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Abstract: ZnO/Ag/ZnO nanolaminate structures were deposited by consecutive RF sputtering at
room temperature.The optical transparency, sheet resistance, and figure of merit are determined in
relation to the deposition time of Ag and to the film thickness of the ZnO top layer. An improved
transmittance has been found in the visible spectral range of the ZnO/Ag/ZnO structure compared
to ZnO multilayers without Ag. High transmittance of 98% at 550 nm, sheet resistance of 8 Ω/sq,
and figure of merit (FOM) of 111.01 × 10−3 Ω−1are achieved for an optimized ZnO/Ag/ZnO
nanolaminate structure. It is suggested that the good optical and electrical properties are due to the
deposition of the discontinuous Ag layer. The electrical metallic type conductivity is caused by planar
located silver metal granules. The deposition of a discrete layer of Ag nano-granules is confirmed by
atomic force microscopy (AFM) and cross-section high-resolution transmission electron microscopy
(HRTEM) observations.

Keywords: transparent conductive oxide (TCO); magnetron sputtering; ZnO/Ag/ZnO; transparent
conducting nanolaminate structures; discontinuous Ag layer; oxide/metal/oxide

1. Introduction

In solar cells and optoelectronic devices, an ideal transparent top electrode must
effectively collect electrical carriers while exhibiting minimal optical and electrical losses.
Independent from the application, all transparent electrode materials should combine
the following properties: transparency in the spectral range of the device, high lateral
conductivity (low sheet resistance), good ohmic contact with adjacent layers, and low
impact on the underlying layers during their deposition. Recently, the main objective
of developing new materials for transparent conductive oxide (TCO) films is to achieve
lower resistivity and higher transmittance in the spectral visible range and to replace the
conventional ITO conductors. Transparent conducting oxides (TCOs), namely SnO2, ITO,
doped ZnO, etc., are widely investigated in order to be applied as electrodes in a variety of
optoelectronic devices such as solar cells and light-emitting diodes [1]. Among transparent
electrodes, metal oxide/metal/metal oxide (OMO) structures can achieve improved optical
and electrical performances comparable to single TCO layers and very thin metallic films [2].
The development of ITO-alternative low-cost, earth-abundant, and mechanically stable
TCOs exhibiting excellent transparency and electrical properties is very important. OMO
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structures as multilayer TCOs possess excellent optical and electrical properties that can be
achieved at much lower thickness even after combining the individual layer thicknesses [3].
The top and bottom oxide layers provide high optical transparency along with protection
for the metal layer from degrading [4]. Thus, a ZnO-based multilayer TCO can be cheaper
compared to ITO as the complete thickness of the structure (≤100 nm) is much lower than
that of ITO (~400 nm) to obtain similar electrical and optical properties [5].

The optical and electrical properties of oxide/metal/oxide structures are well docu-
mented [5–12], demonstrating that the dielectric/metal/dielectric thin films with different metals
such as Ag, Au, and Cu have improved conductivity and high optical transmission [5,8–12].

Herein we make use of electrical conductivity in granular (discontinuous) type
films [13]. The granules are metallic particles with sizes ranging usually from a few
to hundreds of nanometers, embedded into an insulating matrix. The nanolaminate OMO
structure is formed using one or two different dielectric layers. The electrical conductivity
can be tuned by controlling the lateral dispersion of the metal granules within the nanolam-
inate. The most important part of the fabrication of nanolaminate OMO structures with
specified optical and electrical properties is the deposition of a discontinuous metal layer.
The advantages of this approach are reproducibility, effective process control, and a selec-
tive formation of conductive areas in a dielectric structure. Nanolaminate structures with
dielectric layers such as TiO2, MoOx, and Al2O3 [14], and various metals such as Ag, Cr,
Ni, and Pt [15] have been studied. These studies were conducted for various applications
of OMO structures [16–18] such as indium-free TCO, optoelectronic devices, energy and
flexible electronics, and flexible photovoltaic cells.

