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A field-effect transistor.

The present invention concerns field-effect transistors, respectively a
junction field-effect transistor and a metal- oxide semiconductor field-effect .
transistor (MOSFET) with substantially vertical geometry, wherein the
field-effect transistors comprise a planar substrate of non-conductive
material. The invention also concerns a method for fabrication of field-effect
transistors of this kind with a substantially vertical geometry, wherein the
transistor comprises a planar substrate of non-conducting material.

Field-effect transistors (FET) which use an amorphous material as the active
semiconductor are traditionally realized in a horizontal geometry such as
rendered in fig. 1 which shows two examples (fig. 1a, fig. 1b) of the
realization of a thin-film field-effect transistor according to prior art. Here
the drain electrode and the source electrode are mutually separated by a
transistor channel. This channel consists of an amorphous semiconductor
material. The gate electrode is defined as a horizontal layer which is isolated
from the channel by means of the gate isolator. The transistor effect is
defined either as a depletion mode or an enrichment mode, depending on the
gate potential. As the active amorphous semiconductor material in
field-effect transistors of this kind conjugated polymers, aromatic molecules,
and amorphous inorganic semiconductors have been used. For instance fig. 1
" shows a thin-film transistor with an active semiconductor material in the
form of amorphous Si:H in a 10 nm thick layer (D.B. Thomasson & al., JEEE
ElL Dev. Lett.,Vol. 18, p. 117; March 1997). A gate electrode which may be
of metal, is provided on a substrate. An isolating layer of silicon nitride
(SiN) is provided over this gate electrode and the active semiconductor
material in form of amorphous Si:H is provided over the isolator in a 10 nm
thick layer. The drain electrode and the source electrode are provided
mutually spaced apart on the active semiconductor material. They are
‘realized in a different metal than the gate electrode, for instance aluminium.
Another example of an organic thin film transistor is shown in fig. 1b

. (A. Dodabalapur & al., Appl. Phys. Lett.; Vol. 69, pp.4227-29, December

1996). Here the active semiconductor material is an organic compound, for
instance a polymer or aromatic molecules. As in the example in fig. 1a the
gate electrode is provided on a substrate and above the gate electrode an
isolator is provided in the form of a layer which may be made by coating the.

. surface of the gate electrode with an oxide layer, something which may be
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realized by oxidizing the material in the surface of the gate electrode. The
source and drain electrode are provided spaced apart on the isolating layer

- and spaced apart vertical side walls which on one end are mutually connected

with a similar vertical transverse wall are provided over the drain and source
electrode. In the plane perpendicular to the walls the transistor channel hence
obtains a section formed as a U, where the side walls are the legs of the U
and the transverse wall the crossline. The layers may be provided standing on
a suitable substrate and wholly covered by a layer of isolating material. Over
the isolating layer a conducting layer is provided, forming the gate electrode

" of the transistor. The ends of the side walls or the ends of the legs of the U

shaped channel structure are exposed and in these end areas of the channel

‘the source and drain electrodes respectively are formed, for instance by an

ion implantation process. The primary object of a thin-film transistor of this
kind is to provide a satisfying channel length on a smaller area than can be
obtained with more conventional embodiments, while the stray current is
reduced when the transistor is in an off-state.

Fig. 1c shows a schematically and in principle a planar JFET structure
according to prior art, in this case realized as an n-channel JFET.

The use of an amorphous semiconductor material makes possible the
realization of different transistor geometries if the very special processing

properties of the amorphous materials are exploited. The object of the present
invention is hence to provide a field-effect transistor, respective a junction
field-effect transistor (JFET) and a metal-oxide field-effect transistor
(MOSFET) with vertical geometry and even more particular the object is to
deposit the amorphous active semiconductor material in the form of organic
molecules, a conjugated polymer or an amorphous inorganic semiconductor
on a vertical structure which comprises both the gate electrode and either the
drain electrode or the source electrode. Finally it is also an object to provide
a vertically oriented transistor channel.

Common semiconductor devices have formerly been made with vertical

> geometry. The purpose of this is a more effective exploitation of the chip

area. A transistor with vertical geometry is expected to require less space
than a transistor with horizontal geometry.

For instance it is from US patent nr. 5 563 077 (H.C. Ha) known a thin-film
transistor with a vertical channel, wherein the channel is formed with two
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mutually spaced apart vertical side walls which at one end are connected with

a similarly vertical end-wall. In the plane perpendicular to the walls the
transistor chanr_lel hence obtains a U-shaped section, wherein the side walls
are the legs of the U and the end wall the cross line. The walls may be
provided on a suitable substrate and wholly covered by a layer of isolating
material. A conducting layer which forms the gate electrode of the transistor

'is provided over the isolating layer. The ends of the side walls or the end of

the U-shape'd channel structure is exposed and on these end areas of the
channel the source and drain electrodes respectively are formed, e.g. by
means of an ion implantation process. The primary object of a thin film
transistor of this kind is to provide a satisfying channel length on a smaller
area than that which may be obtained with more conventional embodiments,
while the leakage current is reduced when the transistor is in off-state.

- The above-mentioned objects and other advantages are achieved according to

the invention with a junction field-effect transistor (JFET) which is
characterized in that a layer of conducting material which comprises a first
electrode is provided on the substrate that a layer of isolating material which .
forms a first isolator is provided over the first electrode that a layer of

‘conducting material which forms a second electrode is provided over the first

isolator, that a further layer of isolating material which forms a second

. isolator is providéd over the second electrode, that a layer of conducting

-

material which forms a third electrode is provided over the second isolator,
said first and third electrode respectively comprising the drain and source
electrode of the transistor or vice versa and said second electrode the gate
electrode of the transistor, that at least said second and said third electrode
and said first and second isolator with the respective layers in stacked
configuration form a step oriented vertically relative to said first electrode
and/or said substrate, and that a semiconductor material which forms the

active semiconductor of the transistor is provided over the exposed portion of

said first electrode, said second electrode and said third electrode, said active
semiconductor contacting the gate electrode directly and forming a
substantially vertically oriented transistor channel between said first and said
third electrode and a metal-oxide semiconductor field-effect transistor
(MOSFET) which is characterized in that that a layer of conducting material
which comprises a first electrode is provided on the substrate, that a.layer of
isolating material which forms a first isolator is provided over the first
electrode, that a layer of conducting material which forms a second electrode
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is provided over the first isolator, that a further layer of isolating material
which forms a second isolator is provided over the second electrode, that a
layer of conducting material which forms a third electrode is provided over
the second isolator, said first and third electrode respectively comprising the
drain and source electrode of the transistor or vice versa and said second
electrode the gate electrode of the transistor, that at least said second and
said third electrode and said first and second isolator with the respective
layers in stacked configuration form a step oriented vertically relative to said
first electrode and/or said substrate, that a vertically oriented layer of
isolating material which forms a gate isolator is provided over said second
electrode and on said vertical step, and that a semiconductor material which
realizes the active semiconductor of the transistor and forms a substantial
vertically oriented transistor channel between said first and said third
electrode is provided over the exposed portion of said first electrode, said
vertical step with said gate isolator and said third electrode.

Further the above-mentioned objects and advantages according to the
invention are achieved with a method for fabrication of a ficld-effect
transistor, characterized by the method comprising steps for depositing on
said substrate a layer of conducting material which forms a first electrode,
forming on the first electrode a step consisting of a photoresist and vertical

" relative to said first electrode and/or said substrate by means of a
‘photolithograpic process. depositing respectively over both said conducting

layer and said photoresist which form the vertical step, a first isolator, a
conducting material which forms a second electrode, a second isolator and a
conducting material which forms a third electrode in a layerwise stacked
configuration, removing said configuration stacked over said photoresist and
the photoresist itself by means of a lift-off method, whereby the remaining
isolator-electrode configuration provided on the first electrode forms a step

- oriented vertically relative to said first electrode and/or said substrate, and

depositing a soluble amorphous active semiconductor material over said first
electrode, and said vertical step, such that semiconductor material contacts
both said first and said third electrode which realize respectively a drain or
source electrode and vice versa in a field-effect transistor, and said second
electrode which realizes the gate electrode of the field effect transistor, thus
forming a vertically oriented transistor channel.

[— e
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Where the field-effect transistor is a metal-oxide field-effect transistor
(MOSFET) it is advantageous that an isolating material is being deposited on
the vertical step in a vertically oriented layer, which is provided over the
second electrode and forms the gate isolator in a field-effect transistor, the
deposition taking place after the removal of said stacked configuration and
said photoresist, but before the deposition of the soluble amorphous active
semiconductor material.

It is according to the invention also advantageous that the active
semiconductor material is an amorphous inorganic or organic semiconductor
material, but need not be restricted to amorphous semiconductor materials, as
it may also be selected among polycrystalline or microcrystalline inorganic or
organic semiconductor materials.

‘Further features and advantages are apparent from the remaining appended

dependent claims.

The invention shall now be discussed in greater detail with reference to the
drawings wherein

fig. l1a shows an example of prior art as mentioned above,
fig. 1b another example of prior art as mentioned above,
fig. 1c an example of a planar junction field-effect transistor according
to prior art,
fig. 2 . a preferred embodiment of a junction field-effect transistor
_ according to the invention,
fig. 3 a preferred embodiment of a MOSFET accordmg to the
' invention,

fig. 4a-e  the different process steps in an embodiment of the method
according to the invention whereby the field-effect transistor is
realized as a junction field-effect transistor, and

| fig. 5a, 5b  further process steps in order to realize a MOSFET according to

the invention.

Fig. 2 shows the embodiment of a junction field-effect transistor (JFET)
accord_ing to the invention. It is wholly realized in thin-film technology, such
as will be explained in more detail in the following. On a substrate 1 there is
provided a layer 2 of a condicting material which forms a first electrode in _
the transistor. On this layer an isolating material 3a is provided which forms

—
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a first isolator and over the first isolator 3a a further conducting material 4 is
provided, for instance a metal which forms a second electrode 4 of the
transistor. On the second electrode 4 an isolating material 3b is provided
which forms a second isolator in the transistor and over the second isolator
3b a layer 5 of conducting material is provided which forms a third electrode
in transistor.

Realized as a junction field-effect transistor the first electrode 2 and the third
electrode S now respectively form the drain electrode and the source
electrode of the transistor or vice versa. The second electrode 4 forms the
gate electrode. Both the second and third electrode 4, 5 and the isolators 3a,
3b are provided on the first electrode 2 such that they against the first
electrode 2 and the substrate 1 form a vertical step, the extension of which is
indicated by the reference number 6 in fig. 2. Thus the structure consisting of
the second and third electrode 4; 5 and the isolators 3 covers only a portion
of the substrate 1 and the horizontal extension of the layers which form the
vertical step 6 on the first electrode 2 or the substrate 1, may be made
comparatively small.

A layer 8 of an active semiconductor material which may be an amorphous,
polycrystalline or microcrystalline inorganic or organic semiconductor
material, is provided over the top of the third electrode 5 which for instance
may be the source electrode of the transistor, over the vertical step 6 and the

- exposed vertical surface of the gate electrode 4 which is included in the

vertical step 6, and down to the first electrode 2. The gate electrode 2 and the
semiconductor material 8 now form a pn junction. A substantially vertical |
transistor channel 9 is defined as either a p channel or a n channel in the
active semiconductive material 8 and extends between the first electrode 2
and the third electrode S and substantially adjaceﬁt to a pn junction at the

~ gate electrode 4. Realized in this manner, the structure shown in fig. 2 forms

a junction field effect transistor (JFET). It may optionally be made with the
first electrode 2 as drain electrode and the third electrode 5 as source
electrode or vice versa. The transistor effect, in this case the effective size of
the transistor channel, is controlled by an electric field which is applied to
the transistor channel over the pn junction.

