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Abstract

Highly transparent and conductive Al-doped ZnO/Ag/Al-doped ZnO (AZO/Ag/AZO) thin films were prepared by magnetron
sputtering on glass substrates at room temperature. The effects of the addition of tiny amounts of O, in the sputtering ambi-
ent during the AZO growth on the structural, morphological, optical and electrical properties of the films were investigated.
When adding a small amount of O, into an Ar ambient during the bottom AZO growth, the conductivity of the AZO/Ag/
AZO thin films was enhanced due to the improved crystallinity of the AZO and Ag thin films and the transmittance increased
with a shift of peak transmittance toward longer wavelengths. On the other hand, the transmittance decreased when both the
bottom and top AZO deposited in the Ar/O, mixed gas. The maximum figure of merit of 2.46 X 102 Q! with 80.3% average
visible transmittance and 4.17 x 107> Qcm resistivity was achieved for the AZO/Ag/AZO thin film where the bottom AZO

deposited under 1% O, ambient.
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1 Introduction

Indium tin oxide (ITO) with excellent opto-electrical perfor-
mance is widely used as a transparent conductive electrode
(TCE) for optoelectronic devices [1]. However, the indium
used in ITO layers could become rare and expensive. The
ceramic structure of ITO also makes it poor flexibility and
induces defects when deposited on flexible substrates. There-
fore, there is an urgent need to develop indium-free TCE.
Recently, oxide/metal/oxide (O/M/O) TCE has attracted
considerable attention owing to the high conductivity and
mechanical stability [1, 2]. More importantly, the optical
transmittance and reflectance of O/M/O TCE can be tuned
by varying the thicknesses of the bottom and top oxide lay-
ers [3]. Ag is commonly used as the interlayer in O/M/O
films due to its high visible transmittance and low resistiv-
ity [1, 2, 4]. Al-doped ZnO (AZO) is a promising oxide
used as sandwich layers due to its non-toxicity, low cost
and material abundance [3, 4]. As a result, AZO/Ag/AZO
(AAA) thin films have been extensively studied by many
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researchers [1-4]. Most studies focus on the optimization
of the AZO and Ag layer thicknesses in order to obtain the
optimal optical and electrical properties [5—8]. Also the Ag
growth parameters and their influence on the resulting sheet
resistance and transmittance have been investigated [9, 10].
However, few studies have been reported on the influence
of the AZO growth atmosphere on the performance of the
AAA thin films.

In this paper, less amount of O, was added into sputtering
ambient during the AZO growth. The effects of the addition
of O, in the sputtering ambient during the AZO growth on
the structural, morphological, optical and electrical proper-
ties of the AAA TCE were investigated.

2 Experimental details

The AAA thin films were deposited on glass substrates using
a magnetron sputtering system with a background pressure
below 9 x 10~* Pa. Both the top and bottom AZO layers with
thickness of approximately 40 nm were deposited using Al
(2 wt.%)-doped ZnO target at a working pressure of 1.0 Pa
and a RF power of 200 W. The Ar/O, mixed gas (O, volume
ratio ranging from 0 to 4%) was introduced into the sputter-
ing chamber during the bottom and top AZO growth. Each
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sample identification was denoted as A ,AA, in the context,
where the subscripts a and b represent the percentage of
oxygen volume ratio in the sputtering ambient. The silver
interlayer with the thickness of approximately 12 nm was
subsequently deposited on the bottom AZO by DC sputter-
ing with a power of 100 W and a pure Ar gas pressure of
0.6 Pa. The substrate-target distance was kept at 6 cm.

The phase structure of the thin films was analyzed by
X-ray diffraction (XRD) with Cu Ka radiation in 6-26
Bragg—Brentano geometry (Tongda, TD-3500, China). The
thickness of the thin films was determined by a spectroscopic
ellipsometry (Ellitop, ESO3V, China). The surface morphol-
ogy was examined using an atomic force microscope (AFM,
CSPM5500, China). The optical properties of the thin films
were measured using an UV/visible/NIR spectrophotometer
(Tuopu, TP-720, China). The resistivity, carrier concentra-
tion and mobility of the thin films were measured using the
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Fig. 1 XRD patterns of AAA thin films
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Fig.2 AFM images of AAA thin films
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Van der Pauw method by Hall measurements (Sadhudesign,
SM6800, China).

3 Results and discussion

Figure 1 shows the XRD patterns of the AAA thin films
deposited at different O, ratio. The peaks at around 33°
and 38° were assigned to the (002) plane of ZnO wurtzite
phase and the (111) plane of the Ag phase, respectively. In
AAA, thin film, weak peaks of Ag (111) and ZnO (002)
can be observed. For A ,AA, thin film series, with increasing
O, ratio in sputtering atmosphere during the bottom AZO
growth, both the AZO (002) peak intensity and the Ag (111)
peak intensity increased implying an increased texture of the
thin films. Moreover, the increase in the AZO (002) peak
intensity was accompanied with the increase in the Ag (111)
peak intensity. This suggested that the AZO (002) surface
acted as a template for the textured Ag (111) film growth
due to the fact that the (111) plane of a cubic structure has
a similar symmetry to that of (001) plane of ZnO [3, 4]. On
the other hand, the intensities of AZO (002) peak and Ag
(111) peak of A ,AA,, thin film series increased first with the
addition of 1% O, in sputtering gas during the bottom and
top AZO growth, and then, AZO (002) peak vanished and
Ag (111) peak intensity decreased with a further increase in
O,. The degradation of the crystalline quality for excessive
O, content was most probably caused by the negative oxygen
ions bombardment [11, 12]. It is known that the bombard-
ment of the films by high energetic negative oxygen ions in
sputtering process leads to crystallographic defects by the
ion peening effect [13]. In addition, adding more oxygen
into the discharge might produce more neutral oxygen atoms
which diffuse into films without low energy, thus creating
additional unexpected defects [11].

