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Single layers of indium tin oxide (ITO), aluminum-doped zinc oxide (AZO), and Ag, bilayers of ITO/Ag and AZO/Ag, and
sandwiched layers of ITO/Ag/ITO (IAI) and AZO/Ag/AZO (ZAZ) were fabricated on ordinary glass substrates using magnetron
sputtering. The surface morphologies of single layers and bilayers were measured. The sheet resistance and transmittance of the
sandwiched layers were investigated. The results showed that the spreadability of the Ag on the AZO was significantly better than
that on the ITO or bare glass substrate.The spreadability of Ag on underlayers influences obviously the performance of transparent
conductive oxide/Ag/transparent conductive oxides (TCO/Ag/TCO or TAT). The sheet resistance and transmittance of the ZAZ
sandwiched layer with the matching of 35 nmAZO (35 nm)/Ag (9 nm)/AZO (35 nm) fabricated in this paper were low to 3.84Ω/sq
and up to 85.55% at 550 nm, respectively. Its maximumHaacke figure of merit was 0.05469Ω−1, higher than that of IAI multilayer.

1. Introduction

Indium tin oxide (ITO)/metal/ITO (IMI), aluminum-doped
zinc oxide (AZO)/metal/AZO (ZMZ), fluorine-doped tin
oxide (FTO)/metal/FTO (FMF), and so forth as the most
popular transparent conductive oxides (TCO)/metal/trans-
parent conductive oxide TCO (TMT) have been widely stud-
ied [1–13]. Because the transparent conductive properties of
TMT depended mainly on the metal layer [1, 9, 14–16], a
variety of researches on TMT focused on the metal layer
[2, 17–22]. Generally, the thickness of metal layer was about
8–14 nm [1] because the too thick metal layer made the
light transmittance decrease while the too thin one did not
form a continuous layer and made the electrical conductivity
decrease dramatically. From this point of view, for a thinner
metal layer to forma continuous one is a very important issue.

Recently, the thickness of a continuous Cu layer in
ZnO/Cu(O)/ZnO sandwiched layer was only 5 nm. Its sheet
resistance was as low as 9–13Ω⋅sq−1 and average transmit-
tance over the visible spectral range of 400–800 nm was

83–85% with a maximum transmittance of 94% [20]. Com-
pared with Cu layer, the Ag layer had a much lower sheet
resistance, a higher transmittance, and lower absorption at
the same thickness in the visible region [23], so investigating
the Ag layer growth during its initial stage is quite necessary
since the continuity of a thin metal layer depends mainly on
its growth behavior. The growth of Ag layer during its initial
stage is affected by many factors, like substrate material kind,
substrate surface topography, substrate temperature, deposi-
tion rate, deposition gas pressure, and so on. Among them,
the substrates are undoubtedly important factors because
they are related directly to the interaction of Ag atom with
that of the substrate [24] and the nucleation and grain growth
behavior of Ag layer [25–28]. In an earlier report [19], it was
found that the spreading of Ag on the surface of ZnO was
better than that on SnO2 due to a better affinity between
Ag and ZnO though surface of ZnO was rougher than that
of the latter. It brings about a question whether there exists
any difference between the spreading of Ag on the surface
of ZnO and that on ITO. As far as we know, there are few
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Figure 1: AFMmorphologies of glass substrates, ITO, and AZO layers.

reports about the comparison between Ag initial growth and
spreading on ITO and those on AZO.

In this paper, IAI andZAZwere fabricated and the growth
of Ag layer on ITO and that on AZO were compared. The
effects of substrates on the microstructure and electrical
property of Ag layer were investigated.

2. Experimental

Single layers of indium tin oxide (ITO), aluminum-
doped zinc oxide (AZO), and Ag, bilayers of ITO/Ag and
AZO/Ag, and sandwiched layers of ITO/Ag/ITO (IAI) and
AZO/Ag/AZO (ZAZ) were fabricated, respectively, onto
ordinary soda lime glass substrates (40mm × 40mm ×
2mm) using three-target sputtering. During the sputtering,

the substrates were not heated or cooled. The targets of ITO
(10% SnO

2
, 90% In

2
O
3
), AZO (3%Al

2
O
3
, 97% ZnO), and Ag

were all 60mm in diameter.The distance between targets and
substrates were 80mm. The substrates revolved at 10 r/min.
The sputtering chamber was first pumped to 6 × 10−4 Pa; then
Ar gas was introduced to 1 × 10−1 Pa. The sputtering voltage
and current for ITO target and AZO target were 420V and
0.2 A, while those for Ag target were 360V and 0.1 A.

