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Highly transparent indium-free composite electrodes of TiO,/Cu/TiO; are deposited by electron-beam evaporation at
room temperature. The effects of Cu thickness and annealing temperature on the electrical and optical properties of the
multilayer film are investigated. The critical thickness of Cu mid-layer to form a continuous conducting layer is found to
be 11 nm. The multilayer with a mid-Cu thickness of 11 nm is optimized to obtain a resistivity of 7.4x107> Q-cm and
an average optical transmittance of 86% in the visible spectral range. The figure of merit of the TiO2/Cu(11 nm)/TiO,
multilayer annealed at 150 °C reaches a minimum resistivity of 5.9x 107> Q.cm and an average optical transmittance
of 88% in the visible spectral range. The experimental results indicate that TiO,/Cu/TiO, multilayers can be used as a
transparent electrode for solar cell and other display applications.
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1. Introduction

Transparent conducting oxide (TCO) thin film exhibits
high electrical conductivity as well as high transparency in
the visible solar spectrum and high reflectivity in the infrared
region. TCOs are widely used in opto-electronic devices,
such as solar cells, panel displays, electrochromic devices, lig-
uid crystal displays, etc.['®! Indium tin oxide (ITO) with a
high transmittance of ~ 80% and a low electrical resistance
of ~107 Q-cm is currently used as a transparent conduct-
ing electrode. However, indium is rare and toxic, which re-
stricts its applications. Thus, it is of significance to search for
cheaper materials with good opto-electrical properties. Con-
tending indium-free transparent conductors include indium-
free transparent conductive oxides, graphene films, and car-
bon nanotubes.!”) Recently, multilayer coatings of the ox-
ide/metal/oxide (OMO) have been investigated to develop a
transparent composite electrode with the desired electrical
conductivity.®1?! In comparison, the OMO multilayer has
low sheet resistance and high transparence. The addition of
a thin metal layer in the middle will reduce the effective resis-
tivity of the multilayer without much loss in optical transmit-
tance. The top dielectric layer can suppress the reflection from
the metal layer and obtain a higher transparent effect.

Titanium dioxide (TiO3) is a potential semiconductor ma-
terial with a wide band gap (~ 3 eV). It has a lot of excellent
physical properties such as a high dielectric constant, a strong
mechanical stability, and a strong chemical stability.!'3! TiO,
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oxide material is selected to be used in the OMO structure due
to its high refractive index of 2.7 and excellent optical trans-
parency of above 90% in the visible region. The top TiO;
layer also protects the metal from deteriorating the properties
during exposure to some environmental conditions. As is well
known, the sandwich structure films of TiO,/Ag/TiO, have
achieved excellent results because of the high conductivity of
Ag.l' Though metallic Ag has a very low resistivity, Ag is
expensive and easy to oxidize. So it still needs to be improved
in some aspects such as the selection of another intermediate
metal layer. Metal copper (Cu) has a much lower cost, bet-
ter oxidation resistance, and comparable resistivity (approxi-
mately 1.7x107% Q-cm) to the Ag resistivity (approximately
1.6x107% Q.cm). It should be more valuable for actual ap-
plications. To date, there have been fewer reports related to
Cu serving as the intermediate layers in TiO,-based sandwich
structures.

TiO,

Cu
TiOs

glass substrate

Fig. 1. Layered structure of TiO,/Cu/TiO;, multilayer film.

*Project supported by the Research Innovation Key Project of Education Committee of Shanghai, China (Grant No. 14ZZ137) and the National Cultivation Fund

from University of Shanghai for Science and Technology (Grant No. 14XPM04).

fCorresponding author. E-mail: wxpchina64@aliyun.com, wxpchina@sohu.com

© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047701-1


http://dx.doi.org/10.1088/1674-1056/24/4/047701
mailto:wxpchina64@aliyun.com, wxpchina@sohu.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 4 (2015) 047701

In this work, metal Cu is chosen as the interlayer metal.
TiO,/Cu/TiO, (TCT) transparent conductive electrodes are
prepared by electron beam vapor deposition (EBVD) appa-
ratus at room temperature. The influences of Cu thickness
and annealing temperature on photoelectric properties of TCT
multilayer electrodes are investigated. The sandwiched struc-
ture of TiO,/Cu/TiO; multilayer film is shown in Fig. 1.

