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(54) Electrochemically-gated field-effect transistor, method for its manufacture, its use, and 
electronics comprising said field- effect transistor

(57) The present invention relates to an electrochem-
ically-gated field-effect transistor (FET) in which the
channel length is independent from the printing resolu-
tion.

The FET comprises an arrangement (11) placed on
top of a substrate (10) which consists of a first electrode
(1), a second electrode (2) and a transistor channel (4),
located between the two electrodes (1, 2), an electrolyte
(5), covering the transistor channel (4) completely, and
a gate electrode (3).

The first electrode (1), comprising a first solid or po-
rous metallic conducting body, is placed on top of the
substrate (10). The transistor channel (4), comprising a

porous semiconducting material, is placed on top of the
first electrode (1), partially covering the first electrode (1).
The second electrode (2), comprising a second solid or
porous metallic conducting body, is placed on top of the
transistor channel (4) which is placed on top of the first
electrode (1), at least partially covering the transistor
channel (4). The electrolyte (5) penetrates at least
through the transistor channel (4) down to the first elec-
trode (1) while leaving a part of each electrode (1, 2)
uncovered. The gate electrode (3), comprising a third
solid or porous metallic conducting body, is placed in
contact with the electrolyte (5) but without any contact to
the arrangement (11).
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Description

[0001] The present invention relates to an electro-
chemically-gated field-effect transistor (FET), to a meth-
od for its manufacture, to its use, and to electronics com-
prising said field-effect transistor.
[0002] Printed or solution-processed electronics is a
rapidly developing field for inexpensive and large-area
electronics on flexible as well as rigid substrates. Printed
logics encompass an important and large fraction of this
activity. Worldwide there are huge and diverse efforts in
search of appropriate organic or inorganic materials
which are suitable for printed metallic, semiconducting,
or dielectric layers in such electronic elements in order
to improve the performance of devices, especially of field-
effect transistors (FETs).
[0003] FETs are one of the most complex and hence
widely studied electronic devices necessary to build log-
ics. Solution-processed or printed components, which in-
clude metallic, semiconducting, and dielectric materials
have been extensively studied and tested in order to op-
timize and improve the performance of this device. The
semiconductor, which constitutes as channel material
the active element of an FET, has been explored most
extensively. Organic and low or high temperature proc-
essable inorganic semiconductors which are solution-
processed or printed have been proposed and examined.
Within this development, substantially good static elec-
trical characteristics of FETs have already been achieved
whereas the dynamic performance, i.e., the switching
speed of the FETs, is still a major issue which is retarding
their application in practice.
[0004] Since the field-effect mobility mFET is propor-
tional to the switching frequency fT, much effort has been
made to improve the mFET of semiconductors in order to
acquire a higher fT. Although large improvements in the
mFET of organic semiconductors have been achieved dur-
ing the last decade, mFET hardly exceeds 1 cm2/Vs,
whereas inorganic semiconductors have shown slightly
higher values. Nevertheless, these values are already
comparable to amorphous silicon; however, the problem
of the switching speed still persists in printed logics due
to Equation (1) : 

[0005] According to Eq. (1), fT is inversely proportional
to the square of the channel length L of the FET. Within
this respect it is important to acknowledge that the chan-
nel length L of a printed device is usually rather large due
to a limited printing resolution. A channel length L be-
tween 20-30 mm is the minimum which can be achieved
by using a modern-day printer. This value for the channel
length L is much larger compared to values known from
silicon electronics where the channel length L is litho-

