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ORGANIC TUNNEL FIELD EFFECT TRANSISTORS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, co-pending U.S. provisional
application entitied “Organic Tunnel Field Effect Transistors” having serial no. 62/270,682,

filed December 22, 2015, which is hereby incorporated by reference in ils entirety.

BACKGROUND
[0002] Field effect transistors are one of the most important devices of the modern
microelecironics industry. Reliable doping of the semiconducior materials allows for precise
tuning of the device properties {(p-type vs. n-type}, which can yield complementary metal-
axide-semiconductor (CMOS) technology — the basis of many digital circuits. Organic

glectronics offers an alternstive class of low-cost and flaxible slactronics.

SUMMARY

10003] Embodiments of the present disclosure are related to organic tunnel field effect
transistors.

[0004] [nh one embodiment, among others, an organic tunnel field effect transistor
comprises a first intrinsic layer {i-layer) of organic semiconductor material disposed over g
gate insuiating layer, where the first i-layer of organic semiconductor material is undoped; a
plurality of source (or drain) contact stacks disposed on portions of the first i-layer of organic
semiconductor material; a second i-layer of organic semiconductor material disposed on the
first i-layer of organic semiconductor material surrounding the plurality of source {or drain)
contact stacks, where a thickness of the second i-layer of organic semiconductor material is
of the same thickness or greater than a combined thickness of the p-doped injection layer
and the source (or drain) contact layer, and the second i-layer of P§ is undoped; an n-doped

organic semiconductor layer disposed on the second i-layer of organic semiconductor
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material surrounding and disposed on the plurality of source {(or drain) contact stacks; and a
drain {or source) contact layer disposed on the n-doped organic semiconductor layer. Each
of the plurality of source (or drain) contact stacks can comprise a p-doped injection layer
disposed on a corresponding portion of the first i-layer of organic semiconductor material, a
source (or drain) contact laver disposed on the p-doped injection layer; and a source (or
drain) contact insulating layer disposed on the source (or drain) contact layer.

[0005] In one or more aspects of these embodiments, each of the plurality of source {(or
drain) contact stacks can inciude a stack i-laver of organic semiconductor material disposed
on the source {or drain) contact insulating layer. The stack i-layer of organic semiconductor
material can be undoped and a thickness of the stack i-laver of organic semiconductor
material can correspond (o the thickness of the second i-layer of organic semiconductor
material. The thickness of the second i-layer of organic semiconductor material and the
stack i-layer of organic semiconductor material can be about 100 nm or more, or about 30
nm or more. in one or more aspects of these embodiments, the first i-layer of organic
sarniconductor material and the second i-layer of organic semiconductor material can
comprise undoped pentacene (P5). The n-doped organic semiconductor layer can comprise
n-doped pertacene (n-P5). The thickness of the n-doped organic semiconductor layer can
be about 100 nm or more, or about 30 nm or more. In one or more aspecis of these
embodiments, the organic semiconductor material of the first i-layer can be different than the
organic semiconductor material of the second i-layer.

[00GE] In one or more aspects of these embodiments, the p-doped injection layer can
comprise a p-doped PS§ {p-P5) layer disposed on the corresponding portion of the first i-layer
of organic semiconductor material. The p-P5 layer can comprise a biend of P5 and a p-
dopant. The p-dopant is 2,2 -{perflucronaphthalene-2 6-divlidens) dimalononitrile (F6-
TCNNQ). The p-doped injection layer can comprise a pristine p-dopant layer disposed on
the p-P5 layer. The pristine p-dopant layer can consist of the p-dopant. The p-P5 layer can
have a thickness of about 10 nm and the pristine p-dopant layer can have g thickness of

about 2 nm. In one or more aspects of these embodiments, the p-doped injection layer can
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consist of pristine p-dopant disposed on the corresponding portion of the first i-layer of
organic semiconductor material. The p-dopant can be 2,2-{perfluoronaphthalene-2 6-
diviidene) dimalononitrile (F&-TCNNGQ). iIn one or more aspects of these embodiments, an n-
doped organic semiconductor layer can extend beyond the source (or drain) contact
insulating layer.

[0007]  In another embodiment, a method comprises disposing a first intrinsic layer {i-
fayer) of organic semiconductor material over a gate insulating layer; forming a plurality of p-
doped injection laver sections on corresponding poriions of the first i-layer of organic
saermniconductor material; forming a plurality of source (or drain) contacts on corresponding
ones of the plurality of p-doped injection laver sections; forming a plurality of source {or
drain) contact insulation layer sections on corresponding ones of the plurality of source (or
drain) contacts,; disposing a second i-layer of organic semiconductor material on the first i-
tayer of organic semiconductor material surrounding the plurality of p-doped injaction layer
sections and the plurality of source (or drain) corntacts, disposing an n-doped organic
sermniconductor layer on the second i-laver of organic semiconductor material, the n-doped
grganic semiconductor layer encapsulating portions of the plurality of source (or drain)
cortact insulation layer sections; and disposing a drain {(or source) contact on the n-doped
organic semiconductor layer.

[0008]  In one or more aspects of these embodiments, the first i-layer of organic
semiconductor material and the second i-layer of organic semiconductor material can
comprise undoped pentacene (P5). The thickness of the second i-laver of organic
sermiconductor material can be about 100 nm or more, or 30 nm or more. The n-doped
organic semiconductor layer can comprise n-doped pentacene (n-P5). The thickness of the
n-doped organic semiconductor layer can be about 100 nm or more, or 30 nm or more. In
one or more aspects of these embodiments, the organic semiconductor material of the first -
laver is different than the organic semiconductor material of the second i-layer.