Fig. 3 shows the embodiment of a MOSFET according to the invention. It is
wholly realized in thin-film technology, as will be explained in more detail in
R
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the following. On a substrate 1 a layer 2 of conducting material is provided
which forms a first electrode in the transistor. On this layer an isolating
material 3a which forms a first isolator is provided and over the first isolator
3a a further conducting material is provided, for instance metal, which forms
a second electrode in the transistor. On the second electrode 4 an isolating
material 3b is provided which forms a second isolator in the transistor, and
over the second isolator 3b a layer 5 of conducting material is provided
which forms a third electrode of the transistor.

Realized as a MOSFET the first electrode 2 and the third electrode 5 now
forms respectively the drain electrode and the source electrode of the
transistor or vice versa. The second electrode 4 forms the gate electrode.
Both the second and the third electrode 4;5 and isolators 3a, 3b are provided
on the first electrode 2 such that they in relation to the first electrode 2 and
the substrate 1 form a vertical step, the extension of which is indicated by the
reference number 6 in fig. 2. Thus the structure consisting of the second and
the third electrode 4,5 and the isolators 3 covers only a portion of the
substrate 1 and the horizontal extension of the layers which form the vertical
step 6 on the first electrode 2 or the substrate 1, may be made comparatively
small,

~ Over the exposed vertical surface of the gate electrode 4 which is included in

the vertical step 6, an isolating material 7 is provided which forms the gate
isolator of the field-effect transistor. Over the top of the third electrode 5
which for instance may be the source electrode of the transistor, over the
vertical step 6 and down to the first electrode 2 a layer of active
semiconductor material is provided which may be an amorphous,
polycrystalline or microcrystalline inorganic or organic semiconductor
material. The gate electrode 4 is isolated against the active semiconductor

~material 8 by the gate isolator 7 such that charge injection is prevented. A
- substantially vertical transistor channel is defined in the active

semiconductor material 8 and extends between the first electrode 2 and the
third electrode 5 and substantially adjacent to the vertical siep 6. Realized in
this manner the structure shown in fig. 2 forms a metal-oxide semiconductor
field-effect transistor (MOSFET). Optionally it may made with a first
electrode 2 as drain electrode and the third electrode 5 as source electrode or
vice versa. The transistor effect will either be given by a depletion mode or .
an enrichment mode, depending on the gate potential.
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It is to be understood that the substrate 1 in the embodiments in figs. 2 and 3
exclusively is intended to be a carrier of the transistor structure. Further the
conducting layer 2 and the first electrode are provided over the whole
substrate, i.c. unpatterned, but it may equally well be patterned and might
then for instance cover a portion of the substrate corresponding to that -
covered by the vertical step structure. For instance may then the first
electrode in the embodiment in fig. 2 flush with the surface of the vertical
step 6 and itself present a vertical step in relation to the substrate 1. This
vertical step may here for instance flush with the vertical surface of the gate
isolator 7. It is, of course, a condition that the necessary contact to the active

‘semiconductor material 8 is obtained. A first electrode with a vertical step in

relation to the substrate may additionally be advantageous if the first
electrode shall be connected galvanically with corresponding electrodes on
other transistors in a transistor network. For this purpose an electric
conductor may then be provided on the horizontal surface of the substrate
beyond the vertical step.

Now a method for fabrication of a junction field-effect transistor in thin-film
technology according to the invention shall be discussed in more detail with
reference to ﬁgs. 4a-e. A central task in connection with the fabrication of
junction field-effect transistors as shown in figs. 2 and 3 is the forming of the
vertical step over which the transistor effect in its entirety will be present.
For instance a so-called lift-off method may be used which has proved to be
an effective method for forming a vertical surface.

It is to be understood that the different process steps which is shown in figs.
4a-¢ and which now shall be discussed, are rendered schematically and
simplified.

As shown in fig. 4a a layer 2 of conductive material is deposited in a first

. process step on the substrate 1 which itself is made in an isolating or

dielectric material. The conducting material 2 now will be forming the first
electrode of the transistor. Above the conducting material 2 a photoresist is
deposited and masked and etched according to well-known photolithographic
procedures, such that a patterned photoresist layer 10 with a vertical step 11

s formed on the first electrode 2. This is shown in fig. 4b and comprises a

second process step of the method. In a third process step shown in fig. 4c,

- the isolating layer 3a which forms the first isolator, a conducting material 4,

—
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which forms the second electrode of the transistor, a second isolating layer
3b which forms the second isolator, and on the top thereof a layer 5 of
conducting material which forms a third electrode of the transistor are
provided sequentially. By using for instance a vapour deposition process the
layers 3,4,5 now will cover both the exposed portion of the first electrode 2
and the top of the photoresist 10 in horizontally stacked layers, such as -
evident from fig. 4c.

~ In a fourth process step a lift-off method is now used for removing the layer

on the top of the photoresist and the photoresist 10 itself. This is done by
means of a solvent process, for instance with acetone. When the photoresist
10 and the layers on the top thereof are removed, the component appears as
shown in fig. 4d after the fourth process step and with a step 6 vertically
oriented relative to the first electrode 2 or the substrate 1.

Then a soluble amorphous active semiconductor material 8 is deposited over
the first electrode 2, the sccond electrode 4 and the vertical step 6 and the top
surface of the third electrode 5 in a fifth process step shown in fig. 4e. The
active semiconductor § thus will cover the layer structures both horizontally
and vertically. In case the first electrode 2 is patterned and.only covers a
portion of the substrate 1, for instance such that it itself forms a vertical step
which is flush with the vertical step 6, there will in addition neither be a

" problem with the contact between the first electrode 2 and the active

semiconductor material 8.

In the fabrication of a MOSFET in thin-film technology according to the
invention an intermediate process step shown in fig. 5a is applied after the
fourth process step shown in fig. 4d. In this further process step an isolating
layer 6 is provided over the second electrode 4 such that the surface thereof
is covered in the vertical step 6. This isolating layer 7 now comprises the

. gate isolator of the MOSFET and prevents charge injection. The gate isolator

7 may be made in a process where an oxide is provided with the first
electrode 2 as substrate. Then a vertical etching step is used for forming the
gate isolator 7 oriented in the vertical direction such that it covers the gate
electrode 4. Alternatively the gate isolator 7 also could be provided by
making the gate electrode 4 in a material which may be oxidized selectively
or processed in one way or another such that an isolating layer is formed on

-
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the surface of the gate electrode. Prefeiably- this may take place by selective
oxidation of the material in the surface of the gate electrode 4.

Afier having provided the gate isolator 7 in the further process step shown in
fig. Sa, the soluble amorphous active semiconductor material 8 is applied
over the first electrode 2, the gate isolator 7, the vertical step 6, and the top
surface of the third electrode 5 in the process step shown in fig. 5b. This -
process step corresponds to the fifth process step shown in fig. 4e The active
semiconductor material thus will cover the layer structures both horizontally
and vertically. In case the first electrode 2 is patterned and covers only a
portion of the substrate 1, but such that it extends somewhat beyond the
vertically stacked layers, there will in addition be no problem with the
contacting between the first electrode 2 and the active semiconductor
material 8.

For the application of the amorphous active semiconductor material 8
methods like vacuum sublimation, vacuum deposition, spin coating and
casting from solutions may be used. This implies that the amorphous active
semiconductor material 8 in principle may be made with various structures
which for instance cover the gate electrode 4 with different orientation both
vertically and horizontally. It is also to be understood that the various active

~ materials may be mixed or combined in the amorphous semiconductor

material in order to provide the field-effect transistor with special functions.
If the field-effect transistor is a JEET, it may particularly be desired to use
materials which spontaneously form a Schottky junction with the gate
electrode, such that a MESFET structure is obtained.

Even if the fabrication of the field-effect transistors according to the
invention in figs. 2 and 3 is shown for an in principle discrete component,
there is nothing against fabricating transistors of this kind and with the

- method used in semi- or full- continuous reel-to-reel processes with global
. layer application. The active semiconductor material 8 may this the way be

applied in a continuous process. Correspondingly, also the gate isolator may
in this way be applied in a continuous process if the field-effect transistor is
a MOSFET. In a continuous process the vertical step 6 then advantageousty
will be formed parallel with the movement direction of the line and both the
gate isolator 7 and the active semiconductor material may be éppli;d as
continuous strips on the vertical step. After the last process step shown in fig.

.
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4e or fig. 5b, the individual transistors may be separated from the line and
completed in the form of discrete components.

However, there is nothing against that greater portions of the line with a
large number of transistors may form a transistor array which in its turn may
be used for realizing active memory modules with the individual transistor as
a memory element. The transistor must then be connected in a galvanic

~network by forming suitable conducting structures for the connections.

Generally vertical field-effect transistor as disclosed herein may be realized
as structural parts in integrated electronic circuits in two and three
dimensions. Possible applications of such circuits may be memories,
processors etc. An obvious advantage of using active memory components
based on transistors according to the present invention is the possibility of
writing in small-signal mode and reading in large-signal mode, which
particularly will be an advantage in electrical addressing of memory locations
in large memory modules realized in a matrix network.

In regard of the fdbrication process for the field-effect transistors according

-to the invention, it may as mentioned be realized globally by using
~continuous lines. In such a case it will also be possible to fabricate

field-effect transistors as JFET and MOSFET with a vertical geometric
structure by means of a printing method and not only by using well-known
fabrication processes for VL SI components.
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PATENT CLAIMS o RRTO e T

1. A field-effect transistor, particularly a junction field-effect transistor
(JFET) with substantially vertical geometry, wherein the transistor comprises
a planar substrate (1) of non-conducting material,

characterized in that a layer (2) of conducting material which comprises a
first electrode is provided on the substrate (1), that a layer (3a) of isolating
material which forms a first isolator is provided over the first electrode (2),
that a layer of conducting material (4) which forms a second electrode is
provided over the first isolator (3a), that a further layer (3b) of isolating
material which forms a second isolator is provided over the second electrode
(4), that a layer (5) of conducting material which forms a third electrode is
provided over the second isolator (3b), said first (2) and third electrode (5)
respectively comprising the drain and source electrode of the transistor or
vice versa and said second electrode (4) the gate electrode of the transistor,
that at least said second (4) and said third electrode (5) and said first (3a) and
second isolator (3b) with the respective layers in stacked configuration form
a step (6) oriented vertically relative to said first electrode (2) and/or said
substrate (1), and that a semiconductor material (8) which forms the active
semiconductor of the transistor is provided over the exposed portion of said

- first electrode (2), said second electrode (4) and said third electrode (5), said

active semiconductor (8) contécting the gate electrode (4) directly and
forming a substantially vertically oriented transistor channel (9) between said
first (2) and said third electrode (5).

2. A field-effect transistor, particularly a metal-oxide semiconductor
field-effect transistor (MOSFET) with substantially vertical geometry,
wherein the transistor comprises a planar substrate (1) of non-conducting
material, characterized in that a layer (2) of conducting material which

} comprises a first electrode is provided on the substrate (1), that a layer (3a)

of isolating material which forms a first isolator is provided over the first
electrode (2), that a layer of conducting material (4) which forms a second
electrode is provided over the first isolator (3a), that a further layer (3b) of
isolating material which forms a second isolator is provided over the second
electrode (4), that a layer (5) of conducting material which forms a third
electrode is provided over the second isolator (3b), said first (2) and third
electrode (5) respectively comprising the drain and source electrode of the:
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transistor or vicé versa and said second electrode (4) the gate electrode of the
transistor, that at least said second (4) and said third electrode (5) and said
first (3a) and second isolator (3b) with the respective layers in stacked
configuration form a step (6) oriented vertically relative to said first
electrode (2) and/or said substrate (1), that a vertically oriented layer (7) of
isolating material which forms a gate isolator is provided over said second
electrode (4) and on said vertical step (6), and that a semiconductor material
(8) which realizes the active semiconductor of the transistor and forms a
substantial vertically oriented transistor channel (9) between said first (2) and
said third electrode (5) is provided over the exposed portion of said first
electrode (2), said vertical step (6) with said gate isolator (7) and said third
electrode (5).