In this study, we report on the formation of transparent and conductive ZnO/Ag/ZnO
nanolaminate structures obtained only by magnetron sputtering at room temperature. Us-
ing atomic force microscopy (AFM) and high-resolution transmission electron microscopy
(HRTEM) measurements, we evidence that the deposition of Ag on the ZnO layer forms
a discontinuous layer. These islands-type structures in conjunction with the optimized
thickness of the top zinc oxide layer increase the structure transparency, achieving a high
value of the figure of merit: −111 × 10−3 Ω−1. An additional advantage of this structure is
that it retains its properties after annealing up to 400◦C making it a promising candidate as
a highly efficient transparent electrode for optoelectronic devices.

2. Materials and Methods
2.1. Nanolaminate Structure Deposition

ZnO/Ag/ZnO nanolaminate structures were prepared by high-frequency magnetron
sputtering technique on glass and Si substrate. The equipment was an RF magnetron
sputtering system model CFS-4ES Tokuda system (Tokuda, Seisakusho Co., Ltd., Ginan-
cho, Japan) with a 3 sputtering source P-GUN75 (3 inches). The substrate holder was a disk
with a diameter of 200 mm and had a water cooling system.The used targets are Ag and
ZnO with purities of 99.9% (Kurt J. Lesker; Company LTD., Hastings, UK), respectively.
Argon was used as a sputtering gas. The three targets (75 mm in diameter each) were
positioned at eccentric positions in front of the substrate holder.The holder was water
cooling; therefore a little radiation heat was generated. The targets and the substrate holder
were vertically arranged (mode-side sputtering) at a distance of 8 cm. The substrate holder
can be rotated at a speed of 10–80 rpm. The three-target configuration allows us to deposit
successively different layers without opening the chamber. Sputtering was performed at
room temperature without any post-process treatment.The base chamber pressure before
the deposition was approximately 1 × 10−6 mbar and the sputtering process was performed
at a chamber pressure of approximately 6 × 10−3 mbar for ZnO and 1 × 10−3 mbar for Ag.
ZnO and Ag were deposited using an RF power of 200 W. During the sputtering process,
the substrate holder was rotated at speed of 20 rpm for ZnO and 60 rpm for Ag. The
ZnO/Ag/ZnO multilayer structures were consecutively deposited onto glass substrates
(Borofloat glass) and Si wafers (p-type CZ, 3” polished wafers with resistivity 10 Ω.cm).
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Before being loaded into the sputtering chamber, the glass substrates were cleaned in an
ultrasonic bath with deionized water for 15 min and finally dried in a N2 stream.

In our experiments, the deposition times of undercoat and overcoat ZnO layers were
3 min and 6 min, while the deposition time of Ag was set to 5 and 10 s. When Ag is
sputtered for a longer time, the metal grains change to high-density distribution. As
the result, the conduction ability of fabricated samples is improved. Structures without
silver nano-granules were prepared as reference samples under the same conditions. The
description of the prepared samples is given in Table 1.

Table 1. The sample preparation and the obtained film thickness of the nanolaminate structure.

№ Sample
Sputtering Time Layer Thickness (nm)

ZnO
(Bottom) Ag ZnO (Top) ZnO

(Bottom) Ag ZnO (Top)

1 ZnO/Ag/ZnO 3 min 7 s 3 min 29
Nanoclusters

29
2 ZnO/Ag/ZnO 3 min 7 s 6 min 29 63
3 ZnO/Ag/ZnO 3 min 10 s 3 min 29 29
4 ZnO/ZnO 3 min - 3 min 29 29
5 ZnO/ZnO 3 min - 6 min 29 63

The thickness of ZnO layers was determined by ellipsometric measurements on
test samples on a silicon substrate at the different sputtering times of the layers. More
complicated is the problem of determining the thickness of the Ag layer. We hypothesize
and prove an island structure of Ag granules. In this case with metal islands, where the free
space between them is large, the role of the surface substrate dominates. For this reason,
we consider that the real thickness cannot be determined from ellipsometric measurements.
For this reason, some researchers use the duration of the sputtering process [19] or various
Ag deposition rates [20].

