layer on intermediate
layer, beneficial impingement effect of top layer deposition on metallic layer and excellent
surface smoothness of the top dielectric layer.
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