3. A field-effect transistor according to claim 1 or claim 2,
characterized in that the first electrode (2) is provided patterned on the
substrate (1) and forms a further intermediate step relative to the substrate
(1), whereby every electrode (2, 4, 5) presents a substantially vertical surface
to the active semiconductor (8). ' '

4. A field-effect transistor according to claim 1 or claim 2,
characterized in that the semiconducting material (8) is selected among

amorphous, polycrystalline or microcrystalline inorganic or organic
semiconductor materials.

5. A field-effect transistor according to claim 1 or claim 2,

.characterized in that the transistor channel (9) is defined as the vertical

portion of the active semiconductor (8) between said first (2) and said third
electrode (5) and adjacent to the vertical step (6) formed by the stacked
configuration.

6. A field-effect transistor according to claim 1,

" characterized in that the semiconducting material (8) and the gate electrode

(4) spontaneously form a Schottky junction (7).

7. A field-effect transistor according to claim 1,

characterized in that the transistor channel (9) is defined as an n channel or p
channel in the vertical portion of the active semiconductor (8) between said
first (2) and second electrode (5) and adjacem to a pn junction at the gate
electrode (4). :

This Sheet Has Been Replaced

Hlllll\ M



10

15

20

25

30
* byan isolating material being deposited on the vertical step (6) in a vertically

35

1T crmossmons

8. A field-effect transistor according to claim 2,
characterized in that the gate isolator (7) is formed as an oxide coating on the
vertical surface of the gate electrode (5).

9 A field-effect transistor according to claim 8§,

characterized in that the oxide coating (7) is formed by selective oxidation of
the electrode material in the surface of the gate electrode (4).

10. A method for fabrication of a field-effect transistor with substantially
vertical geometry, wherein the transistor comprises a planar substrate (1) of
non-conducting material, characterized by the method comprising steps for
depositing on said substrate (1) a layer (2) of conducting material which
forms a first electrode, forming on the first electrode (2) a step (6) consisting
of a photoresist (10) and vertical relative to said first electrode (2) and/or
said substrate (1) by means of a photolithograpic process, depositing
respectively over both said conducting layer (2) and said photoresist (10)
which form the vertical step (6), a first isolator (3a), a conducting material
(4) which forms a second electrode, a second isolator (3b) and a conducting
material (5) which forms a third electrode in a layerwise stacked
configuration, removing said configuration stacked over said photoresist (10)
and the photoresist itself by means of a lift-off method, whereby the

. remaining isolator-electrode configuration provided on the first electrode (2)

forms a step (6) oriented vertically relative to said first electrode (2) and/or
said substrate (1), and depositing a soluble amorphous active semiconductor
material over said first electrode (2), and said vertical step (6), such that
semiconductor material contacts both said first (2) and said third electrode
(5) which realize respectively a drain or source electrode and vice versa in a
field-effect transistor, and said second electrode (4) which realizes the gate
electrode of the field effect transistor, thus forming a vertically oriented

transistor channel (9).

11. A method according to claim 10, wherein the field-effect transistor is
a metal-oxide semiconductor field-effect transistor (MOSFET), characterized

oriented layer, which is provided over the second electrode (5) and forms the
gate isolator in a field-effect transistor, the deposition taking place after the
removal of said stacked configuration and said photoresist (10), but before
the deposition of the soluble amorphous active semiconductor material (8).
_—
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12. A method according to claim-11, characterized by the gate isolator
(7) being formed as an oxide coating on the vertical surface of the gate
electrode (4). :

13. A method according to claim 12, characterized by the oxide coating
(7) being formed by selective oxidation of the electrode material in the
surface of the gate electrode (4).

14. A method according to claim 10, characterized by the first electrode
(2) being deposited patterned on the substrate (1) and covering only partially
the latter.
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A field—effect transistor is made with electrodes (2, 4, 5) and isolators (3) in vertically provided layers, such that at least the electrodes
(4, 5) and the isolators (3) form a step (6) oriented vertically relative to the first electrode (2) or the substrate (1). Implemented as a junction |-
field-effect transistor QFET) or a metal-oxide semiconducting field—effect transistor (MOSFET) the electrodes (2, 5) forming respectively
the drain and source electrode of the field-effect transistor or vice versa and the electrode (4) the gate electrode of the field-effect transistor.
Over the layers in the vertical step (6) an amorphous, polycrystalline or microcrystalline inorganic or organic semiconductor material is
provided and forms the active semiconductor of the transistor contacting the gate electrode (8) directly or indirectly and forming a vertically
oriented transistor channel (9) of the p or n type between the first-(2) and the second (5) electrode. In a method: for fabrication of a field
effect transistor a vertical step (6) is formed by a means of a photolithographic process and a soluble amorphous active semiconductor
material (8) is deposited over the first electrode (2) and the vertical step (6) such that a vertically oriented transistor channel between
the drain and source electrode (2, 5) is obtained. In a JFET the semiconductor material (3) contacts the gate electrode (4) directly. In a
MOSFET a vertically oriented gate isolator (7) is provided between the gate electrode (4) and the semiconductor material (8).

(57) Abstract -
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The present invention concerns ﬁeld effect transistors, rCSpecuvely a B
junction field-effect transistor and a metal-oxide semiconductor ﬁeld-effect
transistor (MOSFET) with- substantlally vertical geometry, wherein the
field-effect transistors compnse a planar substrate of non-conductive '_
material. The invention also concerns a method for fabrlcatlon of ﬁeld-effect -
transistors of this Kind W1th a substantrally vertrcal geometry, wherern the
transistor comprlses a planar substrate of non-conductmg materral '

" Field-effect transrstors (FET) whlch use an amorphous material as the active

sem1conductor are tradltlonally realized in a horizontal geometry such as.
rendered in fig. 1 which shows two examples (fig 1a, fig. lb) of the -
realization of a thin-film ﬁeld-effect transrstor accordmg to prior art. Here

the dram electrode and the source electrode are mutually separated by a

transistor ¢hannel. This channel consists of an amorphous semiconductor -
mater1a1 The gate electrode is defined as a horrzontal layer which is 1solated
from the channel by means of the gate isolator. The transistor effect is -
defined either as a depletion mode or an enrichment mode, depending on the
gate potential. As the active amorphous semiconductor material in' B
field-effect transistors of this kind conjugated polymers, aromatic molecules,
and amorphous inorganic semlconductors have been used. For instance fig. 1
shows a thin-film transistor with dn active semiconductor material in the
form of amorphous Si:H in a 10 nm thick layer (D.B. Thomasson & al., IEEE
El Dev. Lett.,Vol. 18, p. 117; March 1997). A gate electrode which may be
of metal, is provided on a substrate. An isolating layer of silicon nitride
(SiN) is provided over this gate electrode and the active semiconductor
material in form of amorphous Si:H is provided over the isolator in a 1 0 nm
thick layer. The drain éléctrode and the source electrode are provided
mutually spaced apart on the active semiconductor material. They are
realized in a different metal than the gate electrode, for instance aluminium.

-Another example of an organic thin film transistor is shown in fig. 1b .

(A. Dodabalapur & al., Appl. Phys. Lett.; Vol. 69, pp.4227-29, December
1996). Here the active semiconductor material is an organic compound, for
instance a polymer or aromatic molecules. As in the example in fig. 1a the
gate electrode is provided on a substrate and above the gate electrode an
isolator is provided in the form of a layer which may be made by coating the
surface of the gate electrode with an oxide layer, somethirrg which may be
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' N ‘and 1b-shows, a MOSFET; that is to say that between the gate electrode and- | lpuper-

| the active semxconductor matenal a so-called gate tsolator has been provrded
e.g. in the form of an oxide layer.In a s0- called junction field-effect
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isolator. The orgamc semlconductor matenal can in its turn be a conjugated '

- polymer or aromatic molecules. The embodiments which are shown in figs A
| laand 1b make it possible to realize field- effect tran31stors in thln-ﬁlm |

E technology and-with very small dxmensmns in-the vertical directions, but in" -

By a suitable choice of semiconductor material and contact material for the -

. HEPLACEMENT sum

réali’ied'by oxidizing the material in the surface of the gate electrode 'The B _' B
- source and drain electrode are provided spaccd apart on the isolating layer, -
“and over the dram and source electrodes a: layer of an active semtconductor

material is provided which also covers the exposed portmn of the gate

return they occupy a relatrvely large honzontal surface D | [missing

The above-mentioned prior art concerns, such as a contemplation of ﬁgs la

transistor (JFET) a gate isolator is left-out and the semxconductor material -
contacts the gate electrode directly such that a pn junction thereby is formed

gate electrode the pn junction can spontaneously be formed as a Sch_ottky .
barrier, and the junction field-effect transistor hence appears as a metal
semiconductor ﬁeld-effect transistor (MESFET).

Fig. lc shows a schemattcally and in principle a planar JFET structure
according to prior art, in this case realized as an n-channel JFET."

The use of an amorphous semiconductor material makes possible the N
realization of different transistor geometries if the very special processing
properties of the amorphous materials: are exploited. The object of the present |
invention is hence to provide a field-effect transistor, respective a junction
field-effect transistor (JFET) and a metal-oxide field-effect transistor
(MOSFET) with vertical geometry and even more particular the object is to
deposit the amorphous active semiconductor material in the form of organic
molecules, a conjugated polymer or an amorphous inorganic semiconductor
on a vertical structurg which comprises both the gate electrode and either the
drain electrode or the source electrode. Finally it is also an object to provide
a vertically oriented transistor channel.

Common semiconductor devices have formerly been made with vertical
geometry. The purpose of this is a more effective exploitation of the chip
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| area. A transistor with vertxcal geometry is expected to requlre less space
| than'a tran51stor with honzontal geometry

For instance it is from US patent nr. 5 563 077 (H.C. Ha) known a thin-film °
transistor with a vertical channel, wherein the channel is formed with two

| mutually spaced apart vertical Side walls which at one end are connected with

a similarly vertical end-wall. In the plane perpendxcular to the walls the

| transistor channel hence obtains a U- shaped section, wherem the side walls '

are the legs of the U and the end wall the cross line. The walls may be
provided on a suitable substrate and wholly covered by a layer of 1sola_t_1ng
material. A conducting layer which forms the gate electrode of the transistor

| is provided over the isolating layer. The ends of the side walls or the end of
the U-shaped channel structure is exposed and on these end areas of the

channel the source and drain electrodes respectively are formed, e.g. by

_ .means of an jon implantation process. The primary object of a thm film
“transistor of this kind is to provide a satisfying channel length on a smaller -

area tha_n that which may be obtained with more conventional embodlments, S
while the leakage current is reduced when the transistor is in off-state.

The above-mentioned objects and other advantages are achieved according to
the invention with a junction field-effect transistor (JFET) which is
characterized in that a layer of conducting material which comprises a first
electrode is provided on the substrate that a layer of isolating material which
forms a first isolator is provided over the first electrode that a layer of
conducting material which forms a second electrode is provided over the first -
isolator, that a further layer 6f isolating material which forms a second
isolator is provided over the second electrode, that a layer of conducting
material which forms a third electrode is provided over the second isolator,
said first and third electrode respectively comprising the drain and source
electrode of the transistor or vice versa and said second electrode the gate
electrode of the transistor, that at least said second and said third electrode
and said first and second isolator with the respective layers in stacked
configuration form a step oriented vertically relative to said first electrode
and/or said substrate, and that a semiconductor material which forms the
active semiconductor of the transistor is provided over the exposed portion of
said first electrode, said second electrode and said third electrode, said active
semiconductor contacting the gate electrode directly and forming a '
substantially vertically oriented transistor channel between said first and said
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) " third electrode and a metal- oxide semlconductor field-effect transxstor _
(MOSFET) which is charactenzed in that that a layer of conducting matenal ’
which comprises a first e_:lectrode is provided on the substrate, that a layer of | |
isolating material which forms a first isolator is provided over the first
5 { electrode, that a layer of conducting material which fb__rms a second cl_ebtrode
is provided over the first isolator, that a further layer of isolating material
| which forms a second isolator is provided over the Sec_ond'e’iéctrode, thata’
layer of coﬁdﬁ‘ctihg‘mat'erial which forms a third electrode is provided over
, the second isolator, said first and third electrode respectlvely comprising the -
10 | drain and source electrode of the trans1stor or vice versa and said second
electrode the gate electrode of the tra_n_-31stor, that at least said second and
said third electrode and said first and second isolator with the respective
layers in stacked configuration form a step oriented vertically relative to said
first electrode and/or said substrate, that a vertically oriented layer of.
15 | isolating material which forms a gate isolator is provided over said second
electrode and on said vertical step, and that a semiconductor material which
realizes the active semiconductor of the transistor and forms 4 substantial
| vertically oriented transistor channel between said first and said third
| electrode is provided over the exposed portion of said first electrode, said
20 vertical step with said gate isolator and said third electrode.