2.2. Characterization Methods

The optical properties of the nanolaminate OMO structures are studied by means
of UV-VIS-NIR Shimadzu spectrophotometer UV 3300 (Shimadzu Corporation, Kyoto,
Japan). Spectral ellipsometry (SE)was applied to optically characterized nanolaminate
OMO structures. A spectroscopic ellipsometer J. A. Woollam M-2000 (J.A. Woollam Co.
Instruments, Lincoln, NE, USA) was used to acquire film thickness and optical constants
in the spectral region of 200–1000 nm. The SE measurements were collected at angles of
incidence equal to 45◦, 55◦, 65◦, and 75◦, respectively. The sheet resistance was measured
using the four-point probe method using a VEECO instrument, model FPP-100, USA.

The surface morphology was investigated by AFM measurements that were carried out
using a Multimode V (Bruker, ex. Veeco, Santa Barbara, CA, USA). Imaging was performed
in tapping mode and height, with a scan rate of 2 Hz and 512-line image resolution. SEM
and HRTEM analyses were performed to evaluate the surface morphology of the Ag layer.
TEM analysis was performed with a JEOL 2100, 200 kV (JEOL Ltd., Tokyo, Japan), double
tilt holder, beam aligned at the {110} zone axis of the carrier wafer.The cross-section is made
with Helios Nanolab Dual Beam FIB (CIC nanoGUNE, San Sebastian, Spain): final thinning
at 93 pA 30 kV, final polish 5 kV 56 pA, in situ lift out.

3. Results and Discussions
3.1. Ellipsometric Measurements

ZnO structures of different thicknesses deposited on silicon and glass substrates were
investigated by applying spectroscopic ellipsometry (SE). SE spectra were measured at
room temperature in a spectral range from 193 nm to 1000 nm. The angle of incidence varies
between 45◦ and 75◦ (10◦ steps). SE measurements produce two parameters; the amplitude
ratio (ψExp) and phase difference (∆Exp) between the incident and the reflected polarized
beams. The extraction of the optical constants n and k from the measured quantities ψExp
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and ∆Exp is done using an adequate optical model and fitting procedure. Two types of
structures were measured: sample 4 and sample 5 (see Table 1). Sample 4 was obtained
after two consecutive ZnO depositions of three minutes each with a pause of 30 s between
them. Sample 5, with two ZnO layers, was formed by deposition of the first layer for 3 min
and the second one for 6 min.

The refractive index (n) and extinction dispersion (k) of the sputtered ZnO structure
are presented in Figure 1. The extinction above 400 nm is very low, indicating the high
transparency of the film. The refractive index is varied from 2.04 to 1.86 in the spectral range
of 400 to 1000 nm.These values are in agreement with the literature data. The refractive
index of sputtered ZnO films is reported to be in the range of 1.96 to 2.06 at 500 nm,
depending on the film thickness and technological conditions [21].
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Figure 1. Dispersion of (a) refractive index and (b) extinction coefficients of magnetron sputtered
ZnO/ZnO structures, sample 4 and sample 5.

The total thickness of the ellipsometric measurements for sample 4 is 58 nm and for
sample 5 is 92 nm. The average deposition rate is 9.9 nm/min.

Figure 2 shows the SE parameters ψExp, and ∆Exp measured for sample 4 at a different
angle of incidence for samples 1, 3, and 4. Samples 1 and 3 are nanolaminate film structures
with Ag nano-granules i.e., ZnO (28 nm)/Ag/ZnO (28 nm), the difference is the density of
Ag nano-granules (deposition time of Ag). Sample 4 is only the ZnO layer. These results
are similar to the results presented in [22].
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Figure 2. Ellipsometric angles (Ψ, ∆) of (a) sample 1 (ZnO (29 nm)/Ag (7 sec)/ZnO (29 nm)), sample 3
(ZnO (29 nm)/Ag (10 sec)/ZnO (29 nm)), and (b) sample 4 (ZnO (29 nm)/ZnO (29 nm)) on glass
substrate. Ψand ∆ are measured at an angle of incidence of 45◦.
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The spectral behavior of ψExp and ∆Exp depends on the deposition time of silver. This
can be used as a technological criterion for the presence of silver particles.