[0009] [nh one or more aspects of these embodiments, forming the plurality of p-doped

injection layer sections can comprise forming a plurality of p-doped P5 (p-P5) layer sections
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on the corresponding portions of the first i-layer of organic semiconductor material, the p-P5
faver sections comprising a blend of P5 and a p-dopant; and forming a plurality of pristine p-
dopant layer sections on corresponding ones of the p-P»5 layer sections, the pristine p-
dopant layer sections consisting of the p-dopant. The p-dopant can be 2,2~
{perfluoronaphthalene-2,6-divlidene) dimalononitrile (FE&-TCNNQ). The plurality of p-doped
injection layer sections can consist of a layer of pristineg p-dopant. The pristine p-dopant can
be 2,2-(perfiuoronaphthalene-2,8-divlidene) dimalononitrile (F6-TCNNQ).

[06010] COther systems, methods, features, and advantages of the present disclosure will
be or become apparent 0 one with skill in the art upon examination of the following drawings
and detailed description. it is intended that all such additional systems, methods, features,
and advantages be included within this description, be within the scope of the present
disclosure, and be protecied by the accompanying claims. In addition, all opticnal and
preferred features and modifications of the described embodiments are usable in all aspects
of the disclosure taught herein. Furthermore, the individual features of the dependent
claims, as well as all opticnal and preferred features and modifications of the described

embodiments are combinable and interchangeable with one anothsr.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Many aspects of the present disclosure can be better understood with reference
o the following drawings. The components in the drawings are not necessarily 1o scale,
emphasis instead being placed upon clearly Hllustrating the principles of the present
disclosure. Moreover, in the drawings, like reference numerals designate corresponding
parts throughout the several views.

[0012] FiG. 1is a graphical representation illustrating an example of a tunneling mode
of organic tunnel field effect transistors in accordance with various embodiments of the

present disclosure.
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[0013] FIGS. 2A, 2B, 3A, 3B, 4A and 4B are graphical representations of examples of
organic tunnel field effect fransistors in accordance with various embodiments of the present
disclosure.

[0014] FIGS. 5A and 5B are plots illustrating examples of fransistor output and transfer
characteristics of the transistor of FIGS. 4A and 4B in the reverse (tunnel) direction in
accordance with various embodiments of the present disclosure.

[0015] FIGS. 8A and 6B are graphical representations of examples of organic tunnel
field effect iransisiors in accordance with various embodiments of the present disclosure.

[0016] FIGS. 7A and 7B are plots illustrating examples of characteristics of the
transistor of FIGS. 6A and 6B in the reverse (lunnel} direction in accordance with various
embodiments of the present disclosure.

[0017] FIGS. 8A-8F and 9A-9C are plots illustrating examples of transistor cutput and
transfer characteristics of various embodiments of the transistor of FIGS. 8A and 6B in

accordance with various embodiments of the present disclosure.

DETAILED DESCRIPTION

[0018] Disclosed herein are various embodiments related to organic tunnel field effect
transistors. Organic electronics offers an emerging class of electronics in which the
fransistor acts as swiiching element. Generally, horizontal geometries can be used; however
vertical struclures can be utilized to overcome disadvantages such as long channel lengths.
Reference will now be made in detail 1o the description of the embodiments as illustrated in
the drawings, wherein like reference numbers indicate like parts throughout the several
views.

[0019] In general, both of CMOS and organic devices can be operated in a forward
direction, where the transistors are switched on by fieid effect control via the gate potential.
The field effect control leads 10 a unipolar current from the scurce 1o the drain contact
{(forward direction) of the device. Using the technology of molecular doping, either for

reducing the contact resistance at the source and/or drain contacts {coniact doping) or for
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controlling and stabilizing the threshold voltage (channel doping), the overall performance of
the transistors can be improved. Tuning of the swiiching voltage of the transistors is further
realized by changing the physical properties of the semiconductor-insulator interface, in
particular filling trap siates al this interface. Therefore, the doping density should be at least
higher than the interface trap density. However, if the doping levels become too high, usually
the off-currents of the transistor are increased from which the on/off ratio suffers.

[06020] The present disclosure presents an organic tunnel field effect transistor (OTFET)
100 which differs from known siructures by its basic working principle, which is in reverse
rather than the forward direction. FIG. 1 illustrates the OFET turmed OFF (Vgs=0), and in the
tunneling mode with the OFET tumed ON (Vgs<0). The tunnel transistor 100 can be
switched on by biasing the device in the break down regime, which is characterized by a
tunnel current between the conduction and valence bands of two {or three) adjacent
semiconductors. Such tunnel transistors 100 have been realized by employing an “artificial”
p-i-n semiconductor hetero structure in a vertical geomeiry. This is “artificial” in the sense
that the OTFET devices actually comprise only of a vertical stacking of infrinsic and n-doped
lavers, while the p-layer is induced in the on-state of the transistor 100 by the fisld effect
produced when applying a negative potential to the gate.

10021] The tunne! ransistors 100 offer two main advantages that make them interesting
for use in commercial applications in the field of organic electronics:

e Although emploving highly doped lavers, the transistors 100 can be completely
swilched off (i.e., the off-state currents remain low and are only limited by leakage
effects). Therefore, the on/off ratic does not suffer and much higher doping levels
than previously used are feasible, which can further improve the conductivily of the
organic layers.