graphically determined to only a few tens of nanometres
and thus drastically affects the switching speed of printed
FETs.
[0006] Electrochemically-gated FETs in which inor-
ganic oxides are employed as the transistor channel are
described in WO 2012/025190 A1 as well as in refs. [1, 2].
[0007] In order to solve this issue with the limited res-
olution which a printer can offer, a new approach called
’self-aligned printing’ which is described in refs. [3-5] was
introduced. Here, a first metallic electrode is placed onto
a substrate and a selective modification of the surface of
this electrode along with a change in surface energy is
carried out by evaporating a self-assembled monolayer
of an organic species onto it. When a second electrode
is placed or printed on top of the first electrode, it dislikes
the first electrode surface and flows off until it is com-
pletely separated aside from the first electrode. In this
manner, a channel of a few hundreds of nanometers
could be obtained. However, this process is slow and
tedious, and the surface modification of one of the elec-
trodes reduces the performance of the FET.
[0008] Electrochemical gating is known from ref. [6].
[0009] The main object of the present invention is
therefore to provide an electrochemically-gated field-ef-
fect transistor (FET), a method for its manufacture, its
use and printed electronics comprising said FET, which
overcome the limitations known from the state of the art.
[0010] In particular, it is an object of the present inven-
tion to provide an electrochemically-gated FET where
the channel length L is independent from the printing res-
olution and, as a result, much thinner and much shorter
compared to the printing resolution.
[0011] In particular, it is a preferred object of the
present invention to provide a method for manufacturing
said FET through a completely solution-processed or
printing route.
[0012] In particular, it is a preferred object of the
present invention to provide flexible and/or bendable
and/or transparent and/or printed electronics which ap-
plies said FET.
[0013] The solution of this problem is provided by an
electrochemically-gated FET according to claim 1, by a
method for its manufacture according to claim 6, by its
use according to claim 14, and by electronics according
to claim 15. The respective dependent claims describe
preferred features.
[0014] The present invention refers to an electrochem-
ically-gated FET, which employs

- An arrangement which is placed on top of a substrate
and which consists of

- A first electrode, which is either a source elec-
trode or a drain electrode,

- A second electrode, which, in case the first elec-
trode is the source electrode, it is the drain elec-
trode, or, in case the first electrode is the drain
electrode, it is the source electrode,
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- A transistor channel, which is located between
the first electrode and the second electrode and
does prevent any direct electrical contact be-
tween the first electrode and the second elec-
trode;

- An electrolyte which is used as gate dielectric and
which covers the transistor channel completely; and

- A gate electrode.

[0015] With respect to the present invention, the first
electrode employs a first solid or porous metallic con-
ducting body and is placed on top of the substrate.
[0016] According to the present invention, the transis-
tor channel employs a porous semiconducting material
and is placed on top of the first electrode by which it
partially covers the first electrode, thereby leaving some
uncovered area suitable for contacting the first electrode
with electrical contacts available from outside the device.
In a preferred embodiment, the transistor channel is par-
tially placed on the substrate. In a particularly preferred
embodiment, the transistor channel employs an organic
or an inorganic or a carbon based nanomaterial, prefer-
ably organic or inorganic or carbon based nanoparticles,
nanowires, nanorods, nanowhiskers, nanoflakes, nanofi-
bres, or nanotubes, preferentially inorganic oxide nano-
particles.
[0017] The second electrode is placed partially on top
of the transistor channel, which is itself arranged on top
of the first electrode, which is itself positioned on top of
the substrate. It is important that the second electrode at
least partially covers the transistor channel but exhibits
no direct physical contact to the first electrode in order
to avoid any electric short circuit. In a preferred embod-
iment, the second electrode has a direct physical contact
with the substrate.
[0018] The second electrode employs a second solid
or porous metallic conducting body. Preferentially, the
second electrode is porous in order to allow an easy pen-
etration of the electrolyte from above through its body
down to the porous semiconducting transistor channel
layer. In a specific embodiment, however, the second
electrode is a solid and does not possess any pores, in
which case the electrolyte will suck only into the pores
of the transistor channel layer directly from all available
sides due to any capillary forces.
[0019] The electrolyte which acts as a dielectric pen-
etrates through the transistor channel and may penetrate
through the second electrode while leaving a part of the
first electrode and a part of the second electrode uncov-
ered. The latter feature is required in order to ensure that
the electrical contact available from outside the device
to the first electrode as well as to the second electrode
is achieved without directly contacting the electrolyte.
[0020] It is important to make sure that the complete
transistor channel, which is sandwiched between the first
electrode and the second electrode, must come into
close, tight and inherent contact to the electrolyte. This