N AN
dlop

Further the above-mentioned obj ects and adVantages according to the

| invention are achieved with a method for fabrication of a field-effect
transistor, characterized by the method comprising steps for depositing on
said substrate a layer of conducting material which forms a first electrode,
25 forming on the first electrode a step consisting of a photoresist and vertical

| relative to said first electrode and/or said substrate by means of a
photolithograpic process, depositing respectively over both said conductlng
layer and said photoresist which form the vertical step, a first isolator, a
conducting material which forms a second electrode, a second isolator and a
30 conducting material which forms a third electrode in a layerwise stacked
configuration, removmg said configuration stacked over said photoresist and -
the photoresist itself by means of a lift-off method, whereby the remaining
isolator-electrode configuration provided on the first electrode forms a step
oriented vertically relative to said first electrode and/or said substrate, and
35 depositing a soluble amorphous active semiconductor material over said first
electrode, and said vertical step, such that semiconductor material contacts
both said first and said third electrode which realize respectively a drain or
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source electrode and vice versa in a field-effect transwtor and sald second

electrode which reahzes the. gate electrode of the ﬁeld effect trans1stor thus
formmg a vertically ortented transwtor channel.

Where the field-effect transistor is a metal-oxxde field-effect transistor
(MOSFET) it is advantageous that an isolating material is being deposited on
‘the vertical step in a vertxcally oriented layer, which is provxded over the
second electrode and forms the gate isolator in a field-effect tran31stor the .
deposmon taking place after the removal of said stacked conﬁgurat1on and-
said photoresist, but before the deposition of the soluble amorphous active
semxconductor matenal '

Itis accordmg to the mventmn also advantageous that the actlve )
semiconductor material is an amorphous inorganic or organic semtconductor o
materlal but need not be restricted to amorphous semiconductor materials, as

it may also be selected among polycrystalline or microcrystalline i morgamc or
- organic semlcondu.ctor materlals ' '

Further features and advantages are' apparent from the remaining appended
dependent claims.

The invention shall now be discussed in greater detail with reference to the
drawings wherein

fig. la shows an ekample of prior art as tne_ntioned above,

fig. 1b another example of prior art as mentioned above,

fig. 1c an example of a planarjunction field-effect transistor according
to prior art, :

fig. 2 a preferred embodiment of a junction ﬁeld—effect transistor
according to the invention,

fig. 3 a preferred embodimeént of a MOSFET according to the
invention,

fig. 4a-¢ the different process steps in an embodiment of the method
' according to the invention whereby the field-effect transistor is.
realized as a junction field-effect transistor, and
fig. 5a, 5b  further process steps in order to realize a MOSFET according to
the invention.

Fig. 2 shows the embodiment of a junction field-effect transistor (JFET)
according to the invention. It is wholly realized in thin-film technology, such
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~as-will be explamed in more detarl in the followrng Ona substrate I there is
provrded a layer 2 of a conducting material which forms a first electrode in
the transistor. On this layer an 1solat1ng matenal 3a is provided which forms
a first isolator and over the first isolator 3a a further conducting material 4 is
-provided, for instance a metal which forms a second electrode 4 of the |
transistor. ‘On the second electrode 4 an 1solat1ng material 3b is provrded

' whrch forms a second 1solator in the transrstor and over the second 1solator )

HEPLACEMENT SHEET
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3b a layer 5 of conducting materral is provrded Wthh forms a thrrd electrode R

m tran81stor

Realized as a junction field-effect transistor the first electrode 2 and the thn'd

electrode 5 now respectively form the drain electrode and the source’

- electrode of the transistor or vice versa. The second electrode 4 forms the’
gate electrode. Both the second and third electrode 4, 5 and the isolators 3a

- 3b are provrded on the first electrode 2 such that they against the first

electrode 2 and the substrate 1 form a vertical step, the extension of whichis

indicated by the reference number 6 in fig. 2.. Thus the structure consisting of '
the second and third electrode 4; 5-and the isolators 3 covers only a portion
of the substrate 1 and the horizontal extension of the layers which form the
vertical step 6 on the first electrode 2 or the substrate 1, may be made
comparatively small.

" A layer 8 of an active semiconductor material which may be' an amorphous,

polycrystalline or microcrystalline inorganic or organi¢ semiconductor
material, is provided over the top of the third electrode 5 which for instance
may be the source electrode of the translstor, over the vertical step 6 and the
exposed vertical surface of the gate electrode 4 which is included in the
vertical step 6, and down to the first electrode 2. The gate electrode 2 and the
semiconductor material 8 now form a pn junction. A substantially vertical

 transistor channel 9 is defined as either a p channel or a n channel in the

active semiconductive material 8 and extends between the first electrode 2
and the third electrode 5 and substantially adjacent to a pn junction at the
gate electrode 4. Realized in this manner, the structure shown in fig. 2 forms
a junction field effect transistor (JFET). It may optionally be made with the
first electrode 2 as drain electrode and the third electrode 5 as source
electrode or vice versa. The transistor effect, in this case the effective size of
the transistor channel, is controlled by an electric field which is applied to
the transistor channel over the pn junction.
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F1g 3 shows the. embodiment of a MOSFET accordmg to the invention. Itis .
wholly realized in thin-film technology, as will be explamed in more detail in -
the following. On a substrate 1 a layer 2 of conducting material is provxded
which forms a first electrode in the transistor. On this layer an isolating
‘material 3a which forms a first isolator is provided and over the first isolator

- 3a a further conducting matenal is provxded for instance metal, which forms |
‘a second electrode in the transxstor On the second electrode 4 an isolating
material 3b is provided which forms a second isolator in the: transistor, and
over the second isolator 3b a layer 5 of conductmg matenal is prov1ded

whlch forms a thn'd electrode of the transistor. -

Realized as a MOSFET the first electrode 2 and the third electrode 5now
forms respectively the drain electrode and the source electrode of the '
transistor or vice versa. The second electrode 4 forms the gate electrode..

| ‘Both the second and the third electrode 4;5 and isolators 3a, 3b are provided -
on the first electrode 2 such that they in relation to the first electrode 2 and .

the substrate 1 form a vertical step, the extension of which is indicated by the

reference number 6 in fig. 2. Thus the structure consisting of the second and -

the third electrode 4,5 and the isolators 3 covers only a portion of the

substrate 1 and the horizontal extension of the layers which form the vertical
step 6 on the first electrode 2 or the substrate 1, may be made comparatively

small.

Over the exposed vertical surface of the gate electrode 4 which is included in
the vertical step 6, an isolating material 7 is provided which forms the gate |
isolator of the field-effect transistor. Over the top of the third electrode 5
which for instance may be the source electrode of the transistor, over the
vertical step 6 and down to the first electrode 2 a layer of active
semiconductor material is provided which may be an amorphous,

polycrystalline or microcrystalline inorganic or organic semiconductor

material. The gate electrode 4 is isolated against the active semiconductor
material 8 by the gate isolator 7 such that charge injection is prevented. A

_substantially vertical transistor channel is defined in the active

semiconductor material 8 and extends between the first electrode 2 and the
third electrode 5 and substantially adjacent to the vertical step 6. Realized in
this manner the structure shown in fig. 2 forms a ‘metal-oxide semiconductor
field-effect transistor (MOSFET). Optionally it may made with a first
electrode 2 as drain electrode and the third electrode 5 as source electrode or
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vice versa. The transistor effect will either be glven by a depletlon mode or

- an ennchment mode depending on the gate potentlal

It is to be understood that the substrate 1in the embodlments in ﬁgs 2 and’3
exclusively is intended to be a carrier of the transistor structure. Further the

_ conductmg layer 2 and the first electrode are provided over the whole -
 substrate, i.e. unpatterned but it may equally well be patterned and mlght
then for instance cover a portion of the substrate corresponding to that
‘covered by the vertical step structure. For instance may then the first

electrode in the embodiment in fig. 2 flush with the surface of the vertical
step 6 and itself present a vertical step in relation to the substrate 1. This

' vertical step may here for mstance flush thh the vertical surfaée of the gate
[isolator 7. It is, of course, a condition that the necessary contact to the active .
- semiconductor material 8 is obtained. A first electrode with a vertical step in

relation to the substrate may additionally be advantageoﬁs if the first
electrode shall be connected galvamcally with corre3pondmg electrodes on
other transistors in a transistor network. For this purpose an electric
conductor may then be provided on the horizontal surface of the substrate
beyond the vertical step.

Now a method for fabrication of a junction field-effect transistor in thin-film
technology according to the invention shall be discussed in more detail with

. reference to figs. 4a-e. A central task in connection with the fabrication of
junction field-effect transistors as shown in figs. 2 and 3 is the forming of the

vei‘tic_al step over which the transistor effect in its entirety will be present.
For instance a so-called lift-off method may be used which has proved to be

“an effective method for forming a vertical surface.

It is to be understood that the different process steps which is shown in figs.
4a-e and which now shall be discussed, are rendered schematically and
simplified.

As shown in fig. 4a a layer 2 of conductive material is deposited in a first
process step on the substrate 1 which itself is made in an isolating or
dielectric material. The conducting material 2 now will be forming the first
electrode of the transistor. Above the conducting material 2 a photoresist is
deposited and masked and etched according to well-known photolithographic
procedures, such that a patterned photoresist layer 10 with a vertical step'11
is formed on the first electrode 2. This is shown in fig. 4b and comprises a
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' second process step of the method Ina thlrd process step shown m ﬁg 4c, .

the isolating layer 3a which forms the first isolator, a conductmg materlal 4,

whxch forms the second electrode of the transistor, a second 1solat1ng layer

' 3b which forms the second isolator, and on the top thereof a layer 5 of

-5 conducting material which forms a third electrode of the transistor are

provided sequentrally By usmg for instance a vapour deposmon process the -

layers 3,4,5 now will cover both the exposed portion of the first electrode 2

‘and the top of the photoresrst 10 m honzontally stacked layers such as

_ ev1dent from fig. 4c.

10 In a fourth process step a lift-off method is now used for removing the layer .
| ‘onthe top of the photoresist and the photoresist 10 itself. This'is done by ~
£ . | means of a solvent process, for instarice with acetone: When the photoresist

' . 10 and the layers on the top thereof are. removed, the component appears as

| shown i in fig. 4d after the fourth process step and with a step 6 vertlcally

| 15 onented relatlve to the first electrode 2 or the substrate 1. '

| Then a soluble amorphous active semlconductor mat_enal 8 is deposited over _
the first electrode 2, the second electrode 4 and the vertical step 6 and the top
surface of the third electrode 5 in a fifth process step shown in fig. 4e. The
active semiconductor 8 thus will cover the layer structures both horizontally
20 | and vertically: In case the first electrode 2 is patterned and only covers a

o portion of the substrate 1, for instance such that it itself forms a vertical step
which is flush with the vertical step 6, there will in addition neither be a
problem with the contact between the first electrode 2 and the actlve
semiconductor material 8.