An atomic force microscopy (AFM, Multimode-3D), a
surface contourgraph (Alpha-Step IQ), a four-point probe
resistivity measurement instrument (SB100A/20), a scanning
electron microscopy (SEM, Supra 55), and a visible light
photometric meter (723PCS) were used, respectively, to mea-
sure the surface profile, thickness, sheet resistance, surface
morphology, and transmittance of the layers. In order to
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Figure 2: Average deposition rate of ITO and AZO (a) and Ag layer and the morphology of Ag layers (thickness of 4 nm) on glass substrate
(b).

evaluate the overall merit of the layer, the Haacke figure
of merit was used. Haacke figure of merit BTC calculation
formula is [29, 30]

BTC =
𝑇
10

𝑅
𝑆

, (1)

where 𝑇 is the transmittance at 550 nm and 𝑅
𝑆
is the sheet

resistance.

3. Results and Discussion

3.1. Spreadability of Ag on Underlayers. The AFMmorpholo-
gies of the glass substrate and indium tin oxide (ITO) and
aluminum-doped zinc oxide (AZO) underlayers deposited
on the glass substrate with thickness of 25 nm are shown
in Figure 1. The surface of glass substrate is smooth and its
roughness is 0.59 nm. The surface roughness values of ITO
layer and AZO layer are 1.05 and 1.13 nm, respectively, which
are higher than those of the glass substrate.

In order to get the deposition rate of layers, the thick lay-
ers were deposited deliberately to ensure themeasuring accu-
racy of the layer thickness. Figure 2(a) shows the relationship
between thickness and deposition time of ITO, AZO, and Ag
layers, respectively. Figure 2(b) shows SEM morphology of
the Ag layers of 4 nm thickness on the glass substrate. It can
be seen that the layer thickness is proportional to deposition
time (Figure 2(a)). Therefore, the average deposition rates of
the ITO, AZO, and Ag layers are 0.379 nm/s, 0.261 nm/s, and
0.664 nm/s, respectively. Hereafter, all layer thicknesses in
this paper are deduced according to the deposition rates and
times. It can be seen from the SEM picture that the islands on
the glass have a big size and a bad spreadability (Figure 2(b)).

Figure 3 shows the surface morphology of the Ag layers
with different thicknesses on the ITO and AZO layers, which

were deposited on the glass substrate with the same thickness
of 25 nm. In case of 4 nmAg layer, since the time of deposition
was short, the deposited Ag was too little to well cover the
underlayers. Both Ag layers on the ITO andAZOunderlayers
appear in island shape. The voids between the islands on the
AZO have the smaller size than those on the ITO, indicating
Ag has a better spreadability on the AZO (Figures 3(a) and
3(e)).When the thickness of theAg layer is 5 nm, there appear
more connections between the Ag islands. The Ag layer on
the AZO changes into a continuous structure, but that on
the ITO does not (Figures 3(b) and 3(f)). When the Ag layer
thickness increases to 6 nm the connections become stronger
and the quantity of voids reduces. The Ag layer on the ITO
changes into a continuous structure. The void fraction of the
Ag layer on the AZO is much lower than that on the ITO
(Figures 3(c) and 3(g)). When the thickness of Ag layer is up
to 8 nm the void fraction reduces further and the size of voids
also reduces remarkably. The Ag layers exhibit a continuous
structure and most of the surface of the ITO and AZO layers
is covered by Ag (Figures 3(d) and 3(h)). This layer growth
order of island-net-layer is consistent with the mode of metal
film growth [31]. Compared with that on the ITO layer, the
morphology of Ag layer on the AZO layer is fine and the
spreadability of Ag is better.

Figure 4 illustrates the relation between the sheet resis-
tance and thickness of theAg layers deposited, respectively on
a bare glass substrate, the AZO, and ITO underlayers. These
sheet resistance values are listed in Table 1. When Ag layer
thickness is less than 4 nm, Ag layer has the island structure
and the electrical connection is very poor, so that three sam-
pleswithAg layer have a bigger sheet resistance.With increas-
ing the thickness, theAg layer changes gradually fromdiscon-
tinuous structure to continuous structure (Figure 3), the sheet
resistances of the samples with Ag layer decrease drastically.
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Figure 3: SEM morphologies of Ag layer with different thicknesses on the 25 nm underlayer: (a–d) on ITO, (e–h) on AZO.