is required for an accumulation of charge everywhere in
the channel sandwiched between the source and the
drain electrode and ensures that the transistor is in the
situation to achieve an ON state. It is important to note
that in case the electrolyte does not penetrate through
the transistor channel all the way down to the first elec-
trode, the device will not work properly since within the
semiconducting transistor channel a layer will remain
which does not show charge-carrier accumulation as
long as no electrolyte has reached it.
[0021] Finally, the gate electrode comprises a third sol-
id or porous metallic conducting body. It is placed in direct
contact with the electrolyte but avoids any direct physical
contact to any parts of the arrangement.
[0022] In a preferred embodiment, also called top gate,
the gate electrode is placed on top of the arrangement,
which consist of the first electrode, the second electrode,
the transistor channel in between and the electrolyte cov-
ering or penetrating through any of these layers.
[0023] In an alternatively preferred embodiment, also
called side gate or displaced gate, the gate electrode is
placed on top of the substrate but aside from said ar-
rangement.
[0024] An FET arranged according to the present in-
vention defines the thickness of the porous semiconduct-
ing transistor channel as the channel length L, which is
independent of the printing resolution and, in particular,
can be much thinner and shorter than the printing reso-
lution. Depending on the primary particle size of the na-
nomaterial in the transistor channel, the channel length
L is smaller than 1 mm, particularly smaller than 100 nm,
preferentially smaller than 10 nm.
[0025] In addition, there is a further difference in the
transistor geometry according to this invention compared
to the usual geometry where both the source electrode
and the drain electrode are placed on the same substrate.
In the present geometry, not only the width W of the chan-
nel but also the spread B of the channel is important.
Depending on the thickness of the semiconductor layer
which defines the channel length L and the width x spread
W·B of the transistor channel, which is defined as the
common overlap area of the channel with both the source
electrode and the drain electrode, a much larger current
is able to pass through the transistor channel when the
device is at the ON state. On the other hand, an initially
low intrinsic carrier density in the semiconductor, which
is defined by the carrier density at the unbiased state,
i.e. at zero gate bias, would be essential to keep the OFF
currents to a low value.
[0026] The present invention further refers to a method
of manufacturing an electrochemically-gated FET. Ac-
cording to the present invention, the following steps (a)
to (e) are employed:

First, according to step (a), a first metallic conducting
body, which is either solid or porous in nature, is
placed on top of a substrate to be used as a first
electrode.
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[0027] Then, according to step (b), a porous semicon-
ducting material which is provided to work as the active
element of the FET, i.e. the transistor channel, is placed
on top of the first electrode in a manner that it partially
covers the first electrode and leaves some area uncov-
ered for contacting the first electrode with outside con-
tacts. In a specific embodiment, the second electrode is
partially placed on the substrate. In particular, the porous
semiconducting material is selected from an organic or
an inorganic or a carbon based nanomaterial, preferably
from organic or inorganic nanoparticles, nanowires, na-
norods, nanowhiskers, nanoflakes, nanofibres, or nano-
tubes, preferentially from inorganic oxide nanoparticles.
[0028] Next, according to step (c), a second solid or
porous metallic conducting body is placed as second
electrode on top of the transistor channel, which is placed
on top of the first electrode. The placing is performed in
a manner that the second electrode at least partially cov-
ers the transistor channel but does not directly contact
the first electrode. In a specific embodiment, the transis-
tor channel is partially placed on the substrate. By this
step, an arrangement is obtained, which consists of the
first electrode, of the second electrode, and of the tran-
sistor channel located between the first electrode and
the second electrode.
[0029] Thereafter, according to step (d), an electrolyte
which acts as a dielectric is applied on top of the arrange-
ment in a manner that the electrolyte penetrates the tran-
sistor channel completely and may penetrate through the
second electrode, while leaving a part of the first elec-
trode and of the second electrode, respectively, uncov-
ered.
[0030] In a preferred embodiment, the electrolyte is ap-
plied during step (d) in a manner that it penetrates at least
through the transistor channel to reach up to the first elec-
trode.
[0031] In an alternatively preferred embodiment, the
electrolyte is applied during step (d) in a manner that it
gets sucked into the transistor channel from all available
sides. This embodiment is of particular importance when
the second electrode is chosen from a solid body and
does not possess any pores.
[0032] Finally, according to step (e), a third solid or
porous metallic conducting body is placed to work as
gate electrode in a manner that it is in direct physical
contact with the electrolyte while no direct physical con-
tact to the arrangement is obtained.
[0033] In a preferred embodiment, the gate electrode
is placed during step (e) directly on top of the arrange-
ment (top gate).
[0034] In another preferred embodiment, the gate elec-
trode is placed during step (e) on top of the substrate but
aside from the arrangement (side gate or displaced gate).
[0035] In a preferred embodiment, the placing of the
first metallic conducting body and/or the placing of the
second metallic conducting body and/or the placing of
the third metallic conducting body and/or the placing of
the porous semiconducting material and/or the applying

of the electrolyte is performed by solution processing or
by a printing technique which is based preferably on so-
lution processing.
[0036] The present invention further relates to printed
electronics which comprises an electrochemically-gated
field-effect transistor as described on any kind of flexible
substrate, including paper or polymer. The obtained de-
vices can be highly flexible or bendable since the metallic
bodies, the semiconducting channels and the solid pol-
ymer-based electrolyte may be capable of enduring high
strain.
[0037] The present invention shows a wide field of ap-
plications in high-performance transistors or logics or cir-
cuitry involving porous transistor channel and electro-
chemical-gating with solution-processable and/or print-
able solid polymer-based electrolytes. In addition, the
present invention opens a way for use of FETs in appli-
cations involving partially or completely solution-proc-
essed and/or partially or completely printed electronic
devices, transistors, logics, circuitry which involves such
a device. Further, applications of the aforementioned de-
vice in the field of flexible and/or bendable and/or trans-
parent and/or portable electronics and/or displays, smart
packaging, smart toys, smart textiles, etc. are possible.
[0038] The main advantage of the FET geometry pre-
sented here is that all elements of the FET can be printed,
whereby the channel length L is no longer limited by the
printing resolution. Thus, the channel length L can be
very small down to a few nanometres.
[0039] The present invention will be more apparent
from the following description of non-limiting specific em-
bodiments with reference to the drawings.

Fig. 1 shows a side/cross-sectional view of an FET
where the gate is placed on top of the other layers
(top gate).

Fig. 2 displays a top view of the FET of Fig. 1.

Fig. 3 exhibits a side/cross-sectional view of an FET
where the gate is placed at the side of the other layers
(side gate or displaced gate).

Fig. 4 displays a top view of the FET of Fig. 3.