25 In the fabrication of a2 MOSFET in thin-film technology according to the
invention an intermediate process step shown in fig. 5a is applied after the
fourth process step shown in fig. 4d. In this further process step an isolating
layer 6 is provided over the second electrode 4 such that the surface thereof
is covered in the vertical step 6. This isolating layer 7 now comprises the
30 gate isolator of the MOSFET and prevents charge injection. The gate isolator - -
7 may be made in a process where an oxide is provided with the first
electrode 2 as substrate. Then a vertical etching step is used for forming the
gate isolator 7 oriented in the vertical direction such that it covers the gate
electrode 4. Alternatively the gate isolator 7 also could be provided by

35 making the gate electrode 4 in a material which may be oxidized selectively
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or processed in one way or another such that an 1solat1ng layer i is formed on

10

the surface of the gate electrode. Preferably this may take place by selectrve '

oxrdatxon of the matenal in the surface of the gate electrode 4.

After having provided the gate 1solator 7 in the further process step shown in
fig 5a, the soluble amorphous active semiconductor material 8 is applied
over the first electrode 2, the gate isolator 7, the vertical step 6, and the top

surface of the thlrd electrode 5 in the process step shown in fig 5b. This
process step corresponds to the fifth process step shown in ﬁg 4e The active
semiconductor material thus will cover the layer structures both horizontally

| -and vertrcally In case the first electrode 2 is patterned and covers only a
“portion of the substrate 1, but such that it extends somewhat beyond the

vertlcally stacked layers there will in addition be no problem with the
contacting between the ﬁrst electrode 2 and the actwe semrconductor

_materlal 8.

F or_-th-e application of the amorphous active semiconductor material 8
methods like vacuum sublimation, vacuum d_eposition,. spin coating and
casting from solutions may be used. This implies that the amorphous active’
semiconductor material 8 in principle may be made with various structures

_.which for instance cover the gate electrode 4 with different orientation both
~ vertically and horizontally. It is also to be understood that the various active

materials may be mixed or combined in the amorphous semiconductor

| material in order to provide the field-effect transistor with special functions.
If the field-effect transistor is a JFET, it may particularly be desired to use

materials which spontaneously form a Schottky junction with the gate
electrode, such that a MESFET structure is obtained.

Even if the fabrication of the field-effect transistors according to the

‘invention in figs. 2 and 3 is shown for an in principle discrete component,
there is nothing against fabricating transistors of this kind and with the

method used in semi- or full- continuous reel-to-reel processes with global

 layer application. Thg active semiconductor material 8 may this the way be

applied in a continuous process. Correspondingly, also the gate isolator may
in this way be applied in a continuous process if the field-effect transistor is
a MOSFET. In a continuous process the vertical step 6 then advantageously
will be formed parallel with the movement direction of the line and both the
gate isolator 7 and the active semiconductor material may be applied as

REPLACEMENT SHEET
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contmuous strips on the vertical step. After the last process step. shown in ﬁg.

4¢ or fig. Sb, the individual transistors may be separated from the line and

completed in the form of discrete components

However, there is nothing against that greater portions of the line with a

large number of transistoi's may form a transistor array which in its turn may

be used for realizing active memory modules with the individual transistor as . -

-a memory element. The trans:stor must then be connected in a galvamc
. network by forming suitable conductlng structures for the connectlons

Generally vertical ﬁeld-effect transxstor as dlSClOSCd herem may be realized
as structural parts in integrated electronic circuits in two and three
dimensions. Possible applications of such cn-cults may be memories,

' processors etc. An obvious advantage of using active’ memory components

based on transistors according to the present invention is the possibility of

‘writing in small-signal mode and reading in large-signal mode, which

particularly will be an advantage in electrical add_ress-in_g' of memory locations
in large memory modules realized in a matrix network.

In regard of the fabrication process for the field-effect transistors according
to the invention, it may as mentioned be realized globally by using
continuous lines. In such a case it will also be possible to fabricate
field-effect transistors as JFET and MOSFET with a vertical geom'etric
structure by .means of a printing method and not only by using well-known
fabrication processes for VLSI components. |

This Sheet Has Been Replaced
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PATENT CLAIMS

1. A field-effect ti'ansistor particularly a juhctidn field-effect transistor
(JFET) with substantially vertical geometry, wherein the transistor comprlses

- a planar substrate (1) of non-conducting material,

characterlzed in that a layer (2) of conducting material which compnses a

Mirst electrode is provided on the substrate (1), that a layer (3a) of 1solat1ng

material which forms a first 1solator is provided over the first electrode (2)
that a layer of conducting material (4) which forms a second electrode is.
provxded over the first isolator (3a), that a further layer (3b) of isolating
material which forms a second isolator is prov1ded over the second electrode

(4), that a layer (5) of conducting material whlch.forms, a third electrode is

provided over the second isolator (3b), said first (2) and third electrode (S)

_ 'respectwely compnsmg the drain and source electrode of the transxstor or

vice versa and said second electrode (4) the gate electrode of the transistor,

- that at least said second (4) and said third electrode (5) and said first (3a) and

second isolator (3b) with the respective layers in stacked configuration form
a step (6) oriented vertically relative to said first electrode (2) and/or said
substrate (1), and that a semiconductor material (8) which forms the active
semiconductor of the transistor is provided over the exposed portion of said
first electrode (2) said second electrode (4) and said third electrode (5), said
active semiconductor (8) contacting the gate electrode (4) directly and

‘forming a substantially vertically oriented transistor channel (9) between said
first (2) and said third electrode (5). '

2, A field-effect transistor, particularly a metal-oxide semiconductor
field-effect transistor (MOSFET) with substantially vertical geometry,
wherein the transistor comprises a planar substrate (1) of non-conducting
material, characterized in that a layer (2) of conducting material which
comprises' a first electrode is provided on the substrate (1), that a layer (3a)
of isolating material which forms a first isolator is provided over the first
electrode (2), that a layer of conducting material (4) which forms a second
electrode is provided over the first isolator (3a), that a further layer (3b) of
isolating material which forms a second isolator is provided over the second
electrode (4), that a layer (5) of conducting material which forms a third
electrode is provided over the second isolator (3b), said first (2) and third
electrode (5) respectively comprising the drain and source electrode of the

N ) A
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- transistor or vice versa and said second electrode (4) the gate electrode of the
) '-transrstor that at least said second (4) and said thrrd electrode (5) and said
: first (3a) and second isolator (3b) with the respectrve layers in stacked
: 'configuratron form a step (6) oriented vertically relative to said first _
5  electrode (2) and/or said substrate (1), that a. vertlcally oriented layer (7) of

1solat1ng miaterial which forms a gate 1solator is provided-over said second _
_- electrode (4) and on sa1d vertlcal step (6) and that a semlconductor matenal

, substant1al Vertlcally orrented transnstor channel (9) between sa1d first (2) and
10 said third electrode (5) is provided over the exposed portion of sald first
- -electrode (2), said vemcal step (6) with sard gate isolator-(7) and sald thrrd
o . - electrode (5).

3. A ﬁeld-effect transistor according to claim 1 or clalm 2,
: charactenzed in that the first electrode (2) is provrded pattemed on the
15 substrate- (1) and forms a further 1ntermed1ate step relative to the substrate
(1), whereby every electrode (2 4 5) presents a substantrally vertical surface
to the active semiconductor (8). - | |

4. A field-effect transistor according to claim 1 or claim 2,
‘characterized in that the semiconducting material (8) is selected among
20 amorphous, polycrystalline or microcrystalline inorganic or organic.
| semiconductor materials. ' ' | '

5. A field-effect transistor according to claim 1 or claim 2,
- characterized in that the transistor channel (9) is defined as the-vertical
_ portion of the active semiconductor (8) between said first (2) and said third
25 electrode (5) and adjacent to the vertical step (6) formed by the stacked
configuration. |

6. A field-effect transistor according to claim 1,
characterized in that the semiconducting material (8) and the gate electrode
(4) spontaneously form a Schottky junction (7). - . ..

‘e

30 7. A field-effect transistor according to claim 1,
characterized in that the transistor channel (9) is defined as an n channel or p
channel in the vertical portion of the active semiconductor (8) between said
first (2) and second electrode (5) and adjacent to a pn junction at the gate

electrode (4)
W g
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8. A ﬁeld—effect transxstor accordmg to claim: 2
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charactenzed in that the gate isolator (7) is formed as an oxide coatmg on the
vertical surface of the gate electrode (5).

9. A field-effect transistor according to claim 8,
characterized in that the oxide coating (7) is formed by séléc_tiv_e oxidation of

| _the-'éleCtrode material in the surface of the gate electrode (4)

10. A method for fabncatxon of a ﬁeld-effect transistor with substantlally

: vertlcal geometry, wherem the transistor comprises a planar substrate (1) of

non-conducting material, characterized by the method comprising steps for
depositing on said substrate (1)-a layer(2) of conducting material which '
forms a first electrode, forming on the first electrode (2) astep (6) consisting

- of a photoresist (10) and vertical relative to said first electrode (2) and/or

said substrate (1) by means of a photohthograplc process, depositing

- respectwely over both said conductmg layer (2) and said photoresist (10)

which form the vertical step (6), a first isolator (3a), a conducting material

| 4) which forms a second electrode, a second isolator (3b) and a conducting
~ material (5) which forms a third electrode in a layerwise stacked

configuration, removing said configuration stacked over said photoresist (10)

‘and the photoresist itself by means of a lift-off method, whereby the

remaining isolator-electrode configuration provided on the first electrode (2)

- forms a step (6) oriented vertically relative to said first electrode (2) and/or

said substrate (1), and depositing a soluble amorphous active semiconductor
material over said first electrode (2), and said vertical step (6), such that
semiconductor material contacts both said first (2) and said third electrode
(5) which realize respectively a drain or source electrode and vice versa in a
field-effect transistor, and said second electrode (4) which realizes the gate
electrode of the field effect transistor, thus forming a vertically oriented
transistor channel (9). |

11. A method according to claim 10, wherein the field-effect transistor is
a metal-oxide semxconductor field-effect transistor (MOSFET), characterized
by an isolating matenal being deposited on the vertical step (6) in a vertically
oriented layer, which is provided over the second electrode (5) and forms the
gate isolator in a field-effect transistor, the deposition taking place after the
removal of said stacked configuration and said photoresist (10), but before
the deposition of the soluble amorphous active semiconductor material (8).

A
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12. A method accordmg to clalm 11, charactenzed by the gate 1solator |

' (7) bemg formed as an oxrde coatmg on the vertical surface of the gate , .' '

electrode (4)

13. A method accordmg to claim 12, characterized by the oxrde coatmg
5 (T bemg formed by selective oxrdatron of the electrode matenal inthe
surface of the gate electrode 4).: ' '

.1'4'.'_'- A method accordmg to claim 10 charactenzed by the first electrode
(2) bemg deposited. patterned on the substrate (1) and covenng only partlally
the latter. :

O
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ABSTRACT

A field-effect' trans‘istor' is made with electrodes

(2,4,5) and isolators (3) in vertically provided

layers, such that at least the electrodes (4,5) and the

isolators (3) form a 'step (6) oriented vertically
relative to the first electrbde (2) or the substrate (1).
.Implemented as a Junctxon field-effect tran51stor

~ (JFET) or a metal-oxide semlconductmg

field-effect transistor (MOSFET) the electrodes
(2,5) forming fespec:tively'the'dfain' and source
electrode of the field-effect transistor or vice versa
and the electrode (4) the gate electrode of the

_ ﬁeld-effect transistor. Over the layers in the
vertical step (6) an amorphous polycrystalhne or

o mlcrocrystallme inorganic or organic
‘semiconductor material is provided and forms the

active semiconductor of the transistor contacting
the gate electrode (8) directly or indirectly and
forming a vertically oriented transistor channel (9)
of the p or n type between the first (2) and the
second (5) electrode.