= The threshold (switching) voltage of the transistor 100 is not exclusively determined
by the semiconductor-insulator interface properties or doping levels, respectively. it

can be further controlled by the thickness of the organic layers, in particular for



WO 2017/109734 PCT/IB2016/057897
7

vertical geometries since the tunnel break down strongly depends on the distance
between the n-lype and p-type lavers.

= |If employing a vertical stacking of different semiconductor materiais (e.g., A, B and/or
C), using a real semiconductor hetero-structure, operation of the tunnal fransistor can
be furthermore optimized by the choice of suitable materials in terms of high
mobilities {vertical for semiconductor B and C, horizontal for A) as well as their
relative energy levels, i.e., aiming a tuning of the effective tunnel gap, which is, e.g.,
HOMO(semiconductor A} to LUMO(semiconductor 8).

[0022] Referring to FIGS. 2A and 2B, shown are examples of organic tunnel field effect
transistors (OTFETs) 100 with a vertical structure. The OTFETs 100 include a subsirate
having a gate insulator layer 106 disposad on a gate 103. Disposed on the gate insulator
layer 108, opposite the gate 103, is a passivation layer 109. Afier the prelreatment with the
passivation layer 108, an intrinsic layer {-layer) of semiconductor A 112 is formed on the
passivation layer 109. After the layer of semiconductor A 112 is formed, injection sections
115 can be structured on the semiconductor A layer 112 using, e.g., evaporation through
shadow masks or other appropriate patterning methods (e.¢., photolithography).

[0023] As iliustrated in the OTFET embodiment 100a of FIG. 24, individual injection
structures 115 can be formed on the laver of semiconductor A 112, The injection seclions
115 improve the injection of holes at the scurce contacts 118 disposed on those sections
115. The source contacts 118 can then be formed on the injection sections 115 using, e.¢.,
evaporation through shadow masks or other appropriate patterning methods. Insulator
sactions 121 can then be disposed on the source sactions 118 using, &.¢., evaporation
through shadow masks or other appropriate patterning methods. The stacks of injection
sections 115, source contacts 118 and insulator sections 121 can be referred o as source
contact stacks.

[0024] As iliustrated in the OTFET embodiment 1000 of FIG. 2B, the individual injection
structures 115 can be formed on the layer of semiconductor A 112. The drain contacis 133

can then be formed on the injection seclions 115 using, e.¢., evaporation through shadow
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masks or other appropriate patierning methods. Insulator sections 121 can then be
disposed on the drain sections 132 using, e.¢., evaporation through shadow masks or other
appropriate patterning methods. The stacks of injection seclions 115, drain contacts 133
and insulator sections 121 can be referred to as drain contact stacks.

[0025] Following the formation of the insulator sections 121, additional layers can be
formed on the OTFET 100 as illustrated in FIGS. 2A and 2B. A second intrinsic layer (-
fayer) of semiconductor A or C can be disposed on the device to form a second
semiconductor layer 124 on the exposed portions of the initial semiconducior layer 112, In
some implementations, semiconductor A or C may also be disposed on the insulator
sections 121. As can be seen in FIGS. 2A and 2B, the second layer of semiconductor A or
C 124 covers the exposed portions of the source eleciredes 118 or drain electrodes 133.
The insulator sections 121 can zlso extend through the second semiconductor layer 124,
providing separation between the second layer of semiconductor A or C 124 and the
semiconductor sections on the insulator sections 121.

[0026]  Following deposition of the second semiconductor layer 124, a doped layer of
semiconductor B 130 can be disposed on the device, covering the second layer of
semiconductor A or C 124, and covering and filling between the insulator sections 121 as
shown in FIGS. 2A and 2B. A drain contact 133 (FIG. 2A) or a source contact 118 (FIG. 2B)
can then be formed on the doped semiconductor B layer 130, The tunnel transistor 100 is a
bipclar type device with electrons extracted in reverse direction at the top drain 133 in FIG.
2A or the drain contacts 133 in FIG. 2B. if fwo similar types of doping are used in layers 115
and 130 at both the source 118 and drain 133, then a monopolar fransistor results and the
funnei effect is not possible, even with reverse operation.

[0027] Referring next to FIGS. 3A and 3B, shown are other examples of OTFETs 100.
The OTFET 100 includes a substrate having a gate insulator layer 106 disposed on a gate
103. Disposed on the gale insulator layer 108, opposite the gate 103, is a passivation iayer
108, After the pretreaiment with the passivation layer 108, injection seclions 115 can be

structured on the passivation fayer 109 using, e.g., evaporation through shadow masks or
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other appropriate patterning methods (e.g., photdlithography). The source contacts 118 in
FIG. 3A or the drain contacts 133 in FIG. 3B can then be formed on the injection sections
115 using, e.g., evaporation through shadow masks or other appropriate patierning
methods, and insulator sections 121 can then be disposed on the source sections 118 (FIG.
3A) or the drain sections 133 (FIG. 3B) using, e.g., evaporation through shadow masks or
other appropriate patierning methods. The stacks of injection sections 115, source contacis
118 and insulator sections 121 can be referred {0 as source contact stacks. The stacks of
injection sections 115, drain contacts 133 and insulator seclions 121 can be referred to as
drain contact stacks.