[0040] The manufacturing of an FET according to the
present invention is fully compatible to an all-solution
processed and all-printed synthesis. Referring to Figs.
1-4, the manufacturing of the device starts with a first
metallic conducting body which is placed or positioned
as first electrode 1, as an example also called source
electrode, onto the substrate 10, preferably by a solution
based technique, more preferably by a printing tech-
nique. The metallic conducting body is either solid and
non-porous or porous in nature.
[0041] Next, the active element of the transistor, i.e.,
the semiconducting transistor channel 4 is placed or de-
posited on top of the first electrode 1 in a manner that it
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according to Figs. 1 and 3 partially covers the source
electrode 1, thereby leaving some area uncovered for
contacting the source electrode 1, and may partially be
placed onto the substrate 10. The semiconducting ma-
terial is preferentially placed by solution processing, more
preferentially by printing techniques. The semiconduct-
ing channel layer must be porous in nature, preferentially
provided by inorganic oxide nanoparticles.
[0042] Then, a second metallic conducting body is
placed or positioned preferably by any solution based
techniques, more preferably by printing techniques as
second electrode 2, as example also called drain elec-
trode, on top of the first electrode 1 and on top of the
semiconducting channel 4 in a manner that it at least
partially covers the semiconducting channel 4 but has no
direct physical contact to the first electrode 1. In this ex-
ample it shows direct physical contact with the substrate
10. Preferentially, the second electrode 2 is porous in
order to allow an easy penetration of the electrolyte 5
through the porous semiconducting transistor channel
layer 4, down to the first electrode 1. Alternatively, the
second electrode 2 is solid in which case the electrolyte
5 will suck into the pores of the semiconducting transistor
channel layer 4 from all available sides due to any cap-
illary forces.
[0043] Next, an electrolyte 5 which acts a dielectric is
applied on top of this three layer stack, i.e. an arrange-
ment 11 of two body electrodes 1, 2 and the transistor
channel 4 sandwiched between them, in a manner that
it either penetrates through the second electrode 2 and
also penetrates the transistor channel 4 to reach up to
the source electrode or gets sucked into the transistor
channel 4 from all available sides in case the second
electrode 2 is solid and non-porous. In both kinds of con-
ditions, the complete semiconducting transistor channel
layer 4 which is sandwiched between body electrodes 1
and 2 must come into contact to the electrolyte 5 for an
accumulation of charge and to ensure that the transistor
may achieve an ON state. The electrolyte 5 which is pref-
erentially applied or placed or positioned or deposited by
solution casting or more preferentially by printing must
leave a part of the source and drain electrodes uncov-
ered, as shown in Figs. 1-4, to allow electrical contacts
to the body electrodes 1, 2 without contacting the elec-
trolyte 5.
[0044] Finally, a third metallic conducting electrode
which is solid and non-porous or porous in nature is
placed or positioned as gate electrode 3 which keeps
contact with the electrolyte 5 in a manner that it is, as
shown in Figs. 1-2, either placed directly on top of the
arrangement 11, or placed, as shown in Figs. 3-4, at the
side of the arrangement 11. The gate electrode 5 is
placed or positioned preferably by a solution-based tech-
nique, more preferably by a printing technique, in a man-
ner that it exhibits only a contact to the electrolyte 5 and
no electrical contact neither to the source electrode 1,
the drain electrode 2, nor the semiconducting channel 4,
i.e. any part of the arrangement 11.
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Claims

1. Electrochemically-gated field-effect transistor com-
prising an arrangement (11) which is placed on top
of a substrate (10) and which consists of a first elec-
trode (1), of a second electrode (2), and of a transis-
tor channel (4), which is located between the first
electrode (1) and the second electrode (2) in a man-
ner to prevent any direct electrical contact between
the first electrode (1) and the second electrode (2),
an electrolyte (5), which covers the transistor chan-
nel (4) completely, and a gate electrode (3), char-
acterized in that

- the first electrode (1), which comprises a first
solid or porous metallic conducting body, is
placed on top of the substrate (10),
- the transistor channel (4), which comprises a
porous semiconducting material, is placed on
top of the first electrode (1), thereby partially cov-
ering the first electrode (1),
- the second electrode (2), which comprises a
second solid or porous metallic conducting
body, is placed on top of the transistor channel
(4), which is placed on top of the first electrode
(1), thereby at least partially covering the tran-
sistor channel (4),
- the electrolyte (5) penetrates at least through
the transistor channel (4) while leaving a part of
the first electrode (1) and a part of the second
electrode (2) uncovered, and
- the gate electrode (3), which comprises a third
solid or porous metallic conducting body, is
placed in direct contact with the electrolyte (5)
but without any direct physical contact to the ar-
rangement (11).
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2. Electrochemically-gated field-effect transistor ac-
cording to claim 1, characterized in that the gate
electrode (3) is placed on top of the arrangement
(11).