2. Experiment

Multilayer films of TCT of different Cu thickness values
were sequentially deposited on 1.2-mm-thick glass at room
temperature using a titanium oxide (99.9995% purity) and
metal Cu targets (99.999% purity) in an electron beam evap-
oration deposition system. The glass substrates were ultra-
sonically cleaned in acetone, absolute ethyl alcohol, and dried
in flowing nitrogen gas before deposition subsequently. A
mechanical pump coupled with a molecular pump was uti-
lized to achieve 2.7x 1073 Pa before introducing oxygen gas
(99.9995% purity). Details of the deposition procedure are de-
scribed in Table 1. The thickness values of the bottom-layer
and top-layer of TiO, were both about 20 nm, and the thick-
ness of the Cu layer was varied between 8§ nm and 15 nm.
After the deposition process, the TiO,/Cu (11 nm)/TiO, thin
film was annealed at diverse temperatures in air for 0.5 hour.

The surface roughness was determined and a surface im-
age is taken by field emission scanning electron microscope
(FE-SEM); the crystal orientation of the film was investigated
by x-ray diffraction (XRD); the sheet resistance (Rg) was mea-
sured using the four-point probe method; carrier concentration
was measured by a Hall effect measurement system; optical
transmittance was measured in a range of 300 nm—800 nm by
an ocean optics double channel spectrometer (model Lambda-
1050).

Table 1. Technological parameters of TiO,/Cu/TiO; multilayer films
fabricated by EBVD.

Top and bottom TiO; layer Cu mid-layer

Beam current/mA 60 80
Substrate temperature/°C 30 30
Oxygen gas flow/sccm 5 0
Thickness/nm 20 8-15
Voltage/kV 6 8
Filament current/A 0.5 0.8
Not coating vacuum/Pa 5.7%x1073 3%x1073
Coating vacuum/Pa 1.2x1072 5.8x1073

3. Results and discussion

3.1. Influence of Cu thickness on photoelectric properties
of TiO,/Cu/TiO, multilayer film
Figure 2 shows optical transmittance spectra in a wave-
length range of 300 nm—800 nm for multilayer films with dif-
ferent thickness values of Cu layers. The maximum optical

transmittance of the pure single-layer TiO; film is about 90%
in the visible region. Although metal Cu has a high reflectiv-
ity, very thin films (< 15 nm) show moderate transmittances
in the visible region and the top dielectric layer helps to obtain
a higher transparent effect by diminishing the reflection from
the metal layer.">! As seen in Fig. 2, the optical transmittance
of the multilayers increases as the Cu layer thickness increases
from 8 nm to 11 nm. At a Cu thickness of 11 nm, the high-
est average transmittance of 86% in the visible spectral range
is observed; this can be attributed to the evolution of the Cu
layer, since Cu film with a thickness of less than 11 nm will
have an island-shaped discontinuous micro-structure. The op-
tical transmittance properties of the films can be understood
in terms of the change in complex dielectric function for cop-
per. In a discontinuous Cu film, a size-dependent variation in
the dielectric function is known to exist due to the limitation
of the mean free path of the conduction electrons. This leads
to a correction to the imaginary part of the overall dielectric

function (eg) given by!°!