[0028] Following the formation of the insulator sections 121, additional layers can be
formed on the OTFET 100 as illustrated in FIGS. 3A and 3B. An intrinsic layer (i-layen) of
semiconductor A can be disposed on the device 1o form a semiconducior layer 124 on the
exposed portions of the passivation layer 109, In some implementations, semiconductor A
may also be disposed on the insulator sections 121, As can be seen in FIGS. 3A and 3B,
the laver of semiconductor A 124 covers the exposed portions of the source elecltrodes 118
(FIG. 3A) or the drain electrodes 133 {(FIG. 3B). The insulator sections 121 can also extend
through the semiconductor layer 124, providing separation between the laver of
semiconductor A 124 and the semiconductor sections on the insulator sections 121.
Following deposition of the semiconductor A layer 124, a doped laver of semiconductor B
130 can be disposed on the device, covering the layer of semiconductor A 124, and covering
and filling between the insulator sections 121 as shown in FIGS. 3A and 3B. A drain contact
133 (FIG. 3A) or a source contact 118 (FIG. 3B) can then be formed on the doped
semiconductor B laver 130. While the examples have been illusirated with vertical
structures, the OTFET are equally applicable to (horizontal) hetero-structure devices.

[0029] Referring now to FIGS. 4A and 4B, shown is an example of an organic funnsi
field effect fransistor (OTFET) 100a that was implemented with a vertical structure. The
OTFET 100a includes a substrate having a thermal silicon oxide (SiOx) layer (gate insulator)

108 disposed on a silicon {Si) wafer 103, which may be ulilized as the gate electrode. For
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exampile, the SiOx layer 106 can formed on the Si wafer 103 with a thickness of about 300
nm or in a range from about 50 nm {o about 500 nm. Other oxides may also be used for the
gate insulator layer 1068, For example, ALbO; can be formed on the Si wafer 103 with a
thickness in a range from about 2 nm to about 200 nm. Disposed on the SiOx layer 106,
opposite the Si wafer 103, is a layer of hexamethyldisilazane (HMDS) as the passivation
layer 108. The HDMS 109 can be applied to the SiOx layer 106 at room temperature for
about 30 min. A thickness in the range of about 1-2 nm may be achieved. Cther layers 106
can include, but are not limited to, self-aligned monolayers (SAMs) of n-
octadecyltrichlorosilane (OTS) or phosphonic acids. After the pretreatment with HDMS 109,
an intrinsic laver (i-layer) of undoped pentacene (i-P5) 112 (semiconductor A) is formed on
the HDMS layer 109. The layer of pentacene 112 can be deposited at a rate of about 1 A/s
while al room temperature. For example, the i-P5 layer 112 can be formad with a thickness
of about 20 nm or in a range of about 10 nm to about 100 nm.

[0030] After the i-P5 layer 112 is formed, p-doped injection sections 115 comprising,
e.g., pristine 2, 2'-(perfluoronaphthalens-2 8-diviidene) dimalononitrile (FS-TCNNQ) disposed
on a blend of FB8-TCNNQ and pentacene (P5) can be structured on the i-P5 layer 112 to
form a p-doped section of P5 (p-P5) using, 2.¢., evaporation through shadow masks or other
appropriate patterning methods (e.q., photolithography). The F8-TCNNQ doping of the
blend can be about 8 wiSs or in a range from about Twi% to about 8 wi%. As Hllustrated in
FIG. 2A, individual p-doped structures 115 can be formed on the i-P5 layer 112, For
example, the p-doped structures 115 can be formed by evaporation {or deposition) of a
P5:FE8-TCNNQ blend on the i-P5 layer 112 at a rate of about 1 A/s while at room
temperature, followed by evaporation {or deposition) of the pristing FS-TCNNGQ at a rate of
about 0.05 A/s while at room temperature. In one embodiment, among others, the
structured p-doped sections 115 comprise a layer of pristine F8-TCNNQ with a thickness of
about 2 nm disposed on a layer of the P5:F8-TCNNQ blend with a thickness of about 10 nm

or in a range from about 10 nm to about 100 nm. Other p-dopants that can be utilized to
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form the blend and pristine layers include, e.¢., tetraflucro-tetracyancquinonedimethane
(FATCNQ) or CB0F386.

[0031] The p-doped sections 115 improve the injection of holes at the source contacts
118 disposed on those sections 1158, The source contacts 118 can then be formed on the p-
doped sections 115 using, €.q., evaporation through shadow masks or other appropriate
patierning methods {e.g., lithography). While aluminum (Al) is used to form the eleclrodes in
the example of FIG. 4A, other appropriate metals (e.q., silver, goid or platinum) can alsc be
used. For example, Al can be disposed on the p-doped sections 115 at a rate of aboul 0.3
A/s while at room temperature to form structured sections of the Al laver 118. Inone
embodiment, the source contacts 118 have a thickness of about 30 nm or in a range from
about 20 nm to about 40 nm. Isolating SiOx 121 (source insulator) can then be disposed on
the Al sections 118 using, e.¢., evaporation through shadow masks or cther appropriate
patterning methods. The SiOx sections 121 can be structured at a rate of about 0.2 A/s
while at room temperature. For example, the SiOx sections 121 can be formed with a
thickness of about 100 nm or in a range from about 50 nm to about 200 nm. The stacks of
p-doped injection sections 115, source contacts 118 and 3i0Ox insulator sections 121 can be
referred to as source contact stacks.

