A new generation of transistors

Research and Development on Organic
Transistors has Progressed Even Further

The mechanism for electrical conduction has been elucidated and carrier mobility improved

The materials from which semiconductor devices are made
are the inorganic semiconductors silicon and germanium.

This “well-known truth”, which remained valid

since the transistor was invented in 1947,

has been turned on its head by the appearance of the organic transistor.

Organic transistors have a charismatic potential and hold the promise of products
such as electronic circuits printed on a sheet of plastic

and enormous displays as light and flexible as paper.

However, there are still many technological problems to be solved.

Sony has resolved one of those problems,

bringing us one step closer to the realization of these dreams.

B Organic Transistor Features

B Progress in Organic Transistor Performance

——a comparison with silicon transistors

M Flexible

H Able to withstand mechanical shock

H Light weight
M Suited for use with plastic substrates
(low-temperature process)

H Support applications with larger areas

H The technology is still immature
H Performance is insufficient (mobility)

H Reliability is unknown

H Reduced costs are possible due to the use of

printing and other technologies.

H Increasing possibilities due to the diversity of

organic molecules.

Gazing at the Far Side of Silicon

Research using organic materials (com-
pounds based on carbon) as the material for
transistors began in 1984. Although the
research in Japan led the world at that time,
the carrier mobility of those materials was
nowhere near that of even amorphous
silicon and the technology was far from
practical.

The performance of organic transistors im-
proved greatly at the start of the 1990s. Then
in 1997, instead of thiophene, the original
organic material used in this research,
pentacene was used, and a carrier mobility
of the order of 1 cm?V's, which is comparable
to that of amorphous silicon, was reported.
Additionally, Bell Laboratories caused an up-

roar by announcing an organic transistor
based on a self-assembled monolayer film,
an event that became the catalyst that
created a worldwide boom. In recent years,
sessions related to organic transistors at
international conferences have become stand-
ing room only events.

There are Still Mysteries, and
Dreams are Just Beginning

Even if it were the case that characteristics
similar to amorphous silicon appeared at the
research and development phase, that in
itself would not be enough to cause a shift to
a new generation. There were still many
issuesto overcome at the basic research stage
to meet the performance requirements for
transistors. In the first place, the operating
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While research began in the 1980s, performance improved
dramatically during the 1990s. Devices using pentacene as
the organic material achieve carrier mobility equivalent to
that of amorphous silicon.

mechanisms of the organic transistor have not
yet been fully understood. Although opera-
tion of the organic transistor isin principle
the same as that of silicon field-effect
transistor (FET), how carriersflow in organic
materialsis not adequately understood.
However, Sony’ s Fusion Domain Laboratory,
Materials Laboratories has now explicated
one part of those principles, namely the path
that carriers pass through. Before we discuss
into that explanation, we would first like to
summarize why researchers around the world
are taking pains to make organic transistors
practical.
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The electrical conductivity is increased by adopting not the titanium
used previously but a self-assembled monolayer film (SAM) as the
adhesive material between the source electrode/drain electrode and
the gate insulating film. This overcomes the earlier problem of the car-
rier mobility falling as the transistor size is reduced (the gate length is

reduced).

Changing the Manufacturing Process
and the Semiconductor Concept

Should we use silicon (inorganic) or should
we use organic materials? It turns out that
the largest difference between themisin the
manufacturing processes.

Transistors using silicon require a compli-
cated and high precision manufacturing pro-
cess that creates electronic circuits by start-
ing with asingle-crystal silicon substrate and
applying avariety of processes such aslithog-
raphy, the addition of impurities, deposition,
and etching. Large scale and expensive equip-
ments, such as clean rooms and vacuum sys-
tems, isrequired.

In contrast, with organic transistors, one can
take advantage of the features of organic
materials and, by dissolving them in a sol-
vent, use printing technologies such asrotary
press or inkjet printing to create circuits sim-
ply. Since these are low-temperature pro-
cesses, they have excellent compatibility with
plastic substrates. It is possibleto “print” pix-
elsand transistors on a thin plastic sheet and
to manufacture large-screen displaysthat are
light and flexible.

Furthermore, since the flexibility in forma-
tion isincreased, for example, one can print
circuits on curved surfaces, applications such
as artificial skin for robots have been
announced.

