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(57) Abstract: The present disclosure relates to a method of manufacturing an organic electronic device, comprising providing a
layered device structure, the layered device structure comprising a plurality of electrodes and an electronically active region being
provided in electrical contact with at least one of the plurality of electrodes, said providing of the layered device structure compris -
ing steps of providing an organic semiconducting layer,applying a structuring layer to the organic semiconducting layer, the structur-
ing layer having a first region and a second region, the first region being covered by a layer material,applying a contact improving
layer to the structuring layer by depositing at least one of an organic dopant material and an organic dopant-matrix material at least
in the first region,depositing a layer material on the contact improving layer at least in the first region, and removing the structuring
layer at least in the second region. Furthermore, an organic electronic device is provided.
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Method of manufacturing an organic electronic device and organic electronic device

The invention refers to a method of manufacturing an organic electronic device and an organic

electronic device.

Background

The compatibility of organic materials and device concepts to high resolution, cost-effective pat-
terning techniques exhibits a major requirement in order to warrant their commercial success. In
particular, down-scaling and high density integration of organic field effect transistors (OTFTs)
is essential to overcome current performance limitations and to make OTFTs become a prospec-

tive device for applications ¢.g. in active matrix displays or organic microprocessors.

With respect to the production of organic electronic devices having an electronically active re-
gion which is being made at least in part from an organic material and which is in contact with
one or more clectrodes. Various methods for structuring the organic semiconductor layers were
proposed, e.g. shadow mask deposition, laser ablation, inkjet printing, or nano-imprinting. How-
ever, they are cither lacking in their throughput capacitance, accessible feature size, or their com-
patibility with the organic compounds themselves. Photolithography on the other hand is a very
powerful technique which is currently adopted as a standard patterning approach for inorganic
clectronic industry. However, except of some limited cases (cf. Balocco et al., Org. Electron. 7,
500 (2006), Huang ct al., J. Mat. Chem. 17, 1043 (2007)), conventional photo-resist, developer,
and solvent compounds (using ¢.g. tuluol and alkaline solvents) are not applicable to organic ma-

terials.

Summary

It is an object of the invention to provide technologies for organic electronic devices having an

improved operation functionality.
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According to onec aspect, a method of manufacturing an organic clectronic device according to
claim 1 is provided. According to another aspect, an organic electronic device according to claim

11 is provided. Advantageous developments are disclosed in the dependent claims.

A method of manufacturing an organic electronic device is provided, the method comprising
providing a layered device structure, the layered device structure comprising a plurality of elec-
trodes and an clectronically active region being provided in electrical contact with at least one of
the plurality of electrodes. The step of providing the layered device structure comprises a step of
providing an organic semiconducting layer steps of applying a structuring layer on the organic
semiconducting layer, the structuring layer being provided with a first region to be covered by the
layer material and a second region not to be covered by the layer material, applying a contact
improving layer on the structuring layer by depositing an organic dopant material and / or an or-
ganic dopant-matrix material at least in the first region, depositing a layer material on the contact
improving layer at least in the first region, and removing the structuring layer at least in the se-

cond region, but not in the first region.

According to another aspect, an organic clectronic device is provided, the device comprising

a layered device structure, the layered device structure comprising a plurality of electrodes and

an electronically active region being provided in electrical contact with at least one of the plu-

rality of electrodes,

- in the layered structure, an organic semiconducting layer comprising a first region treated in a
photo lithography process, and

- a layer stack deposited on the first region, the layer stack comprising a structured layer and a

contact improving layer provided between and in contact with the first region and the struc-

tured layer.

After the step of removing the structuring layer the layer material with the underlying contact
improving layer remains at least in the first region, thereby, providing coverage of at least the

first region, but not the second region, with the layer material.
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By the contact improving layer, an electrical contact may be improved at an interface between the
organic semiconducting layer and the structured layer produced above the organic semiconduct-

ing layer in the layered structure.

The structuring process may be used several times in the process of producing the layered device

structure.

The clectronically active region, besides the contact improving layer, may comprise one or more
organic layers made of at least one organic semiconducting material, preferably an organic small

molecule semiconductor different from organic polymers.

The contact improving layer may be provided in between and in contact with layers both made of
an electrically non-doped material. The contact improving layer may improve the electrical con-

tact at the interface of the two non-doped layers.

The organic semiconducting layer and / or the contact improving layer may be provided cither by

vacuum deposition or by a solution-based deposition process.

By the process comprising said applying the structuring layer on the organic semiconducting lay-
er, said applying the contact improving layer on the structuring layer, said depositing the layer
material on the contact improving layer, and said removing the structuring layer at least in the
second region, a structured layer made of a layer material is provided on the organic semicon-

ducting layer.