3.2. Optical Properties and Sheet Resistance

Multilayered ZnO/Ag/ZnO structures were deposited layer by layer on glass sub-
strates using an RF magnetron sputtering system. The sputtering time and thickness of the
layers are listed in Table 1.

In previous articles [14–16], the relationship between optical transmission and sheet
resistance of nanolaminate structures of the ZnO/Ag/ZnO type, depending on the thick-
ness of the Ag layer (or deposition time) has been reported. The effect of the thickness of
the top layer (ZnO above Ag nano-granules) is also studied in this research. Figure 3 shows
the transmittance spectra of the samples described in Table 1.
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substrate is given for comparison.

Table 2 presents the results for the sheet resistance, average transmittance, and figure
of merit of the samples from Table 1. In many previous studies of oxide/metal/oxide
nanolaminate structures, it has been reported that sheet resistance and optical transmission
depend on the thickness of the metal layer [6,8,9]. The thickness of the metal layer varies
from 5 nm to 20 nm. Our research shows that increasing the sputtering time increases the
density and size of the metal granules, which is the reason for the increase in electrical
conductivity. These results are reported for TiO2/Ag/TiO2 nanolaminate structures [15].
A similar dependence for the studied samples ZnO/Ag/ZnO is presented in Table 2 for
sample 1 (7 s sputtering time) and sample 3 (10 s). It must be noted that the transmittance
is measured against air and the reported transparency values are for the whole system
glass substrate + nanolaminate structure. Table 2 presents the average transmittance value
in the spectral range of 400–800 nm considering and subtracting the bare glass substrate
spectrum. It is seen that the ZnO/Ag/ZnO nanolaminate structures are very transparent
reaching almost 98%.
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Table 2. Sheet resistance, Rsheet, of nanolaminate structures, average transmittance, Taverage, and
FOM values, estimated for nanolaminate structures. The average transmittance is determined for the
spectral range of 400–800 nm and extracting the substrate transmittance.

Structure Rsheet
(Ω/sq)

Taverage
(%)

FOM × 10−3

(Ω−1)

Sample 1 ZnO (29 nm)/Ag (7 s)/ZnO (29 nm) 23 90.84 16.64
Sample 2 ZnO (29 nm)/Ag (7 s)/ZnO (63 nm) 8 98.82 111.01
Sample 3 ZnO (29 nm)/Ag (10 s)/ZnO (29 nm) 13 94.01 41.48

The figure of merit (FOM), proposed by Haacke [23,24], is an effective way to evaluate
the electrical and optical properties of transparent conductors and can be determined by:

FOM =
T10

av
Rsheet

, (1)

where Tav is the average transmittance in the spectral range 400–800 nm and Rsheet is the
sheet resistance measured by a four-point probe. The results of FOM are summarized in
Table 2.

In Table 3, a comparison of reported sheet resistance and figure of merit of OMO
structures, deposited using different methods is given. It must be noted that for commercial
ITO, the values are T = 90.2%, Rsheet = 30 Ω/sq, and FOM = 12 × 10−3 Ω−1. The FOM
values obtained in this work are close to or even higher than previously reported values
(Table 3). Thus, OMO nanolaminate structures with superior optical and electrical proper-
ties and figures of merit have been fabricated using consecutive magnetron sputtering at
room temperature. The fabricated OMO structures with lower sheet resistance and lower
thickness can prove advantageous for reducing the substrate cost in the devices [3,25].

Table 3. Overview of different OMO structures, including their deposition method, average transmit-
tance, sheet resistance, and figure of merit (FOM).