00000000000
00000000000
00000
00000 Self-assembled
0000 monolayer film (SAM)
— 000 /Thickness: 1 nmorless

0000

- Gate insulating film_| 2 o e et

Gate slearode | b L

Sony’s Viewpoint (1)
The Discovery of a Detour

The relationship between device size and
carrier mobility remained a major obstacle
to realizing the rich possibilities inherent in
the organic transistor.

In field-effect transistors, response becomes
faster and higher integration densities be-
come possible the smaller the size of the
device, that is, the shorter the path (gate
length) through which carriers flow in the
organic semiconductor layer from the source
electrode to the drain electrode. (See the fig-
ure above.)

However in organic transistors, the carrier
mobility isreduced greatly asthis gate length
becomes shorter. This is one of the main
factors preventing the practical use of
organic transistors.

Why does the carrier mobility fall? Sony has
defined that the cause isthat since loss (con-
tact resistance) occurs in the current flow
from the source electrode to the semicon-
ductor layer, that loss becomes
relatively larger asthe gate length is reduced.
Sony analyzed the conduction mechanism
in that section and showed that the path that
the carriers pass through (the effective chan-
nel layer) isathin layer (about 3 nm) con-
sisting of just afew molecules. Previously,
carriers did not flow smoothly, since the
source electrode and the effective channel
layer were not actually in contact due to the
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thickness of the titanium or other material
used to bond the source electrode to the gate
insulating film.

This was like coming across a detour with
poor paving at some point on a superhigh-
way.

Sony’s Viewpoint (2)
Using Self Assembly

Based on this knowledge, Sony thought that
carrier flow could be made more efficient by
reducing the thickness of the bonding layer
and increasing the area of contact between
the source electrode and the organic semi-
conductor layer. What Sony used instead of
titanium was a self-assembled monolayer
(SAM) of organic material. Thisisafilm that
makes use of the property that, when certain
processing is applied to the substrate, organic
molecules attach themselves to the substrate
in individual molecule units due to a
chemical reaction. This film has a thickness
of under 1 nm.

By sandwiching this film between the source
electrode and the gate insulating film, Sony
reduced the contact resistance and achieved
transistor performance in which carrier mo-
bility does not fall when the gate length is
reduced. (Carrier mobility was increased by
afactor of more than 50 over previous Sony
devices)

Furthermore, Sony succeeded in using



B Photomicrograph of an LCD Display Driven by Organic Transistors

— Announced in February this year at ISSCC (IEEE International Solid-State Circuits Conference)

*: This time, the organic transistors were fabricated not by painting but by vapor deposition.

organic transistors that adopt this technology
for pixel switching and operating a 2.5-inch
monochrome transmissive TN LCD display
(160 x 120 pixels). Sony announced these
resultsat the ISSCC 2004 (1EEE International
Solid-State Circuits Conference) held in San
Francisco in February this year.

Although this work is still at the research
stage, Sony received a strong positive re-
sponse to this announcement that showed, in
aclearly visible manner, that practical use of
organic transistorsis actually possible. Ques-
tions continued long after the session had
ended.
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A Performance of the prototype organic transistor

(discrete device)

Carrier mobility 1.1cm2/Vs
On/off ratio 106
S value 0.3 V/decade

Gate length/gate width

100 um/200 pm

Organic material used in
the semiconductor layer

Pentacene
(C22H14)

Specifications of the organic transistor drive
monochrome transmissive TN LCD display

(prototype)
Screen size 2.5inch
Pixel count 19,200 pixels
Pixel size 320 um
Aperture ratio 73 %
Organic TFT gate length 5 um
Gate width 400 pm
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Printing out IC Tags!?

Kasahara: While organic transistors have
many advantages, when seen from current
trends, the ability to increase the area is ex-
tremely important. Why is it possible to in-
crease the area? Because they can be manu-
factured by dissolving the materials and paint-
ing the solutions onto a substrate, that is, they
can be manufactured using printing technolo-
gies.

Wada: The culture is completely different from
that of silicon transistors. Because the image
is one of devices in a sheet form emerging from
printing equipment.

Kasahara: Even with printing technologies,
fine fabrication with feature sizes on the order
of 1 um is still possible, and these technolo-
gies are expected to improve in the future.
Wada: For applications in which faster speeds
are not that important, | expect that it will be
possible to print devices using inkjet printers.
Kasahara: In some cases, one may be able
to create one's own circuits using your home
personal computer and home printer.

