


Transparent Conductive Films and ITO

The technology behind transparent conductive film has
been around for a long time with its practical application
going back some 50 to 60 years. Over the last decade the
applications for transparent conductive films has sky-rocketed.
They are used in a host of products that we see all around us
and use everyday. Some of these products include display
electrodes for today’s paper-thin LCD, plasma, and organic
electroluminescence (EL) televisions as well as touch screen
monitors on automatic teller machines (ATMs), ticket vending
machines installed at train stations, car navigation systems,
handheld game consoles, and mobile phones. Transparent con-
ductive films are also used for electrodes in solar cells, which
are poised to sweep the market in the near future.

Material research on transparent conductive films started
out with the study of metallic thin films that are based on con-
ductivity specific to metals such as gold and their property of
visible transmission. Researchers later discovered that oxide
thin films demonstrated stable characteristics in both electri-
cal conductivity and optical transmission. This revelation
took a good number of researchers in the direction of material
research on transparent conductive oxide (TCO) films.

Transparent conductive films are essential to electrical
products that require thin film materials with superior optical
and electrical properties. Besides having excellent transmis-
sion characteristics, the resistivity of transparent conductive
films must be made as low as possible in order to conserve
energy, power and resources.

After looking at a number of thin film materials that met
all of these requirements, researchers zeroed in on ITO (tin-
doped indium oxide or Sn-doped In203), which is now the
most widely used transparent conductive film material.

In Search of Indium-free Materials

While the ITO market has expanded with the develop-
ment of products like flat panel display (FPD) televisions,
their penetration rate has not even reached 10% of the global
market. So far there has been enough ITO to go around. The
problem is that the indium contained in ITO, today’s primary
transparent conductive film material, is a rare metal facing the
risk of depletion and typically found in limited geographical
areas like China. There is a concern that indium will soon be
on the strategic resource lists of every country in the world,
disrupting the chance for any steady flow of indium in the

near future. As the popularity of FPD televisions, touch screen
monitors, and solar cells gains greater momentum, ITO alone
will not be able to cover the demand.

In June 2007 the Japanese government initiated a national
strategy on rare elements and a national initiative for devel-
oping alternatives to rare metals through joint sponsorship
of the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) and the Ministry of Economy, Trade and
Industry (METT). Research and development projects under
these programs are now underway.

My research team is currently involved in various joint
industry-government-academia research projects. This work
includes the development of technologies that depend on less
or no indium as well as thin film deposition equipment and
processing technologies for new materials. Working with
materials and equipment manufacturers, we have been able to
make steady progress in our research. Today the list of indium-
free transparent conductive film materials includes the tin
oxide (SnO2) based titanium oxide (TiO2), magnesium hydrox-
ide (Mg(OH)z2) as well as zinc oxide (ZnO) based materials
such as AZO and gallium-doped zinc oxide (GZO). Zinc oxide
and tin oxide materials are especially promising transparent
conductive film materials.

In our focus on AZO-based transparent conductive films,
we have been conducting fundamental research on conditions
for forming various transparent conductive zinc oxide films by
applying pulsed laser deposition (PLD), a technique that has
been used for research and development of high temperature
superconductive films and ferroelectric materials.

This article looks at the pros and cons of zinc oxide-based
transparent conductive films we have discovered through our
research as well as the potential these films hold for practical
application.

PLD Sheds New Light on ZnO Films

I began looking into transparent conductive films dur-
ing the early 1980’s as part of my solar cell research. Instead
of crystalline silicon solar cells, I was doing fundamental
research with selenium-based compound solar cells. In the
1980’s the world’s attention was focused on high temperature
superconductor technology and many researchers shifted their
research focus toward the development of high temperature
superconductors. I too switched from working on solar cells to
high temperature superconductors.

My research at the time led to the discovery of various
characteristics of high temperature superconductors in the
form of thin films. A professor who had just joined us at the
university at that time introduced me to PLD and it was one of
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the thin film deposition techniques I used back then.

The origin of PLD dates back to the 1960’s when the first
thin films were formed using a ruby laser. The PLD technol-
ogy really took off after the 1970’s. My encounter with PLD
enabled me to make significant improvements in my research
into transparent conductive films. It was an excellent technol-
ogy for creating different deposition conditions.