[0032] After the SiOx sections 121 have been formed as shown in FIG. 4A, they are
allowed to sit in air at room temperature for about 15 minutes, followed by 1 hour at 80°C in
a glovebox. Following this time, additional layers can be formed on the OTFET 100a as
Hlustrated in FIG. 4B. A second intrinsic layer (i-layer) of undoped pentacene (i-P5) is
disposed on the device o form a second -P5 layer 124 (semiconductor A) on the exposed
portions of the initial i-P5 layer 112 (semiconductor A) and i-P5 sections 127 (semiconductor
A) on the SiOx sections 121. The i-P5 can be applied at a rate of about 1 A/s while at room
temperature. For example, the second i-P5 layer 124 and i-P5 sections 127 can be formed
with a thickness of about 100 nm or in a range from about 50 nim to about 200 nm. As
Hlustrated in FIG. 24, this layer may be formed of a different intrinsic semiconductor material

{semiconductor C), which may have a similar thickness range or may have a smalier range
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{e.¢., about & nm to about 20 nm} depending on the type of semiconductor material being
used. As can be seen in FIG. 4B, the second i-P5 layer 124 covers the exposed portions of
the source electrodes 118, The SiOx sections 121 can also extend through the second i-P5
laver 124, providing separation between the second i-P5 layer 124 and the i-P5 sections 127
on the Si0Ox sections 121. The i-P5 sections 127 can be considered part of the source
contact stacks, while the second I-P5 layer 124 surrounds the source contact stacks and
extends over the height of the source contacts 118 and at least partially up the SiOx sections
121

(00331 Following deposition of the second I-P5 layer 124 and sections 127, alayer of n-
doped pentacene (n-P5) 130 (semiconductor B) is disposed on the davice, covering the
second i-P5 layer 124 and the i-P5 sections 127, and may fill in between the Si0Ox sections
121 as shown in FIG. 4B. In one embodiment, among others, the n-F5 comprises
pentacene blended with tetrakis (1,3,4,6,7,8-hexahydro-2H-pyrimide [1 ,2-3] pyrimidinato)
ditungsten () (W2{hppi4). The W2{hpp)4 doping of the n-P5 can be about 8 wi% or a range
from about 2 wt% to about 18 wi%. The n-P5 can be applied at a rate of about 1 A/s while at
room temperature. For example, the n-P5 layer 130 can be formed with a thickness in a
range from about 100 nm to about 150 nm or a range from about 50 nm to about 200 nm.
Other n-dopants that can be utilized to form the n-P5 layer include, e.g., 3,6-bis-(dimethyl
amino)-cridine, bis(ethylene-dithio) tetrathiafulvalens (BEDT-TTF), oxocarbon, or
pseudooxocarbonderivatives.

(0034 A drain contact 133 can then be formed on the n-P5 layer 130, While aluminum
(Al) is used {o form the electrode in the example of FIG. 4B, other appropriate metals (e.¢.,
silver, gold or platinunm) can aiso be used. For example, Al can be disposed on the n-P5
layer 130 at a rate of about 0.3 A/s while at room temperature. In one embodiment, the
drain contact 133 has a thickness of about 30 nm or a range from about 20 nm to about 40
nm. The tunnel transistor 100a is a bipolar type device with electrons injected at the fop

drain 133. If two similar types of doping are used in layers 115 and 130 at both the source
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118 and drain 133, then a monopolar transistor results and the tunnsl effect is not possible,
even with reverse operation.

[0035] [n some embodiments, the p-doped sections 115 may not include a layer of p-
doped pentacene (p-P5) such as the blend of FB-TOCNNGQG and P5. The p-doped sections
115 can be formed of a single layer of pristine F&-TCNNQ structured on the i-P5 layer 112.
For example, the single layer can be formed by evaporation (or deposition) of the pristine
FE-TCNNQ at a rate of about 0.05 A/s while at room temperature, resulting in a layer of
pristine F8-TCNNQ with a thickness of about 2 nm {(or a range of about 1-2 nm) disposed on
the i-P5 fayer 112, Operation of the fransistor 100a is provided by the combination of p-
doped layer 115 at the source 118 and the n-P§ fayer 130 at the drain 133, In alternative
embodiments, sections 115 can comprise n-doped P5 with jayer 130 comprising p-doped
P5.

[0036] The thickness of the second i-P5 layer 124 determines the tunnel break down
voltage (the minimum voliage needed {0 be applied to the top drain 133) to get the tunnel
transistor 100 to operate once the gate 103 has been swilched on. Roughness is an issue in
pentacene based devices, so a comparably thick second i-P§ layer 124 is used under the n-
P5 layer 130

[0037] Referring to FIGS. 5A and 5B, shown are plots illustrating exampiles of the
transistor output and fransfer characteristics of the transistor of FIGS. 4A and 4B in the
reverse {iunnel) direction. The disclosed output and iransfer characterisiics iliusirate the
principles of the tunnel field effect transistors.

[0038] Referring next to FIGS. 8A and 8B, shown is another example of an OTFET
100c that was implemented with a vertical structure. The OTFET 100c¢ includes an anodic
aluminum oxide (ALOs) layer (gate insulator} 106 dispesed on an aluminum (Al layer 103,
which may be utilized as the gate slectrode. For example, the aluminum laver 103 can be
formed on a glass substrate with a thickness of about 150 nm or in a range from about 50
nm to about 200 nm. The AL, layer 106 can formed on the Al layer 103 with a thickness of

about 100 nim or in a range from about 2 nm to about 200 nm. Other oxides may also be
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used for the gate insulator layer 108, For example, 5i0Ox can be formed on the Al layer 103
with a thickness in a range from about 50 nm to about 500 nm. Disposed on the AlLO; layer
108, opposite the Al layer 103, is a layer of tetratetraconiane (TTC) as the passivation layer
108. The TTC 109 can be applied o the AlLO; layer 106 with a thickness of about 30 nm or
in @ range from about 10 nm to about 80 nm. After the pretreatment with TTC 108, an
intrinsic layer (i-layer) of undoped pentacene (i-P5) 112 (semiconductor A) is formed on the
TTC layer 109. The layer of pentacene 112 can be deposited at a rate of about 1 A/s while
at room temperature. For example, the i-P5 layer 112 can be formed with a thickness of
about 45 nm or in a range of about 10 nm to about 100 nm.