Wada: One application that is talked about a
lot is the wireless IC tag. Currently, the costs
for mounting this functionality on a chip are
excessive, but if the circuit could be printed,
IC tags could be created for under a penny
each.

Kasahara: Each shop could create their own
IC tags and apply a sticker to each product.
| suspect that this will become possible.

The Fascination of Organic Materials

Kasahara: The chemical reactions that or-
ganic materials can take part in are extremely
diverse, and that makes them fascinating. The
SAM technology discussed in this article is one
such reaction. In that reaction, which is a
unique phenomenon, if an appropriate “part-

ner” is provided, the organic material will at-
tach to that partner one molecule at a time
and form a thin film.

Wada: It's also possible to overlay molecules
on molecules just as you want. Since the
structures of inorganic materials are deter-
mined strictly, there is not as much flexibility
when working with them.

Kasahara: The organic material known as
pentacene is also extremely difficult to dis-
solve in a solvent, and cannot be used for
printing without modification. However, if
some slight modifications are made in the side
chains, materials that cannot be dissolved
become soluble. Not only is the manufactur-
ing process different, this technology has the
possibility of being deployed in a wide range
of applications by using a variety of organic
molecules.

Fusion and Mutation

Kasahara: In the current semiconductor
world, progress cannot be made focusing
solely on electrical engineering. If one is deal-
ing with molecular electronics, one must find
the seeds for new ideas from the field of biol-
ogy, and then must make an even more thor-
ough analysis from the standpoint of the phys-
ics of the system. This means that research-
ers from differing fields must eat at the same
table. Which is why the “Fusion Domain Labo-
ratory” was organized. The actual structure
of the group is currently an equal number of
electrical engineers, physicists, and chemists.
Wada: When someone such as myself, who
comes from an electronic device background,
finds themselves having difficulties, a chem-
ist will often advise to try some specific mate-
rial. Inversely, when they say “we can't seem
to get the desired performance from this”, we
can take advantage of our knowledge and
sense from the semiconductor area. Thus we
can help each other make progress.
Kasahara: This expands one’s point of view.
Things that one previously couldn’t see be-
come clearly visible. Although, in general it
has mostly been chemists who have been
involved with organic semiconductors, with
this research project at Sony, physicists and
engineers have participated in the discus-
sions. | think this is a major factor that en-
abled us to produce results before other com-
panies in this area.

Wada: At any rate, this is new and exciting.
In the chemistry and semiconductor worlds,
the ambience at the conferences is completely
different. Even the units used are different.

Kasahara: Chemistry has the weight of a con-
tinuous history going back to the days of
alchemy, whereas the frankness of a young-
ster is taken as being only natural in the semi-
conductor world. | think that this fusion is evo-
lution itself. It is because these differing genes
meet that mutations occur and evolution oc-
curs. | think that new technologies will most
certainly arise from this sort of place.

Will Shockley be Surprised Twice?

Kasahara: When I've finished giving a pre-
sentation, I'm often asked "When will this be
ready for practical application?". But this work
is basic research, and will not soon result in
actual products. Performance must be im-
proved, and reliability testing is required. And
if we get to the point where this technology is
used in a manufacturing line, it will most likely
run into unexpected difficulties there. | hope
that you will follow this technology, as a de-
vice worthy of our dreams, with hopes for the
future over many years.

Wada: Although still a dream, | believe that
organic transistors will be used in a range of
applications not possible for silicon transis-
tors. | also expect that new worlds of elec-
tronics can be created by collaboration with
silicon transistors.

Kasahara: In an article introducing our work
in a certain magazine, the author was kind
enough to write “Shockley, Bardeen, and
Brattain would be surprised.” Ignoring the
question of whether or not they would really
be surprised at this work, | suspect that they
themselves, the inventors of the transistor, did
not foresee anything like today’s LSI age. |
don’t think that it is meaningful to argue
whether or not organic transistors will, given
their current performance level, advance in a
similar manner and overtake the performance
of silicon. That's because this technology is
still at the development stage of a grade
school child. Now we must work to cultivate
the possibilities of this technology and hope
that finally a new world will open.
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