The high temperature superconductor boom soon subsided
and in the 1990’s many researchers moved on and began work-
ing on new electronic devices such as ferroelectric devices.
I contemplated a return to solar cells and started focusing on
transparent conductive films which can also be used for solar
cells.

Back then ITO was already the mainstream of transpar-
ent conductive films. A lot of researchers I knew tried to tell
me that working on ITO’s was a waste of time. I learned that
research into zinc oxide-based transparent conductive films
had begun in the 1980’s and that research in Japan had been
done by Dr. Tadatsugu Minami and his team at the Kanazawa
Institute of Technology. I decided to see if I could find any
new possibilities that zinc oxide transparent conductive films
had to offer.

I conducted a number of thin film forming experiments
under different conditions using the PLD technique I had
learned through my research on high temperature supercon-
ductive films. I discovered that PLD was very effective in
forming films with a small area and achieved low resistivity in
zinc oxide transparent conductive films

In the mid 1990’s a Japan Society of Applied Physics
meeting was held at the Kanazawa Institute of Technology,
where Dr. Minami was based. I presented my research find-
ings at the meeting where they earned high praise from Dr.
Minami. Some manufacturers who were present at the meeting
also showed considerable interest in my work. Since then my
life’s work has been research into zinc oxide transparent con-
ductive films.

Breakthroughs Needed for Commercialization

There are some major obstacles that have prevented zinc
oxide transparent conductive films from taking the lead. First,
film deposition equipment used for ITO films cannot be used
as is for zinc oxide films. If existing equipment were used to
form zinc oxide films, the resulting film would have resistivity
values 7 to 8 times higher than ITO films, a virtual death sen-
tence for transparent conductive films. Even though zinc may
have a leg up when it comes to cost, commercial application
of zinc oxide transparent conductive films will never get off
the ground until their resistivity values can be brought down to
within 2 or 3 times the resistivity of ITO films. In fact I have
been able to achieve this after two years of research.

In order to bring resistivity even closer to ITO levels, we
must go beyond the boundaries of technology and take a closer
look at deposition materials and sputtering parameters. Other
research groups are now working on mass production for zinc
oxide films and we can already see its practical application on
the near horizon.
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Another drawback to zinc oxide transparent conductive
films is that they are susceptible to humidity and temperature.
When the film is made with a thickness of 500nm for use in
solar cells, it delivers satisfactory performance comparable to
ITO films. It’s when the thickness is reduced to 100 nm or less
for use in FPDs and touch screen monitors that zinc oxide’s
weaker characteristics make it susceptible to humidity and
temperature.

It’s the crystal structure of zinc oxide that makes it so sus-
ceptible. Without getting too technical, I’d sum it up by saying
that hydrogen and oxygen in water can easily permeate zinc
oxide’s crystal structure. The hydrogen and oxygen react with
film elements, disrupting the normal balance between the zinc
and oxygen due to an oxidation-reduction reaction to inhibit
conductive performance.

Another major obstacle is heat. When used in solar cells
installed in cold regions or hot deserts, zinc oxide transparent
conductive films haven’t demonstrated any problems associat-
ed with resistivity to high or low temperatures and are capable
of operating within varying temperature ranges. The big prob-
lem is that the maximum temperature zinc oxide transparent
conductive films can withstand during the deposition process
is about 300°C, which is quite low when compared with 400°C
for ITO films and 500°C for tin oxide films. This quandary
in no way sounds the death knell to the development of zinc
oxide transparent conductive films since it can be solved with
improvements in the sputtering process.

The major advantage of zinc oxide transparent conductive
films is that they have better optical characteristics than any
other material around. Their superior light transmission means
that they have a better white balance when used in FPDs and
other display devices. ITO has a slightly yellowish color,
which can make colors appear less vivid. Zinc oxide transpar-
ent conductive films, on the other hand, look bluish. This is a
major plus since to the human eye blue makes white appear
even more clearly. Once practical applications of zinc oxide
transparent conductive films with a thickness of 100nm or
less become feasible, they will offer far more superior display
properties in full-color display applications than ITO films
can.

Low-resistivity transparent conductive films including
zinc oxide films also exhibit unique properties associated with
infrared rays. When the film thickness is increased, these films
can lower electric resistivity and block infrared rays. This
means that if they are used for solar cell glass windows, they
will offer the added function of responding to outdoor tem-
perature fluctuations. The combination of the electrical and
optical properties of zinc oxide films will expand the horizon
of application possibilities further than we can imagine.