In a method for fabrication of a field effect
tran31stor a vertical step (6) is formed by a means of
a photolithographic process and a soluble _
amorphous active semiconductor material (8) is

“deposited over the first electrode (2) and the

vertical step (6) such that a vertically oriented
transistor channel between the drain and source

~ electrode (2;5) is obtained. In a JFET the .

semiconductor material (8) contacts the gate
electrode (4) directly. In a MOSFET a vertically
oriented gate isolator (7) is provided between the
gate electrode (4) and the semiconductor material

(8).
(Figs. 2, 3)
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area. A transistor with vertical geometry is expected to require less space
than a transistor with horizontal geometry,

For instance there is from US patent nr, § 563 077 (H.C. Ha) known a
thin-film transistor with a vertical channel, wherein the channel is formed
with two mutually spaced apart vertical side walls which at one end are
connected with a similarly vertical end-wall. In the plane perpendicular to the
walls the transistor channel hence obtains a U-shaped section, wherein the
side walls are the legs of the U and the end wall the cross line. The walls may
be provided on a suitable substrate and wholly covered by a layer of isolating
material, A conducting layer which forms the gate electrode of the transistor
is provided over the isalating layer. The ends of the side walls or the end of
the U-shaped channe! structure is exposed and on these end areas of the
channel the source and drain elecirodes respectively are formed, ¢.g. by
means of an ion implantation pracess. The primary object of a thin film
transistor of this kind is 1o provide a satisfying channel length on a smaller
area than that which may be obfained with more conventional embodiments,
while the leakage current is reduced when the transistor is in off-state.

The above-mentioned objecis and other advantages are achieved according to
the invention with a junction field-effect transistor (JFET) which is
characterized in that a layer of conducting material which comprises a first
electrode is provided on the substrate that a layer of isolating material which
forms a first isolator is provided over the first electrode that a layer of
conducting material which forms a second ¢lectrode is provided over the first
isolator, that a further layer of isolating material which forms a second
isolator is provided over the second electrode, that a layer of conducting
material which forms a third electrode is provided over the second isolator,
said first and third electrade respectively comprising the drain and source
electrode of the transistor or vice versa and said second electrode the gate
electrode of the transistor, that at least said second and said third electrode
and said first and second isolator with the respective layers in stacked
configuration form a step oriented vertically relative to said first electrode
and/or said substrate, and that a semiconductor material which forms the
active semiconductor of the transistor is provided over the exposed portion of
said first electrode, said second electrode and said third electrode, said active
semiconductor contacting the gate electrode directly and forming a

~ substantially vertically oriented transistor channel between said first and said
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third electrode; and a metal-oxide semiconductor field-effect transistor
(MOSFET) which is characterized in that that a layer of conducting material
which comprises a first electrode is provided on the substrate, that a layer of
isolating material which forms a first isolator is provided over the first
5  electrode, that & layer of conducting material which forms a second electrode

is provided over the first isolator, that a further layer of isolating material
which forms a second isolator is provided over the second electrode, that a
layer of conducting material which forms a third electrode is provided over
the second isolator, said first and third electrode respectively comprising the

10 - drain and source electrode of the transistor or vice versa and said second
electrode the gate electrode of the transistor, that at least said second and
said third electrode and said first and second isolator with the respective
layers in stacked configuration form a step oriented vertically relative to said
first electrade and/or said substrate, that a vertically oriented layer of

15 isolating material which forms a gate isolator is provided over said second
electrode and on said vertical step, and that a semiconductor material which
realizes the active semiconductor of the transistor and forms a substantial
vertically oriented transistor channel between said first and said third
electrode is provided over the exposed portion of said first electrode, said

20 vertical step with said gate isolator and said third electrode.

Further the above-mentioned objects and advahtages according to the
invention are achieved with a method for fabrication of a field-effect
transistor, characterized by the method comprising steps for depositing on
said substrate a layer of conducting material which forms a first electrode,
25  forming on the first electrode a step consisting of a photoresist and vertical
relative to said first electrode and/or said substrate by means of a
photolithograpic process, depositing respectively over both said conducting
layer and said photoresist which form the vertical step, a first isolator, &
conducting material which forms a second electrode, a second isolator and a
30  conducting material which forms a third electrode in a layerwise stacked
configuration, removing said configuration stacked over said photoresist and
- the photoresist itself by means of a lift-off method, whereby the remaining
-isolator-electrode configuration provided on the first electrode forms a step
oriented vemcally relative to said first electrode and/or said substrate, and
35 depOSItmg a soluble amorphous active semiconductor material over said first
electrode, and said vertical step, such that semiconductor material contacts

both said first and said third electrode which realize respectively a drainor
REPL N“:”“'* SHEET
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| The present invention concerns field-effect transistors, respectlvely a
junction field-effect transistor and a metal-oxide semiconductor field-effect
- transistor (MOSF ET) with- substantlally vertical geometry, wherein the
5 ﬁeld-effect transistors comprrse a planar substrate of non-conductive -~ -
_matenal The invention also concerns a method for fabrlcatlon of field-effect
tran31st0rs of this k1nd w1th a substantrally vertical geometry, _wherem the
transistor comprises’ a planar substrate of non- conductmg material.

' Field-effect transistors (FET) whieh use an amorphous'material as the active
10 _ semiconductor are traditionally realized in a horizontal geometry such as
o | ‘rendered in fig. 1 which shows two examples (fig. 1a, fig. 1b) of the .
= | realization of a thin-film field-effect transistor according to prior art. Here
- the drain electrode and the source electrode are mutually separated by a
transistor channel. This channel consists of an amorphous semiconductor.
15 materlal The gate electrode is defined as a horizontal layer which is isolated
' from the channel by means of the gate isolator. The transistor effect is
defined either as a depletion mode or an enrichment mode, dependmg on the
gate potential. As the active amorphous semiconductor.material in '
field-effect transistors of this kind conjugated polymers, aromatic molecules,
20 and amorphous inorganic semiconductors have been used. For instance fig 1
shows a thin-film transistor with 4n active semiconductor material in the.
form of amorphous Si:H in a 10 nm thick layer (D.B. Thomasson & al., IEEE
i El. Dev. Lett.,Vol. 18, p. 117; March 1997). A gate electrode which may be
& of metal, is provided on a substrate. An isolating layer of silicon nitride
25  (SiN) is provided over this gate electrode and the active semiconductor
material in form of amorphous Si:H is provided over the isolator in a 10 nm
thick layer. The drain electrode and the source electrode are provided
mutually spaced apart on the active semiconductor material. They are
realized in a different metal than the gate electrode, for instance aluminium.
30  Another example of an organic thin film transistor is shown in fig. 1b .
(A. Dodabalapur & al.,"Appl. Phys. Lett.; Vol. 69, pp.4227-29, December
1996). Here the active semiconductor material is an organic compound, for
‘instance a polymer or aromatic molecules. As in the example in fig. 1a the
gate electrode is provided on a substrate and above the gate electrode an
35  .isolator is provided in the form of a layer which may be made by coating the
surface of the gate electrode with an oxide layer, something which may be
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. realized by oxidizing the material in the surface of the gate electrode The o
“source and drain electrode are provrded Spaced apart on the lsolatmg layer |
and over the drain and source electrodes a layer of an active semrconductor

matenal is provided which also covers the exposed portion of the gate
isolator. The organic semiconductor material can in its turn be a conjugated

polymer or aromatlc molecules. The embodlments whrch are shown in figs.

la and 1b make it posmble to reahze ﬁeld-effect tran51stors in thm-ﬁlm

' -'technology and wrth very small dimensions i in the vertlcal drrectlons, but m

return they occupy a relatlvely large horlzontal surface

_The above—mentloned pnor art concerns, suchasa contemplatron of figs la
. 'and 1b shows, a MOSFET, that is to say that between the gate electrode and’ |
the active semiconductor material a so- ~called gate isolator has been prowded S

e.g. in the form of an oxide layer. In a so-cailed junction field-effect

N transmtor (JFET) a gate isolator is left-out and the semrconductor matenal
~ contacts the gate electrode dn'ectly such that a pn _]unctlon thereby is formed |

By a suttable choice of _semtconductor material a_nd c_ontact material for the .
gate electrode the pn junction can spontaneously be formed as a Schottky
barrier, and the junction field-effect transistor hence appears as a metal
semiconductor ﬁeld~effect transxstor (MESFET)

. Fig. lc shows a schematically and in prmclple a planar JFET structure

according to prior art, in this case realized as an n-channel JFET.

The use of an amorphous semiconductor material makes possible the
realization of different transistor geometries if the very special processing
properties of the amorphous materials: are exploited. The object of the present
invention is hence to provide a field-effect transistor, respective a junction
field-effect transistor (JFET) and a metal-oxide field-effect transistor -
(MOSFET) with vertical geometry and even more particular the object is to
deposit the amorphous active semiconductor material in the form of organic
molecules, a conjngated polymer or an amorphous inorganic semiconductor
on a vertical structure which comprises both the gate electrode and either the
drain electrode or the source electrode. Finally it is also an object to provide
a vertically oriented transistor channel.

Common semiconductor devices have formerly been made with vertical
geometry. The purpose of this is a more effective exploitation of the. chip
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-/ area. A transistor with vertical: geometry is expected to.require less space.
~ than a transistor Wlth honzontal geometry o

For instance it is from US patent nr. 5 563 077 (H.C. Ha) known a thm—-ﬁlm

transistor with a vertical channel, wherexn the channel is formed with two

- mutually spaced apart vertical side walls which at one end are connected With. =

a sxmxlarly vertical end-wall. In the plane perpendicular to the walls the

_' _transxstor channel hence obtams a U—shaped section, wherein the side walls
‘are the legs of the U and the end wall the cross line. The walls may be -
 provided on a suitable substrate and wholly covered by a layer of 1sola.tlng_
10

material. A conducting layer which forms the gate electrode of the transistor
is provided over the isolating layer. The ends of the side walls or the end of
the U-shaped channel structure is exposed and on these end areas of the
channel the source and drein electrodes respectively are formed, e.g. by

" means of an ion 1mplantat10n process. The primary object of a thin ﬁlm
* transistor of this kind is to provide a satisfying channel length on’ a smaller

area than that which may be obtained with more conventional embodiments,
while the leakage current is reduced when the transistor is in off-state. .

The above-mentioned objects and other advantages are achieved according to
the invention with a junction field-effect transistor (JFET) which is
characterized in that a layer of conducting material which comprises a first
electrode is provided on the substrate that a layer of isolating material which
forms a first isolator is provided over the first electrode that a layer of
conducting material which forms a second electrode is provided over the first
isolator, that a further layer of isolating material which forms a second
isolator is provided over the second electrode, that a layer of conducting
material which forms a third electrod_e is provided over the second isolator,
said first and third electrode respectively comprising the drain and source
electrode of the transistor or vice versa and said second electrode the gate
electrode of the transistor, that at least said second and said third electrode
and said first and second isolator with the respective layers in stacked
configuration form a step oriented vertically relative to said first electrode
and/or said substrate, and that a semiconductor material which forms the.
active semiconductor of the transistor is provided over the exposed portion of
said first electrode, said second electrode and said third electrode, said active
semiconductor contacting the gate electrode directly and forming a '
substantially vertically oriented transistor channel between said first and said

tiented transistor channel |
THIS SHEET HAS BEEN
__ REPLACED
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third electrode and a metal-oxide semlconductor ﬁeld—effect transrstor _ )
(MOSFET) whrch is characterized in that that a layer of conducting | materral -
which’ compnses a first electrode is provided on the substrate, that a layer of
1solat1ng material which forms a first isolator is provrded over the first
electrode, that a layer of conducting material which forms a second electrode
is provided over the first isolator, that a further layer of 1solat1ng material
which forms a second isolator i is provided over the second electrode, that a

~layer of conductrng matenal which forms a third electrode is provided-over -
the second isolator, said ﬁrst and third electrode respectrvely comprising the

drain and source electrode of the transistor or vice versa and said second
electrode the gate electrode of the tran51stor, that at least said second and
said third electrode and said first and second isolator with the respective
layers in stacked configuratron form a step oriented vertically relative to said
first electrode and/or said substrate, that a vertically oriented layer of

.isolating material which forms a gate isolator is provided over said second"

electrode and on said vertical step, and that a semiconductor material which.
realizes the active semiconductor of the transistor and forms a substantial
vertically oriented transistor channel between said first and said third
electrode is provided over the exposed portion of said first electrode, said

~vertical step with said gate isolator and said third electrode.

