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ITO–Ag alloy–ITO film with stable and high conductivity depending on the
control of atomically flat interface
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Abstract

The conductivity of ITO–Ag–ITO films declines with the deposition temperature increased above 200 °C, because the surfaces of Ag layers
become rough that scatter the conduction carriers. The solid-solution Ag–Ti alloy and Ag–Ti–Cu alloy are developed to improve the stability
of the surface morphology of Ag layers. This research proves that the Ag–Ti film can keep a smooth surface at an even higher deposition
temperature. This leads ITO–AgTi–ITO films to have low resistivity at high deposition temperatures. However, further addition of Cu atoms
into Ag–Ti films causes several spikes formed on the surfaces probably relative to the relaxation of strain energy. The conductivity of the
ITO–AgTiCu–ITO film will decline when a large amount of spikes is formed on the surface of Ag–Ti–Cu layer at a high deposition
temperature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

High performance flat panel displays (FPD), especially the
current-driving OLED device, require transparent electrodes
with even lower resistivity. ITO, traditionally used, with higher
resistivity seems not good enough to meet the requirement.

Using ITO–Metal–ITO (IMI) multilayer structures [1,2] is
the simplest and most effective way to improve the conductivity
of electrodes. IMI structures have quite lower sheet resistance
than ITO, although the transparency is slightly lower than ITO.
The properties of IMI films are strongly dependent on the
intermediate layer [1,2]. Silver is the best choice as the
intermediate layer of IMI films, because it possesses both the
greatest transparency and conductivity than other metals when
the thickness of films gets very thin [3]. The appropriate
thickness of the silver layer is about 10 nm. However, ultra-thin
silver films are not stable and easily form rough surfaces
especially at a high deposition temperature [4]. This will decline
the conductivity and transparency of IMI films.
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Several researches [4,5] proposed to smoothen and stabilize
the surface morphology of silver films as deposition by
alloying. However, the role of alloying elements was not
explored. In this investigation, new solid-solution Ag–Ti and
Ag–Ti–Cu alloy films are developed to stabilize the surface
morphology of ultra-thin silver films. Doping Ti or Cu atoms is
proposed to dominate the surface morphology of ultra-thin
silver films by governing growth behavior. It is discussed
according to the bonding force between alloying atoms and Ag
atoms.

The bonding force between Ag and Ti atoms is stronger than
that between Ag atoms. According to the statistical mixing
model [6], it is because the mixing enthalpy of Ag–Ti regular
solution shows a negative quantity, as proposed by Pan and et al.
[7]. However, the Ag–Cu solid solution possesses positive
mixing enthalpy [8]. By a similar consideration, this indicates
that the bonding force between Ag and Cu atoms is weaker than
that between Ag atoms.

On the other hand, Ag–Ti or Ag–Ti–Cu alloy is, replacing
pure Ag, applied as the intermediate layer of ITO–Silver–ITO
films. The resistivity is discussed according to the interface
morphology.
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Fig. 2. Resistivity of IMI films depending on the deposition temperature.
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2. Experimental

IMI (ITO–Metal–ITO) films were deposited on the glass
substrate (coring 7059) by continuous magnetron sputtering
without vacuum breaking. The thickness was 45–10–45 nm.
ITO films were deposited using a sintered ITO target with high
density and a RF power source. Ag or Ag alloys were used as
metal targets with a DC power source. The purity of all targets is
99.99%. The composition of alloy was Ag–0.5 wt.%Ti and Ag–
0.5 wt.%Ti–1 wt.%Cu, both within the limitation of solid
solution, in order to avoid too much decline in conductivity.
Deposition was conducted at a pressure of 5 mTorr in an
atmosphere of extra pure Ar. The chamber equipped with a cyro
pump had a base pressure of 5×10−6 Torr. The deposition
temperature varied from 25 to 350 °C. AFM (atomic force
microscopy) was used to measure the thickness of the films and
estimate the sputtering rate. The four-point probe method was
used to measure the resistivity.

Only Metal/ITO (Metal = Ag, Ag–Ti, Ag–Ti–Cu) films with
10–45 nm in thickness were also produced by the same process.
The surfaces were observed by AFM.