Saving Resources and the Environment

Once all the wrinkles are ironed out, zinc oxide transpar-
ent conductive films are a shoo-in to replace ITO. My research
team has already achieved the world’s lowest resistivity with
a zinc oxide transparent conductive film measuring 8.45 x
10 Q-cm. The effective utilization of zinc oxide transparent



conductive films will really .

begin to take off when we
can identify specific areas
of application that leverage
their unique features. The
area with the greatest poten-
tial would be solar cells.
Zinc oxide transpar-
ent conductive films are the
perfect solar cell solution
for a number of reasons.
Transparent conductive film
on a touch screen panel is 20
to 30 nm (one nanometer is
a one billionth of a meter)
thick. The film used on FPD
televisions such as LCD and
plasma televisions is about
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or more. The reason why
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layers without any separation or

gap.
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films compared with other
types of devices has some-
thing to do with power gen-
eration efficiency. The thicker the film is, the lower the resis-
tivity it has. Lower resistivity means less electricity wasted and
higher power generation efficiency. At the present stage, zinc
oxide transparent conductive film that is 100nm or less dem-
onstrates a litany of problems. When the thickness is 500nm or
more, as in the case of films used for solar cell applications, it
works just fine.

Since solar cell panels are generally installed on rooftops,
they require transparent conductive films that are much larger
than those used for computer displays, FPD televisions, and
touch panel screens. For the sake of easy calculation, let’s say
the film thickness for an LCD display application was 50nm.
You would need a transparent conductive film that’s 10 times
thicker and 10 times larger for a solar cell application. This
means the solar cell application would require 100 times more
film material than the LCD display application.

If you looked at it in terms of availability (resource abun-
dance), there is about 10,000 times more tin oxide and 100,000
times more zinc oxide than there is ITO. While we would
run through the entire indium supply inside of a year, there is
enough zinc oxide to last for 100,000 years. Zinc oxide also
costs less than one percent of the total indium price tag. The
advantages of zinc oxide in solar cell applications more than
make up for its shortcomings in films that are 100 nm or less
thick.

Solar Cells Lighting
the Way to Commercialization

My research team is now actively working on a hybrid
multilayer transparent conductive film using ITO and zinc
oxide materials with an eye to realizing low-cost zinc oxide
transparent conductive films for solar cells.

Figure. ITO/AZO Multilayer Transparent Conductive Film

It is essentially an ITO/AZO hybrid in which an ITO film
with a thickness of 20nm is formed over a 280nm thick zinc
oxide transparent conductive film on a glass substrate. This
hybrid film boasts a low resistivity of 1.78 x 10*Q-cm. This is
lower than the 2.07 x 10*Q-cm of resistivity we achieved with
the 300nm thick film using only ITO. The sheet resistance of
the zinc oxide hybrid transparent conductive film was 6.07Q
per square compared with 6.56Q per square for the single layer
ITO film. The visible transmission (wavelengths of 400 to
700nm) was 90.8% for the hybrid film and 89.4% for the ITO
film. The hybrid transparent conductive film showed far supe-
rior properties in all aspects compared with the single layer
ITO film.

In addition to the solar cell application, we have achieved
a low resistivity of 2.18 x 10#Q-cm. with a 50nm ultrathin
zinc oxide transparent conductive film formed on a glass sub-
strate. This low resistivity is equal to a thin film that is 150nm
or more thick. Our findings also confirmed that when zinc
oxide transparent conductive layers were deposited at low
temperatures on both sides of an aluminum seed layer and then
laser annealed, the film properties improved as a result of the
fusion and diffusion of the aluminum seed layer. Using this
technique, the carrier density can be increased even more and
resistivity lowered even further as a result of the change in the
aluminum composition in the zinc oxide transparent conduc-
tive film.

While these conditional properties were obtained via
small-area PLD without any consideration towards mass pro-
duction, the research findings make it possible to set specific
targets (performance limitations) for zinc oxide transparent
conductive films. I strongly believe that zinc oxide transparent
conductive film will be the most promising alternative to ITO
transparent conductive film once further progress is made in
the research and development of production technology.
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