[0039] After the i-P5 layer 112 is formed, p-doped injection sections 115 comprising,
e.q., a blend of CsoFas and pentacene (P5) can be structured on the i-P5 layer 112 foform a
p-doped section of PS (p-P5) using, e.g., evaporation through shadow masks or other
appropriate patterning methods (2.g., photolithography). The CeoF 55 doping of the blend can
be aboui 1.92 mol% or in a range from about 0.5 mol% 1o about 10 moi%. As illustrated in
FIG. 6A, individual p-doped structures 115 can be formed on the i-P5 layer 112, For
example, the p-doped structures 115 can be formed by evaporation (or deposition) of a P5:
CeoFas blend on the i-P5 layer 112, This may be foliowed by evaporation (or deposition) of
pristine Ceplag. I one embodiment, among others, the structured p-doped sections 115
have a thickness of about 40 nm or in a range from about 10 nm to about 100 nm. Other p-
dopants that can be utilized to form the blend and pristine layers include, e.g., telrafluoro-
tetracyanoquinonedimethane (F4TCNQ) or 2,2'-(perfluorenaphthalene-2,6-divliidene)
dimalononitrile (F8-TCNNQ). In some embodiments, the p-doped sections 115 may not
inciude a laver of p-doped pentacene {p-P5), bui instead may be formed of a single layer of
pristing Ceplag or FE-TCONNG structured on the i-P5 layer 112,

[0040] The p-doped sections 115 improve the injection of holes at the drain contacts
133 disposed on those sections 115. The drain contacts 133 can then be formed on the p-
doped sections 115 using, e.g., evaporation through shadow masks or other appropriate

patterning methods {(2.g., lithography). Vhile aluminum (Al can be used to form the
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electrodes 133, other appropriate metals {e.q., silver, gold or platinum) can also be used.
For example, Al can be disposed on the p-doped sections 115 at a rate of about 0.3 A/s
while at room temperature to form structured sections of the Al layer 133. Inone
embodiment, the drain contacts 133 have a thickness of about 30 nm or in a range from
about 20 nm to about 40 nm. Isolating SiOx 121 (drain insulator) can then be disposed on
the Al sections 133 using, e.g., evaporation through shadow masks or other appropriate
patierning methods. For example, the SiOx sections 121 can be formed with a thickness of
about 200 nm or in a range from about 50 nm {0 about 200 nm. The stacks of p-doped
injection sections 115, drain contacts 133 and SiOx insulator sections 121 can be referred to
as drain contact stacks.

[0041] After the SiOx sections 121 have been formed as shown in FIG. 8A, additional
fayers can be formed on the OTFET 100c¢ similar to the layers illustrated in FIG. 2B. A
sacond intrinsic laver (i-layer) of undoped pentacene (i-PS) can be disposed on the device {0
form a second i-P5 layer 124 (semiconductor &) on the exposed portions of the initial i-P5
layer 112 {semiconductor A} and the drain contact stacks. For example, the second i-P5
laver 124 and i-P5 sections 127 can be formed with a thickness of about 30 nm, about 50
rim, about 70 nm, about 80 nm, in & range from about 30 nim to about 150 nim, or in a range
from about 10 nm to about 200 nm. As illustrated in FIG. 2B, this layer may be formed of a
different infrinsic semiconductor material (semiconductor ), which may have a similar
thickness range or may have a smaller range {e.¢., about 5 nm o about 20 nm) depending
on the type of semiconductor material being used. As can be seen in FIG. 6B, the second i-
PS5 layer 124 covers the exposed sides of the drain electrodes 133 and the SiOx insulator
sections 121.

10042]  Following deposition of the second -5 layer 124, a layer of n-doped pentacene
{n-P5) 130 (semiconductor B) is disposed on the device, covering the second i-P5 layer 124,
as shown in FIGG. 8B, In one embodiment, among others, the n-P5 comprises pentacene
blended with tetrakis (1,3,4,6,7,8-hexahydro-2H-pyrimido [1 ,2-a] pyrimidinato) ditungsten (Il

{(Woilhppls). The Wo(hpp), doping of the n-P5 can be about 2.9 moi% or a range from about
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0.5 mol% to about 10 mol%. For example, the n-P5 layer 130 can be formed with a
thickness of about 40 nm or in a range from about 40 nm {o about 150 nm or a range from
about 20 nm fo about 200 nm. OCther n-dopants that can be utilized to form the n-P5 layer
include, &.g., 3,6-bis-(dimethyl amino)-cridine, bis{ethylene-dithio) tetrathiafulvalene (BEDT-
TTF), oxocarbon, or pseudooxocarbonderivatives.