3. Results and discussion

3.1. Surface morphology of silver films

The surface of Ag films changes from smooth to rough at the
deposition temperature above 200 °C, as shown in Fig. 1(a)–(c). The
Fig. 1. Surface morphology of Ag and Ag alloy films deposited on ITO at various
deposited at 250 °C. (c) Ag film deposited at 350 °C. (d) Ag–Ti film deposited at 3
rough surface may be caused by the formation of the island structure
under low nucleation density led by the high deposition temperature, as
proposed by Choi et al. [9].

However, Ag–Ti films can keep a smooth surface at an even higher
deposition temperature (Fig. 1(d)). It is supposed that, in the initial
stage of deposition, Ag adatoms around Ti adatoms tend to bond with
Ti adatoms, forming initial clusters. Because the bonding force
between Ag and Ti atoms is stronger than that between Ag atoms,
the addition of Ti atoms distributed uniformly seems to increase the
temperatures, observed by AFM. (a) Ag film deposited at 200 °C. (b) Ag film
50 °C. (e) Ag–Ti–Cu film deposited at 350 °C.
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nucleation density of Ag films. This causes the formation of the 2D
layer structure, resulting in the smooth surface.

The stability of the surface morphology of Ag–Ti films will decline
by further addition of Cu atoms. As shown in Fig. 1(e), although the
layer structure remained also and the atomically smooth matrix is
presented, there are spikes formed on the surface of Ag–Ti–Cu films
when films are deposited at 350 °C. The spikes might be formed
supposedly by the migration of the Ag adatoms that bond with Cu
atoms. The bonding linked with Cu atoms is expected to be the weakest
among the solid-solution Ag–Ti–Cu alloy and is easy to be broken.
These Ag adatoms on the matrix might migrate to the outermost surface
and form the spikes relative to the relaxation of the strain energy. The
strain energy could be produced due to the difference in the lattice
parameters between the Ag alloy layer (unstrained Ag with FCC
structure, d111=2.35 Å [10]) and ITO (cubic structure, d222=2.92 Å
[11]) substrate. The relaxation of strain energy at a high deposition
temperature accompanying the formation of spikes is fairly common
and observed in the strained films [12].

The smooth matrix on the surface of Ag–Ti–Cu films is expected to
be contributed by the doping Ti atoms. The solid-solution Ag–Ti alloy
is expected to strengthen the surface structure according to the stronger
bonding force between Ag and Ti atoms than that between Ag atoms.
Therefore, the relaxation of strain energy and variation in morphology
are retarded.

3.2. Resistivity

The thickness of silver films applied for the intermediate layer of
IMI films is 10 nm and is smaller than the mean free path of pure Ag
(59 nm) [13]. The surface (interface) roughness is expected to play
important roles in the conductivity of ultra-thin Ag films and ITO–Ag–
ITO films.

Fig. 2 presents the variation in the resistivity of the IMI films with
deposition temperature. The resistivity of the ITO–Ag–ITO films is
stable at 200 °C but increases with the deposition temperature above
200 °C. It is expected to be caused by the change in the surface
morphology of Ag films from smooth to rough, as shown in Fig. 1,
meanwhile, increasing the probability that conduction carriers are
scattered by the rough interface among ITO–Ag–ITO films.

In contrast, the ITO–AgTi–ITO films are very stable. Their
conductivity is good even at a higher deposition temperature. The
resistivity is lower than that of ITO–Ag–ITO films above 200 °C,
apparently because Ag–Ti layers can keep smooth surfaces at a high
deposition temperature (Fig. 2).

The resistivity of ITO–AgTiCu–ITO films apparently increases at
the deposition temperature above 300 °C. It is expected to be caused by
the spikes formed on the surface of Ag–Ti–Cu films as shown in Fig. 1,
causing the scattering of the conduction carriers at the interface among
ITO–AgTiCu–ITO films. However, in our pre-study, only a few spikes
are formed below 300 °C and spikes with a small amount seem to have
an insignificant effect on the resistivity of ITO–AgTiCu–ITO films.
Therefore, ITO–AgTiCu–ITO films have stable values of resistivity.
4. Conclusions

The results show that interface morphology plays an
important role in the conductivity of IMI films. The IMI film
with stable and high conductivity can be realized by using the
solid-solution Ag–Ti alloy as the intermediate layer because the
Ag–Ti alloy film owns a stable and smooth surface.
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