The method may further comprise a lift-off structuring process. The lift-off structuring process
may be used several times in the process of producing the layered device structure. The lift-off
structuring process may comprise the steps of applying the structuring layer on the organic semi-

conducting layer, applying the contact improving layer on the structuring layer, depositing the
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layer material on the contact improving layer, and removing (lifting-off) the structuring layer at

least in the second region.

The step of providing the structuring layer may further comprise a step of using a photo litho-

graphic process.

The using the photo lithographic process may further comprise steps of depositing a photo resist
cover on the organic semiconducting layer and structuring the photo resist cover, said structuring
comprising steps of illuminating and removing the photo resist cover, thereby, at least partially
removing the photo resist cover in at least the second region, but not the first region. The photo
resist cover may be removed by etching. The photo resist cover may be a single layer or a multi-
layer cover. For example, a plurality of layers made from different photo resist materials may be
provided. Different layers may be provided for implementing different functions in the lift-off

structuring process.

The step depositing the photo resist cover may further comprise steps of depositing a protection
layer on the organic semiconducting layer, and depositing a photo resist layer on the protection
layer. The protection layer may provide protection for the underlying layer against wet materials
used, for example, for the structuring of the photo resist layer, e.g. by etching. The protection
layer may be transparent to oxygen. The step of structuring the photo resist cover may comprise
removing at least the photo resist layer in at least the first region, but not the second region. In

addition, the protection layer may at least partially be removed.

The etching of the photo resist cover may further comprise a step of providing a non-closed re-
sidual layer made from non-removed residuals of the photo resist cover in the first region. The
non-removed residuals may be made of the material of the protection layer and / or photo resist

layer. It may only partially cover the underlying organic semiconducting layer.
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There may be a step of providing a structured electrode layer made of an electrode material. For
example, one or more top electrodes may be produced, the top electrode(s) being provided on top
of the electronically active region. Said providing of the structured electrode layer may part of the

process of providing the structured layer.

There may further be a step of providing a structured non-clectrode layer made of a non-electrode
material. Said providing of the structured non-clectrode layer may part of the process of provid-
ing the structured layer.

The photo lithographic process may be performed by using a fluorine based photo lithography.

The contact improving layer may be provided with a layer thickness of about 1 nm to about 100

nm.
The providing the layered device structure may comprise a step of providing a device selected
from the following group: organic field effect transistor, an organic circuit assembly, organic

light emitting device, and organic photovoltaic device.

Description of preferred embodiments

In the following, embodiments will be described in further detail, by way of example, with refer-

ence to figures. The figures show:

Fig. lato Id a schematic representation of a process for producing a layered structure of an
organic semiconducting device using a photo-lithographic process,

Fig. 2 optical microscope images of layered structures comprising an organic semi-
conducting layer,

Fig. 3 graphical representations for the transfer characteristic and current-voltage
curves (inset) of a lithographically structured OTFT in comparison to a refer-

ence device,
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graphical representation of a transistor resistance Renizc (channel + contact) of
lithographically produced OTFTs for different channel lengths (Vps=2V),
graphical representations of XPS measurements of the C Is signal of a Cep film
after removing Ortho 310 in comparison to a Cg film as evaporated (Fig. 5a)
and the F 1s signal of a Cg film after removing Ortho 310 (Fig. 5b), respective-
ly,

a graphical representation of the luminance of a green OLED for different gate-
source voltages at a fixed drain-source voltage of 12V,

a schematic representation of a procedure for manufacturing a complementary
inverter employing photo-lithography,

a microscope image of an inverter circuit before deposition of electrodes,

a graphical representation of input vs. output voltage (switching characteristics)
of the complementary organic inverter fabricated by photo-lithography,

a schematic representation of a process for producing a layered structure of an

OTFT by using a photo-lithographic process,

. l11a and 11b a graphical representation of the I-V curves and the transfer characteristics of

12

two lithographically structured OTFTs with and without an contact improving
layer, and

a graphical representation of the contact resistance estimated by transmission
line method for lithographically made OTFTs with and without the contact im-

proving layer.

Fluorine based photo-lithography is used for high resolution patterning of p- and n-channel or-

ganic field effect transistor (OTFT) (pentacene and Cg) under ambient conditions. The OTFT

performance is only slightly affected by the structuring procedure, which can be explained by a

detailed study including OTFT characterization and X-ray photoelectron spectroscopy (XPS).