Further the above-mentioned objecfs and advantages according to the
invention are achieved with a method for fabrication of a field-effect
transistor, characterized by the method comprising steps for depositing on
said substrate a layer of conducting material which forms a first electrode,
forming on the first electrode a step consisting of a photoresist and vertical -
relative to said first electrode and/or said substrate by means of a
photolithograpic process, depositing respectively over both said conductmg
layer and said photoresist which form the vertical step, a first isolator, a
conducting material which forms a second electrode, a second isolator and a
conducting material which forms a third electrode in a layerwise stacked
configuration, removmg said configuration stacked over said photoresist and
the photoresist itself by means of a lift-off method, whereby the remaining

isolator-electrode configuration provided on the first electrode forms a step

oriented vertically relative to said first electrode and/or said substrate, and
depositing a soluble amorphous active semiconductor material over said first
electrode, and said vertical step, such that semiconductor material contacts
both said first and said third electrode which realize respectively a drain or

REPLACED
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~ source electrode and vice. versa'in a ﬁeld-effect tran51stor and sa1d second

electrode which realizes the gate electrode of the ﬁeld effect trans1stor thus
forming a vertically or1ented tran31stor channel. '

" Where the field-effect transistor is a metal-oxide field-effect transistor

(MOSFET) it is advantageous that an i‘solating material is being 'deposited on -
the vertical step ina verttcally oriented: layer, which is prov1ded over the

| second electrode and forms the gate isolator in a field-effect trans1stor the

deposition taking place after the removal of said stacked conﬁguratlon and -
said photoresist, but before the deposmon of the soluble amorphous active

: semlconductor matenal

Itis accordmg to the mventton also. advantageous that the active
-semlconductor material is an amorphous inorganic or orgamc sémiconductor
' materxal but need not be restricted to amorphous semiconductor materials, as

it may also be selected among polycrystalhne or mlcrocrystallme inorganic or .
organic sem1condu,ctor materials. '

' Further features and advantages are apparent from the remammg appended

dependent claims.

The invention shall now be dlscussed in greater detail W1th reference to the

- drawings wherein

fig. 1a shovvs an example of prior art as mentioned above,

fig. 1b another example of prior art as mentioned above,

fig. lc an example of a planar junction field-effect transistor according -
to prior art,

fig. 2 a preferred embodiment of a junction ﬁeld-effect transistor
according to the invention,

fig. 3 a preferred embodiment of a MOSFET according to the
invention,

fig. 4a-¢ the different process stcps in an embodiment of the method
' according to the invention whereby the field-effect tran51stor is.
realized as a junction field-effect transistor, and
fig. 5a, 5b  further process steps in order to realize a MOSFET according to
the invention.

Fig. 2 shows the embodiment of a junction field-effect transistor (JFET)
according to the invention. It is wholly realized in thin-film technology, such
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-as-will be. explalned in more detall in the followmg On a. substrate 1 there is -

prov1ded a layer 2 of a conducting material which forms a first electrode in :
the transistor. On this layer an 1solat1ng material 3a is provided which forms .

a first isolator and over the first isolator 3a a further conductmg material 4 is.
.-provxded for instance a metal whlch forms. a second electrode 4 of the
' transrstor On the second electrode 4 an 1solat1ng material 3b is provxded
~ which forms a second 1solator in the transistor and over the second isolator = .~
3ba layer 5 of conductmg materlal is prov:ded whxch forms a third electrode e
 in transistor. | | : o

Reahzed as a junction field-effect transistor the first electrode 2 and the thxrd

" electrode 5 now respectively form the drain electrode and the source
- electrode of the transistor or vice versa. The second electrode 4 forms the

gate electrode. Both the second and thnj.d electrode 4, 5 and the isolators 3a, -
3b are provided on the first electrode 2 such that they against the first. '

.electrode 2'and the substrate 1 form a vertrcal step, the extension of whichi§
‘indicated by the reference number 6 in fig. 2. Thus the structure con51st1ng of

the second and third electrode 4; 5 and the isolators 3 covers only a portton_

- of the substrate 1 and the horizontal extension of the laYerS which form the
_vertical step 6 on the first electrode 2 or the substrate 1, may be made
comparatively small.

A layer 8 of an active semiconductor material which may be an amorphous,
polycrystalline or microcrystalline inorganic or organic semiconductor
material, is provided over the top of the third electrode 5 which for instance
may be the source electrode of the transistor, over the vertical step 6 and the -
exposed vertical surface of the gate electrode 4 which is included in the
vertical step 6, and down to the first electrode 2. The gate electrode 2 and the
sem1conductor material 8 now form a pn junction. A substantially vertical
transistor channel 9 is defined as either a p channel or a n channel in the
active semiconductive material 8 and extends between the first electrode 2
and the third electrode 5 and substantially _adjacent to a pn junction at the

gate electrode 4. Realized in this manner, the structure shown in fig. 2 forms )

‘a junction field effect transistor (JFET). It may optionally be made with the

first electrode 2 as drain electrode and the third electrode 5 as source
electrode or vice versa. The transistor effect, in this case the effective size of
the transistor channel, is controlled by an electric field which is applied to
the transistor channel over the pn junction.
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O Fi ig.-3 shows the embodiment of a MOSFET accordmg to the mventlon It s .

wholly realized in thin-film technology, as will be explained in more detail in
the following. On a substrate 1 a layer 2 of conducting material is provided.
which forms a first electrode in the transistor. On this layer an isolating

. material 3a which forms a first isolator is provxded and over the first isolator
' 3a a further conductmg matenal is provided, for instance metal, which forms

a second electrode in the transistor. On the second electrode 4 an 1solat1ng
material 3b is provided which forms a second isolator in the tran51stor, and

_ over the second isolator 3b a layer 5 of conductmg matenal is provxded
which forms a third electrode of the transistor. '

Realized as a MOSFET the first electrode 2 and the thlrd electrode 5 now
forms respectively the drain electrode and the source electrode of the

- transistor or vice versa. The second electrode 4 forms the gate electrode.
- Both the second and the third electrode 4;5 and 1solators 3a, 3b are prov1ded ;
‘on the first electrode 2 such that they in relation to the first electrode 2 and
the substrate 1 form a vertical step, the extension of which is indicated by the
_reference number 6 in fig. 2. Thus the structure consisting of the second and

the third electrode 4,5 and the isolators 3 covers only a portion of the
substrate 1 and the horizontal extension of the layers which form the vertical

" step 6 on the first electrode 2 or the substrate 1, may be made comparatively

small.

~ Over the exposed vertical surface of the gate electrode 4 which is 1ncluded in

the vertical step 6, an isolating material 7 is prowded which forms the gate
isolator of the field-effect transistor. Over the top of the third electrode 5
which for instance may be the source electrode of the transistor, over the
vertical step 6 and down to the first electrode 2 a layer of active

semiconductor material is provided which may be an amorphous,

polycrystalline or microcrystalline inorganic or organic semiconductor
material. The gate electrode 4 is isolated against the active semiconductor
material 8 by the gate isolator 7 such that charge injection is prevented. A
substantially vertical transistor channel is defined in the active
semiconductor material 8 and extends between the first electrode 2 and the
third electrode 5 and substantially adjacent to the vertical step 6. Realized in
this manner the structure shown in fig. 2 forms a metal-oxide semiconductor
field-effect transistor (MOSFET). Optionally it may made with a first
electrode 2 as drain electrode and the third electrode 5 as source electrode or
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“vice versa. The transistor effect will either. be given by a depl_etion_m.ode or

an enrichment mode, depending on the. gate potential

Itisto be understood that the substrate l'in the embodlments in figs 2 and 3
excluswely is intended to be a carrier of the transistor structure. Further the
conducting layer 2 and the ﬁrst electrode are provxded over the whole :
substrate, i.e. unpatterned but it may equally well be patterned and mlght

~ then for instance cover a portlon of the substrate correSpondmg to that
.covered by the vert1cal step structure. For instance may then the first

electrode in the embodiment-in fig. 2 flush with the surface of the vertical .
step 6 and itself present a vertical step in relation to the substrate 1. This

_ vertical step may here for instance ﬂush with the vertical surface of the gate
‘isolator 7. It is, of course, a condition that the necessary contact to the active

semiconductor material 8 is obtained. A first electrode. with a vertical step in

relation to the substrate may additionally be advantageous if the first

eleetrode shall be connected galvanically with correspondmg electrodes on
other transistors in a transistor network. For this purpose an electric
conductor may then be provided on the horizontal surface of the substrate
beyond the vertical step. ' '

Now a method for fabrication of a junction field-effect transistor in thin-film
technology according to the invention shall be discussed in more detail with

.reference to figs. 4a-e. A central task in connection with the fabrication of

junction field-effect transistors as shown in ﬁgs 2 and 3 is the forming of the
vertical step over which the transistor effect in its entirety will be present.
For instance a so-called lift-off method may be used which has proved to be

~an effective method for forming a vertical surface.

It is to be understood that the different process steps which is shown in figs.
4a-e and which now shall be discussed, are rendered schematically and

simplified.

As shown in fig. 4a a layer 2 of conductive material is deposited in a first
process step on the substrate 1 which itself is made in an isolating or
dielectric material. The couducting material 2 now will be forming the first
electrode of the transistor. Above the conducting material 2 a photoresist is
deposited and masked and etched according to well-known photolithographic
procedures, such that a patterned photoresist layer 10 with a vertical step'11
is formed on the first electrode 2. This is shown in fig. 4b and comprises a

 REPLACEMENT SHEET
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‘second process step of the method. In a third process. step shown in ﬁg 4c,

the isolating layer 3a which forms the. first isolator, a conductmg matenal 4,
which forms the second electrode of the transistor, a second isolating layer
3b which forms the second isolator, and on the top thereof a layer 5 of |

‘conducting material which forms a third electrode of the transistor are
provided sequentlally By using for instance a ‘vapour deposmon process the '

layers 3,4,5 now wxll cover both the exposed portion of the first electrode 2

~"and the top of the photoresist 10 i m honzontally stacked layers such as
_ev1dent from fig. 4c.

In a fourth process step a lift-off method is now used for removing the layer

" on the top of the photoresist and the photoresist 10 itself. This is done by

means of a solvent process, for instarice with acetone. 'When the photoresist

- 10 and the layers on the top thereof are removed the component appears as

shown in fig. 4d after the fourth process step and with a step. 6 vertlcally
oriented relative to the first electrode 2 or the substrate 1

Then a soluble amorphous active semiconductor maten‘al 8 is deposited over
the first electrode 2, the second electrode 4 and the vertical step 6 and the top
surface of the third electrode 5 in a fifth process step shown in fig. 4e. The
active semiconductor 8 thus will cover the layer structures both honzontally

~and vertxcally In case the first electrode 2 is patterned and only covers a

portlon of the substrate 1, for instance such that it itself forms a vertical step
which is flush with the vertical step 6, there will in addition neither be a
problem with the contact between the first electrode 2 and the active
semiconductor material 8. |

In the fabrication of a MOSFET in thin-film technology according to the

invention an intermediate process step shown in fig. 5a is applied after the
fourth process step shown in fig. 4d. In this further process step an isolating
layer 6 is provided over the second electrode 4 such that the surface thereof
is covered in the vertical step 6. This isolating layer 7 now comprises the
gate isolator of the MOSFET and pre'v'ents charge injection. The gate isolator
7 may be made in a process where an oxide is provided with the first
electrode 2 as substrate. Then a vertical etching step is used for forming the
gate isolator 7 oriented in the vertical direction such that it covers the gate
electrode 4. Alternatively the gate isolator 7 also could be provided by
making the gate electrode 4 in a material which may be oxidized selectively

© REPLACEMENT SHEEL
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or: processed in one way or another such that an 1solat1ng layer is formed on-

the surface of the gate electrode. Preferably this i may. take place by selective
0x1dat1on of the material in the surface of the gate electrode 4

After having prov1ded the gate 1solator 7 in the further process step shown in
fig: 5a, the soluble amorphous active semlconduc__tor material 8 is applied

- over the first electrode 2, the gate isolator 7, the vertical step 6, and the top'

surface of the third electrode 5 in the process step shown in fig. 5b. This"

_process step corresponds to the fifth process step shown in fig. 4e The actrve
‘semiconductor material thus will cover the layer structures both horizontally
~and vert1cally In case the first eleetrode 2is patterned and covers only a

portion of the substrate 1, but such that it extends somewhat beyond the

vertically stacked layers, there will in addition be no problem with the

contacting’ between the first electrode 2 and the active semlconductor

. material 8.