C
& = tn+ . (M

where &, is the dielectric constant of the bulk metal, C is a
constant at a particular wavelength, and R is the particle radius.
As a consequence, below the critical thickness, as the radius
of the Cu island decreases, the transmittance decreases. As Cu
thickness increases, the Cu becomes a continuous layer from
discontinuous islands, which causes a decrease in light scat-
tering. However, further increasing Cu thickness above 11 nm
results in an abrupt decrease in transmittance from ~ 86% to
73% for 15-nm-thick Cu layer due to the increase in plasmon
absorption and reflectivity of the mid-Cu layer, although we
note that the augment of Cu layer thickness can increase the
effective resistivity of the multilayer film. Thus, the appropri-
ate thickness of the Cu layer is necessary for achieving maxi-
mum transmittance. It is found that the optimum value of Cu
layer thickness is 11 nm with an average transmittance of 86%
in the visible spectral range.
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Fig. 2. (color online) Transmittance spectra of TCT multilayer films
with different values of Cu interlayer thickness.
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Figure 3 shows a parallel resistance circuit model of TCT
multilayer film. The thickness of the Cu layer varies from 8 nm
to 15 nm. The total resistance of the multilayer is a combina-
tion of the resistances of three consecutive layers, connected

in parallel, and expressed as follows:!7]

1 1 1 1

R T
R RTiOZ(Bottom) Rcu RTi02 (Upper)

(@)

The value of R¢, is much less than TiO; resistance, so the to-
tal resistance R ~ Ry and the total resistance depends mainly
on the Cu layer. We know that a thin Cu film growing on a
crystalline bottom layer follows the Stranski—Krastanov!!'%!9]
growth mechanism of a layer plus-island growth model while
Cu film growing on an amorphous TiO, surface should follow
the island growth mechanism of the Volmer—Weber model.['*]
On the basis of island growth, we expect the different conduc-
tion mechanisms[?"! before and after the critical thickness of
the Cu middle layer. It has been proposed that in the case of
continuous Cu film, when the islands are connected, there will
only be metal conduction; however, in the case of discontinu-
ous metal film with islands, there will be a different resistance
model which includes: metal conduction, dielectric conduc-
tion, and quantum tunneling. Here, the surface coverage of
the discontinuous Cu thin film will take a predominant role in
the conduction among dielectrics (metal oxides) or quantum
tunnelings.

PTiO:2

Cu pcu VY VV

PTiO2

TiO,

Fig. 3. Schematic diagram of parallel resistors in TCT multilayer film.

The four-point probe method is used for sheet resistance
measurements. By using the four-point probe method, the
semiconductor sheet resistance can be calculated from the fol-
lowing equation
-2, )
where V is the voltage reading on the voltmeter, / is the cur-

S

rent carried by the two current-carrying probes. The sheet re-
sistance is defined by Rs = p/d, where p is the resistivity in
Q-cm and d is the coating thickness in cm. Figure 4 indicates
the sheet resistance and resistivity of TCT multilayer film de-
pending upon the thickness of the Cu layer. TiO; is an insula-
tor with a resistivity on the order of 10’ Q-cm. On depositing
an 8-nm Cu film between the TiO, layers, the resistivity de-
creases to 3.2x 10~* Q-cm which suggests that there is an 11-
fold decrease in resistivity in the TCT multilayer when com-
pared with that in bare TiO,. As the effective Cu thickness

increases from 8 nm to 15 nm, the multilayer resistivity de-
creases gradually down to 4.9x10™* Q-cm. As seen in Fig. 4,
the resistivity of TCT multilayers drops rapidly from 8 nm to
11 nm, because the Cu film with a thickness of less than 11 nm
has an island-shaped discontinuous micro-structure, which is
not well conductive. As the islands grow, the separation be-
tween the islands decreases and some of the islands coalesce
to form a continuous layer. This leads to a radical drop in re-
sistance. However, as the Cu layer thickness further increases
above 11 nm, the effective resistivity of the multilayer with the
TCT multilayer gradually decreases and approaches to the re-
sistivity of bulk Cu. The change in effective resistivity of the
TCT multilayer film with increasing the Cu thickness can be

explained by the following basic relationship:*!]