Hence, fluorine based photo-lithography exhibits a powerful method for structuring of organic

semiconductor materials.
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It was found that down-scaling of OTFTs may be restricted by injection of charge carriers from
the source electrode. This effect leads to deviations from the gradual channel approximation and

therefore from OTFT scaling laws.

For the use of photo-lithography on organic materials it is proposed using sacrificial protection
layer(s). These layers may protect the active material from the wet chemicals during the litho-
graphic process and can be cither removed or left as a functional part of the device. This concept
may be beneficial owing to its versatility and its potential compatibility to a wide class of organic
materials. Here, the process of photo-lithography structuring or patterning is applied to small

molecule organic semiconductors.

Photo-resists and solvents used for photo-lithographic patterning may be based on highly fluori-
nated compounds. Such materials are highly hydrophobic and inert concerning reactions with
typical organic semiconductors. These properties enable the use of fluorinated photo-resists as
protection layers for organic semiconductors. Furthermore, their hydrophobic character warrants
the combination with conventional photo-resist compounds using hydrophilic developer solu-

tions.

Following, the use of a photo-lithography process which allows for structuring OTFTs, especially
OTFTs containing one or more layers made of Cg or pentacene, in a top source / drain gecometry
under ambient conditions is described. Material properties of the organic semiconductors such as
layer adhesion, surface roughness, and sensitivity to oxygen and moisture, may affect the photo-
lithography process. In the following, the influence of the patterning procedure on the perfor-

mance of OTFTs is investigated.

Structuring on organic materials is performed. The structuring process, for example, may be used
for fabrication of OTFTs. A highly doped silicon substrate is used as a gate electrode 2 on a sub-
strate 1. The gate electrode 2 is covered by a gate insulator 3 made of Al,Os. The gate insulator 3,

for example, may have a thickness of 23nm or 50nm. After substrate cleaning and surface prepa-
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ration, an organic semiconducting layer 4 of cither Ceo (40nm) or pentacene (25nm, 40nm, and

80nm) is deposited under vacuum conditions (see Fig. 1a).

Subsequently, the samples are taken out of the vacuum chamber, and are exposed to air the first
time. A protection layer 5 made of a lift-off resist (Ortho 310 - negative resist, Orthogonal Inc.) is
spin-coated (3000rpm, 30s, thickness lum) under ambient conditions directly onto the organic
semiconducting layer 4 (see Fig. 1b). The lift-off resist Ortho 310 acts as a protective resist since
it is based on fluorinated photosensitive polymers which are chemically benign to non-fluorinated
organic compounds. It is processed, i.e. deposited, etched, and stripped off, by hydrofluoroether

(HFE) solvents.

Worth mentioning, the lift-off resist Ortho 310 only protects the organic semiconductor of the
organic semiconducting layer 4 from the wet chemicals, but it is transparent to oxygen. The se-
cond role of the protection layer 5 is its use as lift-off resist. This is possible due to the mutual
orthogonality of Ortho 310 and non-fluorinated commercial imaging resist. Thus, processing of

Ortho 310 does not influence the imaging resist and vice versa.

A photo resist layer 6 made of an imaging resist (ma-P1210, positive resist from micro resist
technology GmbH, Berlin, thickness lum) is spin-coated onto the protection layer 5 using the
same procedure and it is exposed by the SF-100 UV broadband exposure system (see Fig. 1b).
The exposed parts of the photo resist layer 6 are removed by development in NaOH solution for
17s (see Fig. 1¢) and rinsing in deionized water. Afterwards, the photo resist layer 5 serves as an
etching mask for Ortho 310. This pattern of the photo resist layer 6 is transferred to Ortho 310 by
etching with HFE solvents (see Fig. 1d).

An clectrode material 7, namely gold, is deposited through the resist stencil and finally spare gold
is removed via lift-off using HFE 7100 in a nitrogen atmosphere (see Fig. 1e and 1f). Apart from
the step in Fig. 1f, all other steps of the structuring process are done under ambient conditions in

air. The total exposure time to oxygen and moisture is about 30min.
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In an alternative method, only one of the protection layer 5 and the photo resist layer 6 is used.

The only layer deposited will provide photo resist functionality.

Following, the chemical structure of the fluorinated solvent and photo-resist compounds are de-
picted: (a) HFE 7100, (b) HFE 7300, (c) photosensitive photo-resist (soluble in HFE solvents),
and (d) photo-resist after UV light exposure (insoluble in HFE solvents).