However, when the thickness of Ag layer is beyond
8 nm the sheet resistance of the layer decreases slowly. With
increasing the thickness of Ag layer, the sheet resistance of
the Ag/AZObilayer reduces and is even lower than that of the
Ag/ITObilayer.The reasonmay be related to the spreadability
[19, 24] of the Ag layer on the AZO underlayer. As shown
in Figure 3, the Ag layer deposited on the AZO has a better
spreadability. As such, the connection between the Ag island
structures on the AZO is better than that on the glass or ITO
with the same deposition time. Therefore, it is understood

that the sheet resistance of the Ag/AZO bilayer with Ag layer
thickness ≥6 nm is lower thanAg/ITO counterparts (Table 1).
In addition, since the conductivity of the ITO is superior to
that of the AZO, the total conductivity of Ag/ITO bilayers
with Ag layer thickness ≤4 nm is higher than that of Ag/AZO
counterparts because Ag is in an island structure and the
total conductivity is affected obviously by the underlayer.
Therefore, the spreadability of theAg layer with its underlayer
plays an important role during the fabrication of a high
performance TCO/Ag/TCO.
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Figure 4: Relationship between sheet resistance and the thickness of Ag layer on different substrates.

Table 1: Sheet resistance related to thickness of the Ag layers.

Ag thickness, nm
𝑅
𝑆
, Ω/sq

Ag/25 nm
ITO/glass

Ag/25 nm
AZO/glass

Ag/glass

0 625 17200 ∞

3 97 130 287

4 52 65 114

6 18.3 13.2 23

8 5.53 4.02 5.53

10 3.45 3.34 3.75

12 3.28 3.11 3.31

3.2. The Performance of ZAZ Transparent Conductive Film.
IAI and ZAZ sandwiched layers with different thicknesses
were fabricated on ordinary glass substrates. The perfor-
mances of these sandwiched layers are shown in Figure 5.
The annotations below the curves are the ITO or AZO
layer thickness (nm)/Ag layer thickness (nm)/ITO or AZO
layer thickness (nm), and the sheet resistance (Ω⋅sq−1) in
turn. From the annotations inserted in the figures, the sheet
resistance of the IAI and ZAZ sandwiched layers reduces
obviously with increasing the thickness of Ag layer from 7 nm
to 13 nm. However, the sheet resistance of the ZAZ is lower
than that of IAI counterparts with the same thickness of Ag
layer.Thismust be a result of the better spreadability of Ag on
AZO underlayer.

From the curves shown in the figure, it can be found that
the transmittance values at wavelength of 1000 nm for the
ZAZ are lower than those for IAI counterparts with the same
thickness of Ag layer. However, the comparison between
Figures 5(b) and 5(f) is an exception since the peak of curve

in Figure 5(f) is widened due to the optical matching of three
layers. According to Drude theory [32], the reflectivity in
infrared region of conductive films is related to their electrical
properties, and high reflectivity corresponds to low electrical
resistivity. With the light wavelength increasing from visible
region to infrared region, the transmittance of a conductive
film decreases sharply and the big descent slope of its curve
corresponds to low electrical resistivity [33]. From this point,
the lower transmittance value at wavelength of 1000 nm
means the lower electrical resistivity. Therefore, from the
transmittance values at wavelength of 1000 nm it can also be
showed that the sheet resistance of the ZAZ is lower than that
of IAI counterparts with the same thickness of Ag layer.

Compared with the sheet resistance of bilayer shown in
Table 1, the sheet resistances of the sandwiched layers shown
by annotations in Figure 5 are slightly larger, especially for
those of IAI. For example, the sheet resistances of IAI with
11 nm Ag layer are bigger than those of the ITO/Ag bilayer
with 10 nm Ag layer, and some of the ZAZ with 9 nm Ag
layer exhibit bigger sheet resistances than that of the AZO/Ag
bilayer with 8 nm Ag layer. It may result from the damage
of Ag layer caused from the bombardment during the subse-
quent deposition of ITO or AZO upperlayer. Since the con-
nections between islands of Ag on the ITO are poorer than
those on AZO, the effect of the bombardment on the sheet
resistance deterioration of the IAI sandwiched layer is larger.