For_the‘ application of; the amo'rlphous active semiconductor mat'erial 8
methods like vacuum sublimation, vacuum deposi_tion, spin coating and
casting from solutions may be used. This implies that the amorphous active
semiconductor material 8 in principle may be made with various structures

-which for instance cover the gate electrode 4 with different orientation both

vertically and horizontally. It is also to be understood that the various active
materials may be mixed or combined in the amorphous semiconductor

" material in order to provide the field-effect transistor with special functions.

If the field-effect transistor is a JFET, it may particularly be desired to use
materials which spontaneously form a Schottky junction with the gate
electrode, such that a MESFET structure is obtained.

Even if the fabrication of the field-effect transistors according to the
invention in figs. 2 and 3 is shown for an in principle discrete component,
there is nothing against fabricating transistors of this kind and with the
method used in semi- or full- continuous reel-to-reel processes with global

~ layer application. Th,e; active semiconductor material 8 may this the way be -

applied in a continuous process. Correspondingly, also the gate isolator may
in this way be applied in a continuous process if the field-effect transistor is
a MOSFET. In a continuous process the vertical step 6 then advantageously
will be formed parallel with the movement direction of the line and both the
gate isolator 7 and the active semiconductor material may be applied as -
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coﬂtihu_oﬁs strips Qn'the3V-'ertical step. After the last process '_step sh'ow_n in fig. -~ - -

4e or fig. 5b, the individual transistors may be separated from the line and
completed in the form of discrete components. - R -

However, there is nothing against that greatér portions of the line with a

* large number of transistors may. form a transistor array which in its turn may

be used for realizing active memory modules with the 1nd1v1dual transistor as .

~ a memory element. The transistor must then be connected m a galvamc

network by formmg suitable conductmg structures for the connectmns

Generally vertlcal ﬁeld—effect tran31stor as dlsclosed herem may be reahzed

as structural parts in integrated electronic circuits in two and _three

dimensions. Possible applications of such circuits may be memories,

" processors etc. An obvious advantage of using active'memory components
~ - based on transistors according to the present invention is the possibility of

writing in small-signal mode and reading in large-signal mode, which
partic‘._u_larly_will be an advantage in electrical addressing of memory locations

- in large memory modules realized in a matrix network.

In regard of the fabrication process for the field-effect transistors according
to the invention, it may as mentioned be realized globally by using
continuous lines. In such a case it will also be possible to fabricate
field-effect transistors as JFET and MOSFET with a vertical geometric
structure by .means of a printing method and not only by using well-known
fabrication processes for VLSI components.
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1. A field-effect transistor, particularly a junction field-effect transistor

PATENT CLAIMS

_(JFET) with substantially vertical geometry, wherein the transistor comprlses
a planar substrate (1) of non—conductlng material, ' ' '

charactenzed in that a layer (2) of conducting material whlch comprlses a

first electrode is prov1ded on the substrate (1), that a layer (3a) of tsolatmg

material which forms a first isolator is provided over the first electrode (2),
that a'layer of conducting material (4) which forms a second electrode is

h _prov1ded over the first isolator (3a), that a further layer (3b) of isolating

material which forms a second isolator is prov1ded over the second electrode

; - (4), that a layer (5) of conducting material which forms a third electrode is

provided over the second isolator (3b), said first (2) and third electrode (5)
respectiyel_y comprising the drain and source electrode of the transistor or

~ vice versa and said second electrode (4) the gate electrode of the transistor,
“ that at least said second (4) and said third electrode (5) and said first (3a) and

second isolator (3b) with the respective layers in stacked configuration form
a step (6) oriented vertically relative to said first electrode (2) and/or said
substrate (1), and that a semiconductor material (8) which forms the active
semiconductor of the transistor is provided over the exposed portion of said
first electrode (2'), said second electrode (4) and said third electrode (5), said
active semiconductor (8) contacting the gate electrode (4) directly and

'formlng a substantially verttcally oriented transistor channel (9) between said

first (2) and said third electrode (5).

2. A field-effect transistor, particularly a metal-oxide semiconductor
field-effect transistor (MOSFET) with substantially vertical geometry,
wherein the transistor comprises a planar substrate (1) of non-conducting
material, characterized in that a layer (2) of .conducti'ng material which -

- comprises a first electrode is provided on the substrate (1), that a layer (3a)

of isolating material which forms a first isolator is provided over the first
electrode (2), that a layer of conducting material (4) which forms a second
electrode is provided over the first isolator (3a), that a further layer (3b) of
isolating material which forms a second isolator is provided over the second
electrode (4), that a layer (5) of conducting material which forms a third
electrode is provided over the second isolator (3b), said first (2) and third
electrode (5) respectively comprising the drain and source electrode of the
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first (3a) and second isolator (3b) with the respectlve layers in stacked -
configuration form a step (6) oriented vertlcally relative to said first
electrode (2) and/or said substrate (1), that a vertlcally oriented layer (7) of

B 1solat1ng material whtch forms a gate 1solator is provxded over said second
-electrode (4) and on said vertrcal step (6) and that a semlconductor material -
(8) whrch realizes the actwe semiconductor of the transistor and forms a -

substantial vertically oriented transistor channel ) between satd first @ and

‘said third electrode (5) is provided over the exposed portxon of said first
‘electrode (2), sard vertical step (6) with said- gate 1solator (7) and sa1d third
- electrode (5). - |

3. A ﬁeld-effect tran51stor according to claim 1 or. clalm 2

) charactenzed in that the first electrode (2)is prov1ded patterned on the

substrate (1) and forms a further intermediate step relative to the substrate
(1), whereby every electrode (2 4 5) presents a substantlally vertical surface
to the active semiconductor (8)

4. A field-effect transistor according to claim 1 or claim 2,

characterized in that the semiconducting material (8) is'selected among

-amorphous, polycrystalline or m1crocrystallme inorganic or organic

semiconductor matenals

5. A field-effect transistor according to claim 1 or claim 2,

- characterized in that the transistor channel (9) is defined as the-vertical

portion of the active semiconductor (8) between said first (2) and said third
electrode (5) and adjacent to the vertical step (6) formed by the stacked
configuration.

6. A field-effect transistor according to claim 1,
characterized in that the semiconducting material (8) and the gate electrode
(4) spontaneously form a Schottky junction (7).

]

7. A field-effect transistor according to claim 1,

characterized in that the transistor channel (9) is defined as an n channel or p
channel in the vertical portion of the active semiconductor (8) between said
first (2) and second electrode (5) and adjacent to a pn junction at the gate

_electrode (4).

: PLACEMENT sut_tt |
RRR VRN T s © nee 20wt

'trans1stor or vice versa and sdid second electrode (4) the gate electrode of the . -
- transistor, that at least said second (4) and said third electrode (5) and said
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8. A field-effect tran31stor accordmg to ¢laim 2

characterized in that the gate isolator (7) is formed as an ox1de coatmg on the
vertical surface of the gate electrode (5). .

9. | A field-effect transistor according to claim 8

_ 'characterlzed in that the oxide coating (7) is formed by selectrve ox1dat10n of
| ~ the electrode materlal in _the surface of the gate electrode_(4).

10, A method for fabrication of a ﬁeld-effect transrstor wrth substantxally o
vertical geometry, wherein the transistor comprises a planar substrate (1) of
-non-conducting material, characterized by the method comprising steps for

depositing onsaid substrate (1) a layer (2) of conducting material which -
forms a first electrode, forming on the first electrode (2)'a'step (6)ICOnsisting :
of a photoresist (10) and vertical relative to said first electrode (2) and/or
_said-‘.éubstrate (1) by means of a photolithograp'ic'proces,'s, depositing

‘respectively over both said conducting layer (2) and said photoresist (10)

which form the vertical step (6), a first isolator (3a), a conducting material

~ (4) which forms a second electrode, a second isolator (3b) and a conductmg

material (5) which forms a third electrode in a layerwise stacked
conﬁguranon, removing said configuration stacked over said photore51st (10)
and the photoresist itself by means of a lift-off method, whereby the

~ remaining isolator-electrode configuration provided on the first electrode (2)

forms a step (6) oriented vertically relative to said first electrode (2) and/or
said substrate (1), and depositing a soluble amorphous active semiconductor
material over said first electrode (2), and said vertical step (6), such that

semiconductor material contacts both said first (2) and said third electrode

(5) which realize respectively a drain or source electrode and vice versa in a
field-effect transistor, and said second electrode (4) which realizes the gate
electrode of the field effect transistor, thus forming a vertically oriented
transistor channel (9).

11. A method according to claim 10, wherein the field-effect transistor is
a metal-oxide sem1conductor field-effect transistor (MOSFET), characterized
by an isolating matenal being deposited on the vertical step (6) in a vertically
oriented layer, which is provided over the second electrode (5) and forms the
gate isolator in a field-effect transistor, the deposition taking place after the
removal of said stacked configuration and said photoresist (10), but before
the deposition of the soluble amorphous active semiconductor material (8).

Co T T
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12,0 A method according to claim 11, characterlzed by the gate 1solator .
A7) bemg formed as an ox1de coating on the Verttcal surface of the gate .

electrode (4).

130 A method accordmg to claim 12, characterized by the ox1de coating
(7 bemg formed by selective oxrdatlon of the electrode materlal in the

surface of the gate electrode (4)

| 14." A method accordmg to cldim 10 charactenzed by the first electrode
(2) bemg deposited patterned on the substrate (1) and covering only part1ally _
the latter :

* € L M § %
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ABSTRACT

A ﬁeld-effect transistor is made with electrodes
(2,4,5) and isolators (3) in vert1cally provided

* layers, such that at least the electrodes (4, 5) and the
: 1so_lators_ (3) form a step (6) oriented vertl__cally_

relative to the first electrode (2) or the substrate (1).
Implemented as a junction field-effect transistor
(JFET) or a metal-oxide semlconductmg

 field-effect transistor (MOSFET) the electrodes

(2 5) formmg respectlvely the drain and source
electrode of the field-effect transistor or vice versa
and the electrode (4) the gate electrode of the

. 'field-effect transistor. Over the layers in the-

vertical step (6) an amorphous polycrystallme or

. mlcrocrystallme inorganic or organic

semiconductor material is provided and forms the
active semiconductor of the transistor contacting
the gate electrode (8) directly or indirectly and

- forming a vertically oriented transistor channel (9) .

of the p or n type between the first (2) and the
second (5) electrode.

In a method for fabrication of a field effect
transnstor a vertical step (6) is formed by a means of
a photohthographm process and a soluble
amorphous active semiconductor material (8) is
deposited over the first electrode (2) and the
vertical step (6) such that a vertically oriented
transistor channel between the drain and source
electrode (2;5) is obtained. In a JFET the
semiconductor material (8) contacts the gate
electrode (4) directly. In a MOSFET a vertically
oriented gate isolator (7) is provided between the
gate electrode (4) and the semiconductor material

(8).
(Figs. 2, 3)
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