_ 1
ey’

“

where p is the resistivity, n is the number of charge carriers,
e is the charge of the carrier, and u is the mobility. From this
equation, we see that changes in mobility and carrier concen-
tration can both affect the resistivity. When the Cu islands
form a contiguous layer, the decrease in resistivity is governed
by the combined effect of the increase in carrier concentration
of conducting electrons and mobility. [>?!
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Fig. 4. (color online) Effects of Cu layer thickness on sheet resistance
and resistivity of TCT multilayer film.

Figure 5 shows the change in carrier concentration with
Cu thickness for TCT multilayer film. The plot indicates
that the carrier concentration depends strongly on Cu thick-
ness. The carrier concentration of the TCT multilayer films
increases from 2.7x10?! cm™3 t0 9.2x 102! cm ™3 as effective
Cu thickness increases from 8 nm to 15 nm. Hence, metal-
lic conduction is dominant in this TCT system. There are
many scattering mechanisms which can affect the mobility
of carriers, and hence the resistivity of the film. Given that
the conduction in the multilayer is primarily through the Cu
mid-layer, the main scattering mechanisms that can influence
charge carriers are interface scattering, surface scattering, or
grain-boundary scattering.
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A figure of merit, (as defined by Haacke) is estimated for
each of the TCT multilayers using the following relationship

10
— Tav

e 5)

orc

where T,, is the transmittance and R, is the sheet resis-
tance. The multilayer with a mid-Cu thickness of 11 nm (7':
86% and Ry,: 14.2 Q/sq) has a maximum figure of merit of
15.6x1073 Q1.
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Fig. 5. Carrier concentrations of TCT multilayer film as a function of
Cu thickness.

3.2. Influence of annealing temperature on photoelectric
properties of TiO,/Cu/TiO; multilayer film

In order to examine the thermal stabilities of the prop-
erties of multilayer films, TiO,/Cu(11 nm)/TiO, multilay-
ers are annealed at different temperatures (150 °C ~400 °C)
in air. Figure 6 shows the SEM morphological images of
TiO,/Cu(11 nm)/TiO, multilayer films annealed at different
temperatures. As can be seen from the images, with increas-
ing the annealing temperature, the grain size of TiO; increases
and the uniformity is improved. Annealing treatment can
change the surfaces of films more homogeneously with bet-
ter coverage and reduction of the porosity of the films. This
is consistent with the result of the crystalline properties. At
high temperature, the atoms have enough diffuse activation
energy to occupy the correct site in the crystal lattice and
grains with the lower surface energy will become larger at high
temperature. >3]

The crystalline structures of different multilayer films are
determined by XRD measurements. Figure 7 shows the XRD
patterns of the as-deposited TiO,/Cu(11 nm)/TiO, multilayer
films and post-deposition annealed films at different temper-
atures respectively. It is seen that in each XRD pattern there
exists only the Cu (111) peak, but no apparent titanium dioxide
crystalline peaks appear. As-deposited TiO2/Cu (11 nm)/TiO;
films do not show any strong diffraction peaks in the XRD

patterns; this is due to the low substrate temperature and film
being too thin to form a crystalline phase. Upon increasing the
annealing temperature to 150 °C, the TiO/Cu(11 nm)/TiO,
multilayer starts to show a crystalline Cu (111) peak at 43.3°.
The intensity of the Cu (111) peak increases with annealing
temperature rising. This finding can be understood based on
the fact that the thermal energy during annealing may enable
atoms to diffuse and stack. As a result, the number of deposi-
tion defects is reduced and a more perfect crystal structure is
formed. 4]

Fig. 6. SEM micrographs of TiO,/Cu(11 nm)/TiO, multilayer films an-
nealed at various temperatures: (a) as-deposited, (b) 150 °C, (c) 250 °C,
(d) 350 °C.
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Fig. 7. (color online) The x-ray diffraction patterns of TiO,/Cu(11 nm)/TiO,
multilayer films annealed at various temperatures.