[0043] A source contact 118 can then be formed on the n-P5 layer 130. While
aluminum (Al} is used fo form the electrode in the example of FIG. 8B, other appropriate
metais (e.q., silver, gold or platinum) can aiso be used. In one embodiment, the source
comtact 118 has a thickness of about 130 nm or a range from about 50 nm {o about 150 nm
or a range from about 20 nm to about 200 nm. The tunnel transistor 100c is a bipolar type
device with electrons injected at the fop source 118. Operation of the transistor 100c is
provided by the combination of p-doped layer 115 at the drain 133 and the n-P5 layer 130 at
the source 118. The thickness of the second 1-PS§ layer 124 determines the tunnel break
down voliage (the minimum voltage needed {0 be applied o the drain contacts 133) to get
the tunnel ransistor 100c to operate once the gate 103 has been switched on. In altermnative
embodiments, sections 115 can comprise n-doped P5 with fayer 130 comprising p-doped
P5. In this case, the devices are swiiched on by positive gale voltages, thus, having an n-
type channel.

[0044] Referring to FIGS. 7A and 7B, shown are plots illustrating examples of the
currents of the transistor of FIGS. 84 and 8B in the reverse (tunnel) direction (Vp<0 and
Vas<0). A tunneling OFET is achieved with an ON/OFF ratio of 10°, which is applicable for
commercial devices. Ulira-low off current in the range of 107" A provides low-energy
consumption. The gate current (i) is limited to a range of 107 A,

[0045] FiGS. 8A-8D and 8E-8F show plots illustrating examples of the transfer
characteristics and transistor cutput of the transistor of FIGS. 8A and 8B with a 30 nm
intrinsic pentacene (i-P5) layer 124. The disclosed output and iransfer characleristics
Hlustrate the principles of the tunnel field effect transistors. The off current (I o) depends

strongly on the drain voltage (Vps) with Ip o5 being about 10% A at Vps = -8V and fp.or bRING
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about 107" A at Vps = -4V. An ON/OFF ratio of 10* was seen at Vps = -8V and 10° was seen
at Vps = -4V. The ouiput current behaves as standard OFETs (with linear and saturation
regions) when Ygs is less than -8Y. When Vs is greater than -8V, the drain current Ip
increases with increasing Vp as with a PiN diode. FIGS. 9A-9C show plots liustrating
examples of the transfer characteristics of the transistor of FIGS. 6A and 6B with a thicker 50
nm i-P5 layer 124,

[0046] it should be emphasized that the above-described embodiments of the present
disclosure are merely possible exampies of implementations set forth for a clear
understanding of the principles of the disclosure. Many varigtions and modifications may be
made to the above-described embodiment(s) without departing substantiaily from the spirit
and principles of the disclosure. All such modifications and variations are intended to be
included herein within the scope of this disclosure and protected by the following claims.

[0047] It should be noted that ratios, concentrations, amounts, and other numerical data
may be expressed herein in a range format. His (o be undersiood that such a range format
is used for convenience and brevily, and thus, should be interpreted in a flexible manner io
include not only the numerical values explicitly recited as the limits of the range, but also o
inciude all the individual numerical values or sub-ranges encompassed within that range as if
each numerical value and sub-range is explicitly recited. To illustrate, a concentration range
of “about 0.1% {0 about 5%” shouid be interpreted to include not only the explicitly recited
concentration of about 8.1 wi% o about 5 wi%, but also include individual concentrations
{e.q., 1%, 2%, 3%, and 4%) and the sub-ranges {e.g., 8.5%, 1.1%, 2.2%, 3.3%, and 4. 4%}
within the indicated range. The term “about” can include traditional rounding according to

333

significant figures of numerical values. In addition, the phrase “about % o v” includes

[

“about 'K 1o about Y.



WO 2017/109734 PCT/IB2016/057897

18
CLAIMS

Therefore, at least the foliowing is claimed:

1.

An organic tunnel field effect transistor, comprising:

a first intrinsic layer (i-layer) of organic semiconductor material disposed over
a gate insulating layer, where the first i-layer of organic semiconductor material is
undoped:;

a plurality of source contact siacks disposed on portions of the first i-layer of
organic semiconductor material, each of the plurality of source contact stacks
comprising:

a p-doped injection layer disposed on a corresponding portion of the
first i-layer of organic semiconductor material;

a source contact layer disposed on the p-doped injection layer, and

a source contact insulating layer disposed on the source contact layer,

a second i-layer of organic semiconductor material disposad on the first i-
layer of organic semiconductor material surrounding the plurality of source contact
stacks, where a thickness of the second i-layer of organic semiconductor maieriai is
greater than a combined thickness of the p-doped injection layer and the source
contact layer, and the second i-layer of P5 is undoped;

an n-doped organic semiconductor layer disposed on the second i-laver of
organic semiconductor material surrcunding and disposed on the plurality of source
contact stacks; and

a drain contact layver disposed on the n-doped organic semiconducior layer.

The organic tunnel field effect transistor of claim 1, wherein each of the plurality of
source cortact stacks includes a stack i-layer of organic semiconductor material
disposed on the source contact insulating layer, where the stack i-layer of organic

semiconductor material is undoped and a thickness of the stack i-layer of organic
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semiconductor material corresponds to the thickness of the second i-layer of organic

semiconductor material,

The organic tunnel field effect fransistor of claim 2, wherein the thickness of the
second i-layer of organic semiconducior material and the stack i-layer of organic

semiconductor material is about 30 nm or more.

The organic tunnei field effect fransistor of any of claims 1-3, wherein the first i-layer
of organic semiconductor material and the second i-layer of organic semiconductor

material comprise undoped pentacene (P5).