3. Electrochemically-gated field-effect transistor ac-
cording to claim 1, characterized in that the gate
electrode (3) is placed on top of the substrate (10)
but aside from the arrangement (11).

4. Electrochemically-gated field-effect transistor ac-
cording to one of the claims 1 to 3, characterized
in that the transistor channel (4) comprises a carbon
based nanomaterial or an organic nanomaterial or
an inorganic nanomaterial.

5. Electrochemically-gated field-effect transistor ac-
cording to claim 4, characterized in that the tran-
sistor channel (4) comprises organic or inorganic or
carbon based nanoparticles, nanowires, nanorods,
nanowhiskers, nanoflakes, nanofibres, or nano-
tubes.

6. Method of manufacturing an electrochemically-gat-
ed field-effect transistor according to one of the
claims 1 to 5, such method comprising the following
steps:

(a) Placing a first solid or porous metallic con-
ducting body on top of a substrate (10) as a first
electrode (1),
(b) Placing a porous semiconducting material
as a transistor channel (4) on top of the first elec-
trode (1) in a manner that it partially covers the
first electrode (1),
(c) Placing a second solid or porous metallic
conducting body on top of the transistor channel
(4) as a second electrode (2) in a manner that
it at least partially covers the transistor channel
(4) which is placed on top of the first electrode
(1) but prevents any direct electrical contact to
the first electrode (1), by which an arrangement
(11), which consists of the first electrode (1), of
the transistor channel (4), and of the second
electrode (2), is obtained,
(d) Applying an electrolyte (5) on top of the ar-
rangement (11) in a manner that the electrolyte
(5) penetrates at least through the transistor
channel (4) completely down to the first elec-
trode (1),
(e) Placing a third solid or porous metallic con-
ducting body as the gate electrode (3) in direct
contact with the electrolyte (5) in a manner that
no direct physical contact to the arrangement
(11) is achieved.

7. Method according to claim 6, where during step (d)
the electrolyte (5) is applied in a manner that it gets

sucked into the transistor channel (4) from its sides.

8. Method according to claim 6, where during step (c)
a second porous metallic conducting body is select-
ed as the second electrode (2) and where during
step (d) the electrolyte (5) is applied in a manner that
it also penetrates at least partially through the sec-
ond electrode (2).

9. Method according to one of the claims 6 to 8, where
during step (e) the gate electrode (3) is placed di-
rectly on top of the arrangement (11).

10. Method according to one of the claims 6 to 8, where
during step (e) the gate electrode (3) is placed on
top of the substrate (10) but aside from the arrange-
ment (11).

11. Method according to one of the claims 6 to 10, where
the placing of the first metallic conducting body
and/or the placing of the second metallic conducting
body and/or the placing of the third metallic conduct-
ing body and/or the placing of the porous semicon-
ducting material and/or the applying of the electrolyte
(5) is performed by a solution-processing method.

12. Method according to one of the claims 6 to 11, where
the placing of the first metallic conducting body
and/or the placing of the second metallic conducting
body and/or the placing of the third metallic conduct-
ing body and/or the placing of the porous semicon-
ducting material and/or the applying of the electrolyte
(5) is performed by a printing method.

13. Method according to one of the claims 6 to 12, where
the porous semiconducting material is selected from
a carbon based nanomaterial or an organic nano-
material or an inorganic nanomaterial.

14. Use of an electrochemically-gated field-effect tran-
sistor according to one of the claims 1 to 5 in flexible
and/or bendable and/or transparent and/or printed
electronics.

15. Electronics comprising an electrochemically-gated
field-effect transistor according to one of the claims
1 to 5.
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