Figure 8 indicates the effects of annealing on the sheet re-
sistance and resistivity of the TiO,/Cu(11 nm)/TiO, multilayer
film. The resistivity of the as-deposit film is 7.4x 107> Q-cm.
It decreases slightly with temperature until 150 °C, where the
resistivity has a highest value of 5.9x107> Q-cm, which is
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attributed to the improved crystal quality of TiO; film and ef-
ficient protection from forming Cu-oxide.'*>! However, with
further increase of annealing temperature, the sheet resistance
increases, and the resistivity of the TiO>/Cu(11 nm)/TiO, mul-
tilayer increases drastically to 1.51x10™* Q-cm at an anneal-
ing temperature of 350 °C. For such a deterioration, two pri-
mary reasons have been found: one is an agglomeration of Cu
film during annealing, which leads to the sheet resistance in-
crease by the enhanced surface scattering effect; 2! the other
is that the effective thickness of the Cu layer becomes thin-
ner. The Cu has a high diffusion coefficient and it can migrate
quickly into the TiO, film in the heat process and the effective
thickness of the Cu layer becomes thinner. Therefore, the re-
sistivity increases as temperature further increases. While the
annealing temperature is above 400 °C, the resistivity of the
multilayer film becomes very high, almost as high as an insu-
lator resistivity. This can be attributed to the oxidation of the
Cu layer, when the heat treatment takes place in air, an oxygen
atom in the air diffuses through the TiO; layer and oxidizes

the Cu layer partly.
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Fig. 8. (color online) Sheet resistance and resistivity of TiO,/Cu(11 nm)/TiO,
multilayer films annealed at various temperatures.

Figure 9 shows the effects of annealing on the trans-
mittance of the TiO,/Cu(11 nm)/TiO, multilayer films. It
is observed that the optical transmittance increases with
the increase of annealing temperature up to 150 °C. The
TiO2/Cu(11 nm)/TiO, multilayer with 150-°C annealing tem-
perature shows a maximum average optical transmittance of
around 88%. With the further increase of annealing temper-
ature, multilayer performance decreases. This phenomenon
can be explained as follows. Because of the better crystalliza-
tion degree of TiO; (Fig. 6), there are fewer grain boundaries,
which will reduce the scattering of incident light. As a result,
the transmittance increases. However, with further increas-
ing the annealing temperature, on the one hand, the surface
roughening due to agglomeration of Cu film during annealing

results in more scatterings of the incident light and decreasing

of transmittance.?’! On the other hand, diffusion of Cu atoms
onto the TiO, film by annealing may reduce the antireflection
effect of the TiO; film due to the higher optical absorption of

Cu atoms, resulting in lower optical transmittance.?%]
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Fig. 9. (color online) Optical transmission spectra of TiO,/Cu(11 nm)/TiOy
multilayer films at various annealing temperatures.

4. Conclusions

A series of multilayer structures of TCT is successively
prepared by the electron beam evaporation method at room
temperature to prepare indium-free transparent composite
electrodes. The Cu layer thickness has effects on the transmit-
tance and the electrical properties of TCT multilayer. The mul-
tilayer with a mid-Cu thickness of 11 nm is optimized to have a
resistivity of 7.4x 107> Q-cm and an average optical transmit-
tance of above 86% in the visible spectral range. The effects
of annealing temperature on the structural, optical, and elec-
trical properties of the TCT films are also investigated. The
figure of merit of the TiO,/Cu(11 nm)/TiO, film annealed at
150 °C reaches a minimum resistivity of 5.9x 107> Q-cm and
an average optical transmittance of above 88% in the visible
spectral range. These experimental results suggest that TCT
multilayers can be used as transparent electrodes for solar cell
and other display applications.
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