The AFM images of the AAA thin films are shown in
Fig. 2. The O, concentration greatly affected the morphology
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of the AAA thin films. A small addition of O, during the bot-
tom AZO growth yielded larger grains and rougher surface
of the AAA thin films. The RMS roughness increased from
0.69 nm (AjAA) to 0.98 nm (A,AA). A further increase
in the RMS roughness was observed when both the bottom
and top AZO deposited in Ar+ O, ambient. A,AA, sample
gave the maximum RMS roughness of 1.54 nm among all
the prepared thin films.

Figure 3 shows the optical transmittance, reflectance
and absorption spectra of the AAA thin film. The trans-
mittance between around 500 and 800 nm of A AA, thin
film series increased with increasing O, content up to
2% during the bottom AZO growth and then decreased
slightly for a further increase in O,. The improvement in
transmittance mainly resulted from the reduced reflec-
tance. When O, was introduced into the sputtering gas
during both the bottom and top AZO growth, the vis-
ible transmittance of AAA thin films decreased, and cor-
respondingly the reflectance and absorption increased.
Especially, for A;AA, thin film, relatively large increase
in the absorption was observable, which was consistent
with the degradation of crystalline quality, as shown in
Fig. 1. Table 1 lists the maximum transmittance, corre-
sponding wavelength, and average visible transmittance
over the wavelength range of 400—800 nm. When intro-
ducing O, into sputtering atmosphere during the bottom
AZO growth, the peak transmittance shifted from 487 nm
(ApAA,) to around 550 nm (A,AA,). The shift of the
peak transmittance to longer wavelengths was accompa-
nied with the improvement in the average visible trans-
mittance. The highest average transmittance value of
82.1% with the peak transmittance as high as 88.0% was
achieved for the A,AA, sample. It was possible that the
improvement of the crystallinity of the films increased
the packing density, decreased the pores at the Ag/AZO
interface, and affected the effective refractive index of
the films [14]. As a result, the reflectance of AAA film
decreased and the corresponding transmittance increased.

The electrical properties of the AAA samples are pre-
sented in Table 1. For A AA, thin film series, the Hall
mobility increased and the resistivity decreased when
the addition of O, in sputtering gas during the bottom
AZO growth. This was ascribed to the improved crystal-
linity of the thin films, which reduced the interface and
grain-boundary scattering [3, 15, 16]. The resistivity of
the AAA thin film continued to decrease to the minimum
value of 2.92 x 10~ Qcm when the bottom and top AZO
deposited under 1% O, ambient. With further increasing
the O, ratio above 1% during the bottom AZO and top
AZO growth, the Hall mobility decreased and the resistiv-
ity increased, which was associated with the increase in
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Fig.3 a Transmittance, b reflectance and ¢ absorption spectra of
AAA thin films

the scattering of defects at the grain boundaries of the Ag
film and AZO/Ag interface induced by oxygen [3, 15, 16].

To evaluate the overall performance of TCE, the figure
of merit (FOM) is defined by Haacke as follows:
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Table 1 Electrical and optical parameters of AAA thin films
Sample Ry p u n T, T ax FOM

(QSq™hH (x 107°Qcm) (cm?V~s™h (x10*' cm™3 (400-800 nm) (%) (400-800 nm)

(%) Q™
AA A, 6.03 5.55 15.28 7.37 75.3 86.8(487 nm) 9.7x 1073
AA A, 4.54 4.17 18.49 8.09 80.3 87.3(532 nm) 2.46%1072
AA A, 5.89 5.42 15.73 7.32 82.1 88.0(556 nm) 2.36%x1072
AA A, 5.01 4.61 17.98 7.50 80.9 87.3(557 nm) 2.40%1072
AAA, 3.18 2.92 21.80 9.78 73.9 85.6(514 nm) 1.53%x 1072
AA A, 6.37 5.86 14.87 7.16 68.4 79.3(474 nm) 3.5%107
AAA, 6.44 5.92 13.37 7.88 68.8 76.7(516 nm) 3.7x107
FOM = T'°/R (1) Declarations
S

where T is the average transmittance in the visible range
(400-800 nm) and Rq is the sheet resistance.

As shown in Table 1, the maximum FOM of
2.46 x 102 Q! with the resistivity of 4.17x 10 Qcm and
the average visible transmittance of 80.3% were achieved
from the A;AA thin film when the bottom AZO deposited
under 1% O, ambient. The results indicated that highly
transparent and conductive AZO/Ag/AZO thin films
could be prepared by the inclusion of a remarkably small
amount of oxygen, while the bottom AZO was deposited.

4 Conclusions

In summary, highly transparent and conductive AZO/Ag/
AZO thin films were prepared by magnetron sputtering on
glass substrate at room temperature. The addition of a small
amount of O, in an Ar atmosphere during the bottom AZO
growth enhanced the conductivity of the AZO/Ag/AZO thin
films due to the improved crystallinity of Ag and AZO thin
films and led to a shift of peak transmittance toward longer
wavelengths and higher transmittance. On the other hand,
the AZO/Ag/AZO thin films were found to have decreases in
transmittance when both the bottom and top AZO deposited
in the Ar/O, mixed sputtering gas. The maximum figure of
merit of 2.46x 1072 Q! with 80.3% average visible trans-
mittance and 4.17 x 107 Qcm resistivity was achieved for
the AZO/Ag/AZO thin film when the bottom AZO deposited
under 1% O, ambient. This approach provides an easily real-
ized method to fabricate high-quality indium-free transpar-
ent electrodes for the applications of optoelectronic devices.
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