Structures Deposition Method Rsheet
(Ω/sq)

Taverage
(%)

FOM× 10−3

(Ω−1) Reference

ZnO/Cu/ZnO RF/DC sputtering 14.04 68 (550 nm) 63.7 [26]
ZnO/Ag/ZnO RF/DC sputtering 3.01 90 236 [6]
ZnO/Ag/ZnO RF sputtering PET substrate 4.98 92–95 104.5 [27]
ZnO/Ag/ZnO Reactive sputtering 82 5.3 24 [28]

MGZO/Ag/MGZO reactive plasma deposition 10.0 94.7 58.0 [29]
ZnO/Ag/ZnO RF sputtering 5.4 87.0 22.4 [3]
AZO/Ag/AZO 5.3 92.0 45.5 [3]
AZO/Au/AZO RF sputtering 14.31 82.1 (550 nm) 9.69 [30]
AZO/Cu/AZO RF sputtering 143.4 70 1.97 [31]

ITO/Ag/ITO MOCVD 3.8 91.3 106.1 [32]
ITO/Ag/ITO RF sputtering 264.3 92.0 1.65 [33]
ITO/Ag/ITO Impulse magnetron sputtering 7.29 97.0 101.16 [34]
ITO/Cu/ITO 10.43 74.0 4.83 [34]

TiO2/Ag/TiO2 RF sputtering 3.5 89 69.6 [33]
TiO2/Ag/TiO2 RF sputtering 3.31 96.8 69.6 [9]
TiO2/Ag/TiO2 sputtering 13 88.7 (550 nm) 23.2 [35]

SnO2/Ag/SnO2 RF sputtering 9.0 94.8 60.0 [11]
Ta2O5/Ag/Ta2O5 RF sputtering 2.53 91.64 157.04 [36]

The nanolaminate structures with an equal film thickness as ZnO (sample 1 and
sample 3) possess sheet resistance values that decrease when increasing the deposition time
of Ag. The comparison between sample 1 and sample 3 reveals that the sheet resistance
has been reduced by a factor of two while the silver deposition time was increased from
3 to 6 min. Notably, sample 2, having almost double the thickness of the top ZnO layer
in sample 1, showed sheet resistance that is significantly decreased. The effect of the Ag
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incorporation of the Ag layer and the thicker top layer is also observed in the transmittance
spectra (see Figures 4 and 5).
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Figure 4.(a) presents the absorption edge of samples with the top and bottom ZnO layers having 
the same thickness of 29 nm, but the Ag sputtering time has been changed and (b) is the compari-
son between sample 2, ZnO (29 nm)/Ag (7 s)/ZnO (63 nm)and sample 5, ZnO (29 nm)/ZnO (63 
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Figure 5. A3D AFM image of sputtered Ag on Si through the mask, the border mask/Ag is
clearly seen.

The nanolaminate structure with Ag (sample 2) is more transparent in the visible
spectral ranges 450–700 nm when compared to sample 5, with a similar thickness of the ZnO
layers but no Ag particle deposition. Similar optical behavior is found for samples 1 and 3
when compared to sample 4 without Ag. Sample 1 has a transparency of 74%–76%,
lower than sample 4 (74%–79%). In the near IR region, the transparency of nanolaminate
structures with Ag decreases, which is typical of OMO structures. Sample 3 reveals the
strongest decrease in the wavelength above 650 nm up to 1200 nm (NIR spectral range),
induced most probably by the higher density of the silver particles.

The transmittance spectra of samples 2 and 3 show a broad enhanced transmission in
the visible range with maximum transmittances at wavelengths of about 650 nm and 500 nm,
respectively. In contrast, the transmittance spectra for sample 1 showed no enhancement
of the visible light transmittance. Structurally, sample 1 has received the same sputtering
sequence as sample 2, only the thickness of the top ZnO layer has double the thickness
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(see Figure 3). Such an enhancement of the visible light transmittance by metal (Ag) nano-
granule incorporation has already been observed for the ZnO/Ag/ZnO films [37]. The
authors of [37] claim that this effect can be attributed to the coupling between the incident
light and surface plasmon polaritons (SPPs) of the Ag mid-layer with a layer-plus-islands
structure. The coupling or resonance between incident light and SPPs can lead to many
interesting physical phenomena, such as extraordinary light transmission [38] and surface-
enhanced Raman scattering [39]. In [22], it is also shown that Ag clusters not only have
evidently lowest possible absorbance but also might gain from plasmonic features such as
re-emission of the light coupled by the SPs at the random silver-island grating or enhanced
transmittance.The optical transmission enhancement of ZnO films with incorporated Ag
was also investigated by others [40] and they stated that light transmission is enhanced
by SPR.