Beside the sheet resistance, the transmittance, another
important property of a transparent conductive film, is also
affected by Ag layer thickness. With increasing its thickness,
the light transmittance decreases significantly. Therefore,
transparent conductive oxide (TCO) layers are used for
purpose of optical matching to improve the transmittance. As
shown in Figure 5, the thickness of ITO or AZO has a great
influence on the position and value of the light transmittance
peak due to the optical interference effect. For every group of
IAI and ZAZ sandwiched layers with the same thickness of
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Figure 5: Continued.
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Figure 6: IAI and ZAZ Haacke figure of merit.

Ag layer, with increasing the thickness of ITO or AZO, the
peak shifts to right and peak transmittance value increases at
first and then decreases.

According to the performances of the samples shown in
Figure 5, some samples with better performances are selected
and their Haacke figure of merit BTC is calculated and listed
in Table 2. From samples with the same thickness of Ag layer,
the oneswith the biggestBTC are picked out to form a relation
betweenBTC and thickness of Ag layer, as shown in Figure 6.
The maximum BTC (0.03833Ω−1) of IAI corresponds to the
thickness of 11 nm, while that (0.05469Ω−1) of ZAZ corre-
sponds to the thickness of 9 nm. Moreover, BTC of the latter
is much higher than that of the former. This may benefit
from the better spreadability of Ag layer on AZO layer, which

Table 2: Haacke figure of merit of IAI and ZAZ sandwiched layers.

Sandwiched layers 𝑇
550

, % 𝑅
𝑆
,Ω/sq BTC,Ω

−1

ITO (34 nm)/Ag (7 nm)/ITO (34 nm) 84.87 7.79 0.02488
ITO (37 nm)/Ag (7 nm)/ITO (37 nm) 85.14 8.04 0.02489
ITO (34 nm)/Ag (9 nm)/ITO (34 nm) 78.64 5.64 0.01604
ITO (37 nm)/Ag (9 nm)/ITO (37 nm) 79.73 5.53 0.02237
ITO (34 nm)/Ag (11 nm)/ITO (34 nm) 84.14 4.64 0.03833
ITO (37 nm)/Ag (11 nm)/ITO (37 nm) 83.52 4.61 0.03583
ITO (30 nm)/Ag (13 nm)/ITO (30 nm) 80.21 4.23 0.02606
ITO (37 nm)/Ag (13 nm)/ITO (37 nm) 79.59 4.14 0.02464
AZO (25 nm)/Ag (7 nm)/AZO (25 nm) 83.69 5.76 0.02926
AZO (27 nm)/Ag (7 nm)/AZO (27 nm) 81.39 4.82 0.02646
AZO (32 nm)/Ag (9 nm)/AZO (32 nm) 85.81 4.08 0.05305
AZO (35 nm)/Ag (9 nm)/AZO (35 nm) 85.55 3.84 0.05469
AZO (40 nm)/Ag (9 nm)/AZO (40 nm) 83.88 3.67 0.04698
AZO (35 nm)/Ag (11 nm)/AZO (35 nm) 75.15 3.11 0.01847
AZO (40 nm)/Ag (11 nm)/AZO (40 nm) 77.34 3.10 0.02470
AZO (19 nm)/Ag (13 nm)/AZO (19 nm) 74.45 3.03 0.01727
AZO (27 nm)/Ag (13 nm)/AZO (27 nm) 74.49 2.54 0.02071

prompts the formation of uniform and continuous Ag layer
in a much thinner thickness. The thickness match of ZAZ
corresponding to the maximum BTC is 35 nm/9 nm/35 nm
with a light transmittance of 85.55% at 550 nm and a sheet
resistance of 3.84Ω/sq.

4. Conclusions

Single layers of indium tin oxide (ITO), aluminum-doped
zinc oxide (AZO), and Ag, bilayers of ITO/Ag and AZO/
Ag, and sandwiched layers of ITO/Ag/ITO (IAI) and
AZO/Ag/AZO (ZAZ) were fabricated on ordinary glass sub-
strates using magnetron sputtering. Compared with those on
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glass substrate and ITO, the Ag has a better spreadability and
theAg layer is depositedmore uniformly and continuously on
AZO. In addition, the sheet resistances of the sandwiched lay-
ers are slightly larger than those of bilayers, which may result
from the damage of Ag layer caused from the bombardment
during the subsequent deposition of ITO or AZO upperlayer.
With the matching of AZO (35 nm)/Ag (9 nm)/AZO (35 nm)
(ZAZ), the transmittance, sheet resistance, andHaacke figure
of ZAZ multilayer are 85.55%, 3.84Ω/sq, and 0.05469Ω−1,
respectively, showing a high performance.
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