The organic tunne! field effect transistor of claim 4, wherein the n-doped organic

semiconductor layer comprises n-doped pentacene (n-P5).

The organic tunnel field effect fransistor of claim &, wherein the thickness of the n-

doped organic semiconductor layer is about 30 nm or more.

The organic tunne! field effect transistor of any of claims 1-3, wherein the organic
semiconductor material of the first i-layer is different than the organic semiconductor

materiai of the second i-layer.

The organic tunnel field effect transistor of any of claims 1-7, wherein the p-doped
injection layer comprises a p-doped P5 (p-FP5) laver disposed on the comresponding
portion of the first i-layer of organic semiconducior material, the p-P& layer

comprising a blend of P§ and a p-dopant.

The organic tunnel field effect transistor of claim 8, wherein the p-dopant is 2,2™-

{perflucronaphthalene-2, 8-divlidene) dimalononitrile (FE-TCNNQ).
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The organic tunnel field effect transistor of ciaim 8, wherein the p-doped injection
layer comprises a pristine p-dopant layer disposed on the p-P5 layer, the pristine p-

dopant layer consisting of the p-dopant.

The organic tunnel field effect transistor of claim 10, wherein the p-FP5 layer has a
thickness of about 10 nm and the pristine p-dopant layer has a thickness of about 2

nm.

The organic tunnel field effect transistor of any of claims 1-7, wherein the p-doped
injection layer consists of pristine p-dopant disposed on the corresponding portion of

the first i-layer of organic semiconducter material.

The organic tunnel field effect transistor of claim 12, wherein the p-dopant is 2,2-

{perfluoronaphthalene-2 8-divlidene) dimalononitrile (FB-TCNNQ).

The organic tunnei field effect transistor of any of claims 1-13, wherein an n-doped

organic semiconductor layer extends beyond the source contact insulating laver.

An organic tunnel field effect fransistor, comprising:

a first intrinsic layer {-layer) of organic semiconductor material disposed over
a gate insulating layer, where the first i-layer of organic semiconductor material is
undoped;

a plurality of drain contact stacks disposed on portions of the first i-layer of
organic semiconductor material, each of the plurality of drain contact stacks
comprising:

a p-doped injection layer disposed on a corresponding portion of the

first i-layer of organic semiconductor material;
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a drain contact layer disposed on the p-doped injection layer; and
a drain contact insulating layer disposed on the drain coniact layer,

a second i-layer of organic semiconductor material disposed on the first i-
layer of organic semiconductor material surrounding the plurality of drain contact
stacks, where a thickness of the second i-layer of organic semiconductor maieriai is
greater than a combined thickness of the p-doped injection layer and the drain
contact layer, and the second i-layer of P5 is undoped;

an n-doped organic semiconductor layer disposed on the second i-laver of
organic semiconducior material surrcunding and disposed on the plurality of drain
contact stacks; and

a source contact laver disposed on the n-doped organic semiconductor layer.

A method, comprising:

disposing a first intrinsic iayer (i-layer) of organic semiconductor material over
a gate insulating layer;

forming a plurality of p-doped injection laver sections on corresponding
portions of the first i-layer of organic semiconductor materiat;

forming a plurality of source contacts on corresponding ones of the plurality of
p-doped iniection layer sections;

forming a plurality of source coniact insulation laver sections on
corresponding ones of the plurality of source contacts;

disposing a second i-layer of organic semiconductor material on the first i-
layer of organic semiconductor material surrcunding the plurality of p-doped injection
layer sections and the plurality of source contacts;

disposing an n-doped organic semiconductor layer on the second i-layer of
organic semiconducior material, the n-doped organic semiconducior iayer
encapsulating portions of the plurality of source contact insulation layer sections; and

disposing a drain contact on the n-doped organic semiconductor layer.
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The method of claim 16, wherein the first i-layer of organic semiconductor material
and the second i-layer of organic semiconductor material comprise undoped

pentacene (P5).

The method of claim 17, wherein the thickness of the second i-layer of organic

semiconductor material is about 30 nm or more.

The method of any of claims 17 or 18, wherein the n-doped organic semiconductor

layer comprises n-doped pentacene (n-P5%).

The method of claim 19, wherein the thickness of the n-doped organic semiconductor

layer is about 30 nm or more.

The method of claim 16, wherein the organic semiconductor material of the first i-

layer is different than the organic semiconductor material of the second i-layer.

The method of any of claims 16-21, wherein forming the plurality of p-doped injection
layer seclions comprises:

forming a plurality of p-doped P5 (p-P5) layer sections on the corresponding
portions of the first i-layer of organic semiconductor material, the p-P5 layer sections
comprising a blend of P5 and a p-dopant; and

forming a plurality of pristine p-dopant layer sections on corresponding ones
of the p-P5 layer sections, the pristine p-dopant layer sections consisting of the p-

dopant.

The method of claim 22, wherein the p-dopant is 2,2'-(perfluoronaphthalene-2,6-

divlidene) dimalononitrile (F8-TCNNQ).
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24. The method of any of claims 16-21, wherein the plurality of p-doped injection layer

sections consisis of a layer of pristine p-dopant.

25. The method of claim 24, wherein the pristine p-dopant is 2,2-(perfluoronaphihalene-

2,8-divlidene) dimalononitrile (F6-TCNNQ).
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15 September 2011 (2011-09-15)
page 15, Tline 2

D Further documents are listed in the continuation of Box C.
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date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
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