Figure 4 manifests the change of the absorption edge, depending on the Ag layer
(different deposition times) and ZnO thickness. The absorption edge is shifted towards the
longer wavelengths due to the Ag layer. It is also dependent on the Ag sputtering time. A
similar optical behavior of the absorption edge has been previously reported for structures
of ZnO/Ag/glass [37,41].

The optical and electrical characterization reveals that Ag granules deposited between
two ZnO films lead to improved transparency, lower sheet resistance, and a high figure of
merit. These results are encouraging for the application of these nanolaminate structures as
highly effective TCOs.

3.3. Morphology of the Ag Layer and Nanolaminate Structure

As the presence of silver particles contributes significantly to the improved conductiv-
ity of the nanolaminate structures, we have investigated the morphology of the silver layer
and its surface topography. Figure 5 shows an AFM image of the silicon surface whereby
the silver is deposited through a mask.

Figure 6a, b show the 3D and plain AFM images of sputtered Ag on Si substrate after
7 s and 15 s sputtering time. It is clear that the continuous Ag layer was not formed after
magnetron sputtering according to the morphology images in Figures 7 and 8. The Ag
nanoclusters are randomly distributed with distinct shapes and sizes, forming isolated
crystal grains. The diameter of the Ag particles is about 30–50 nm. As the sputtering time
of the Ag layer is increased, the size (diameter) of the Ag particles is also increased, but
their height did not change obviously. From the AFM measurement, the RMS roughness,
the arithmetic average roughness Ra and the maximum roughness depth of samples were
determined. For the shorter deposition time (7 s), the Ag layer has the following surface
parameters: RMS is 3.04 nm, Ra is 2.03 nm, and Rmax is 26.8 nm. Interestingly, the increase
of the deposition time to 15 sec results in lower surface parameters: RMS is 2.32 nm, Ra
is 1.73 nm, and Rmax is 21.2 nm. Similar results were also reported for the deposition of
copper nanoclusters [8].

The film morphology of silver was studied by the HRTEM method. For this pur-
pose, the substrate used was an oxidized silicon wafer, coated with silicon nitride (200 nm)
for consecutive deposition of ZnO and Ag, whereby the latter was sputtered for 7 s.
The deposition was made through a mask to define areas with and without silver par-
ticles within the same sample for analysis. Finally, a top blanket layer of ZnO was de-
posited. The nanolaminate structure was investigated with cross-section TEM and the
images are shown in Figures 7–9, whereby lower magnification (larger imaging area) im-
ages are resented in Figure 7 outlining the difference between regions with and without
Ag nano-granules. Higher magnification images of these two regions are presented in
Figures 8 and 9, respectively.
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The polycrystalline structure of the consecutively sputtered ZnO layers is clearly
distinguished (as can be seen in Figure 8).

In comparison, the region with Ag NPs shows that the sputtering for 7 sec results in
forming of a discontinuous film with Ag nanoparticles with a random in-plane orientation
as well as a size of about 100 nm. These 3D nanoclusters have penetrated into the ZnO film
and even into the underlying Si3N4 layer (Figure 9). The dark and bright bands in the Ag
nanoclusters are twinning or multiple stacking faults. This is typical for Ag nano-granules
when it is formed at low temperature.

Figure 10 shows an SEM image of nanolaminate structure ZnO (29 nm)/Ag (7 sec)/ZnO
(29 nm). The Ag islands are clearly seen. This result agrees with AFM and TEM analysis.
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Figure 10. SEM image of the nanolaminate structure ZnO (29 nm)/Ag (7 s)/ZnO (29 nm).

The most important part of the technological process of nanolaminate (OMO) structure
with specified optical and electrical properties is the deposition of the discontinuous metal
layer. The optical properties and electrical conductivity are modified with planar-located
metal granules.
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Usually, TCOs have a semiconductor behavior as a negative temperature coefficient of
receptivity (TCR). The nanolaminate structure with metal granulate demonstrates metallic
conductivity because it has a positive TCR [15]. Therefore, the carriers are delocalized due
to thermal activation, and conductivity is dominated by phonon scattering.

Our hypothesis is based on the usage of electronic conductivity in granular (discontinu-
ous) type materials [13]. The key parameter that determines most of the physical properties
of the granular array is the average tunneling conductance G between neighboring grains.
It is convenient to introduce the dimensionless conductance [13], (corresponding to one
spin component):

g =
G

(2e2/h)
, (2)

which is measured in units of the quantum conductance (e2/h). The samples with g > 1
exhibit metallic transport properties, while those with g < 1 show insulating behavior.

This hypothesis is confirmed by using the OMO structure as a strain resistor [16,41,42].
The exponential dependence of the tunneling probability on the intergranular distance suggests
the suitability of the material as a high-sensitivity strain sensor. When the OMO nanolaminate
structure is strained in tension, the average distance between the particles increases. The
tunneling probability decreases, and the resistivity of the microresistor increases [41].

3.4. Effect of Temperature Annealing

The impact of the thermal treatment on the optical and electrical properties of sample
2—ZnO (29 nm)/Ag (7 sec)/ZnO (63 nm)—was studied. When sample 2 was exposed to
low-temperature annealing at 200 ◦C/30 min, the transparency and the sheet resistance
were almost unchanged, however, when treated at 400 ◦C/15 min, the transmittance
is reduced by 10 to 15% to an average transmittance of 84.6% in the spectral range of
400–800 nm (see Figure 11). In parallel, the measured sheet resistance is changed from 8 to
20 Ω/sq and correspondingly, the FOM was significantly decreased to 10.57 × 10−3 Ω−1.
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The sheet resistance is relatively low and the nanolaminate structure is still transpar-
ent. These results are encouraging as they suppose a kind of stability during thermal 
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ZnO (29 nm)/Ag (7 s)/ZnO (63 nm).

The sheet resistance is relatively low and the nanolaminate structure is still transparent.
These results are encouraging as they suppose a kind of stability during thermal treatments.



Coatings 2022, 12, 1324 13 of 15

This is an advantage for applying these structures as optical contacts in devices where
thermal treatments are required.

4. Conclusions

In conclusion, we have demonstrated highly efficient transparent ZnO/Ag/ZnO struc-
tures deposited at room temperature which are especially suitable for the application as
the TCO layer.The selected technological conditions for magnetron sputtering of silver led
to the formation of a discontinuous layer of Ag nanoclusters and these clusters define the
optical and electrical properties of ZnO/Ag/ZnO nanolaminate structures. The techno-
logical process for sputtering Ag is reproducible and reliable in terms of thickness and
structure. This has been proven on the basis of 10 years of experimental experience. This
study also presents two indirect methods for detecting the presence of silver nanoclus-
ters:spectroscopic ellipsometry and TEM analysis. In order to achieve superior optical
transparency and low sheet resistance, the crucial role has not only the sputtering process
of Ag but the optimal film thickness of the ZnO top layer as well. Varying ZnO layer
thickness, the figure of merit (FOM) changes from 16.64 × 10−3 to 111.01 × 10−3Ω−1. The
optimized ZnO/Ag/ZnO structure achieves a maximum transmittance of 98% (550 nm)
and sheet resistance of 8 Ω/sq. After low-temperature annealing at 200◦C/30 min, the
transparency and the sheet resistance were almost unchanged. In order to achieve superior
optical transparency and low sheet resistance, the crucial role has not only the sputtering
process of Ag but the optimal film thickness of the ZnO top layer as well. The optimized
oxide/metal/oxide structure achieves a maximum transmittance of 98% (550 nm) and sheet
resistance of 8 Ω/sq.

The advantage of the proposed multisource magnetron sputtering deposition of
nanolaminate structures is that the formation is performed at room temperature and at a
relatively high deposition rate of nearly 9.9 nm/min. This makes the proposed approach
for the fabrication of TCO coatings easily applicable for lab-scale and commercial devices.
This technological process can be applied to flexible substrates as well.
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