& o o) ) v ) gy g
Fe——i-cF, ¢ F—c%x ke U 7 g Pc,éx L o |y
(b) ~ 0 0 0 0
e oe (CHaz CH, [CHy), OH
Fe L, (CFzk N, (CFz)
F E CF CF I\H CFy

The method may be modified depending on the specific organic material. Since photo-litho-
graphy is a multi-step process some conditions may be kept constant in order to identify crucial
parameters. In particular, for the described embodiments, resist deposition and development time
may remain unchanged. Ideal processing parameters with the highest reliability, independent of
layer thickness, are found for Ce as:

- exposure time 0.6s (40 mJ / cm?),

- development in NaOH for 17s,

- rinsing by deionized water, and

- spin-rinsing by HFE 7100 for 50s (3000rpm).

These conditions allow for a high resolution patterning on Cg without a notable influence on the
organic layer. Fig. 2a to 2d show optical microscope images of layered structures comprising an
organic semiconducting layer after a lift-off process as described above. The images show result

for a layered structure comprising Ceo (40nm) with gold electrodes on top (see Fig. 2a), pentacene
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(80nm) with gold electrodes (see Fig. 2b), pentacene (40nm) with gold electrodes (see Fig. 2c¢),
and pentacene (25nm) (see Fig. 2d).

For pentacene the patterning process was adapted. In particular, the surface roughness and the
weak substrate adhesion of pentacene films may need modifications of the photo-lithography
recipe. In Fig. 2a to 2d pentacene films of various thicknesses (80nm, 40nm, and 25nm) are
shown after the lift-off process using the same procedure as established for Cgo. There are differ-

ences in layer coverage and optical contrast for the different thicknesses.

Especially, for 80nm of pentacene (see Fig. 2b), the layer is non-uniform, contains large defects,
and looks perforated. This effect is reduced for 40nm (sece Fig. 2¢) of pentacene and even vanish-
es for 25nm (see Fig. 2d) where a uniform layer can be observed. The layer roughness of penta-
cene films may lie in the range of the layer thickness. This property can explain the different op-

tical contrast obtained in the microscope images.

Furthermore, the layer roughness may lead to a different adhesion of photo-resist and organic
semiconductor. In particular, since the layer roughness is increased also the effective contact area
between photo-resist and pentacene is increased. Hence, if the HFE solvent creeps underneath the
photo-resist in order to lift it off, the photo-resist entrains the pentacene film. This is caused by
the fact that owing to the large contact area, the adhesion of pentacene to the photo-resist is larger
than the adhesion to the substrate. This influence leads to the appearance of defects as obtained in
Fig. 2b. If the pentacene layer is thinner, this effect is reduced which also increases the yield of
the lift-off process. In general, for the chosen layer thicknesses the lift-off yield increases from <
20% for 80nm of pentacene to > 80% for 25nm thick films. Hence, for a structuring of pentacene

films, the layer thickness should be preferably < 40nm.

However, in view of the roughness of pentacene, also other parameters such as resist treatment,
exposure time, and / or etching procedure may be modified. The thickness of the photo-resist may

be expected to be larger than for Cg which is related to the better resist adhesion. Therefore, also



10

15

20

25

WO 2014/154699 PCT/EP2014/055976

-11 -

larger exposure durations may be required. In detail, for 25nm thick pentacene films the dose was
increased from 0.6s to 0.75s - 0.8s to compensate for the larger resist thickness. Such differences
of exposure time are undesired if Cg and pentacene have to be structured on the same substrate
as it is required for e.g. complementary circuits. Therefore, different resist treatment processes
are tested. An effective reduction of exposure time is achieved in two different ways. First, the
samples can be annealed after resist deposition. Heating at 70°C for Imin reduces the exposure
time to 0.6s. Unfortunately, such heating steps may not be applied to some organic materials. A
second way to reduce the exposure time is to wait for at least 10min after resist deposition. The
effect of annealing and waiting is similar. In either case, solvents can desorb of the resist which

effectively reduces its thickness and therefore the exposure time.

The last step that may be modified for structuring of pentacene is the etching process. In contrast
to Ceo where a spin-rinsing process is employed, etching on pentacene may require a less aggres-
sive procedure owing to the enhanced resist adhesion. Thus, instead of this spin-rinsing, the pen-
tacene samples are dipped into HFE 7300 for 4min which is less aggressive than HFE 7100. Af-
ter this dipping, the samples are again dipped in fresh HFE 7300 for 30s in order to avoid Lang-

muir-Blodgett film formation on the organic material.

With these modifications of the patterning recipe, pentacene can be structured with a high resolu-

tion and a high process yield as known for Ceo.

Following, the influence of photo-lithographic patterning on the OTFT performance is studied.

The buckyball Cg molecule is chosen for these investigations since this material can be seen as a
benchmark material for electron transporting organic semiconductors. Its high symmetry leads to
highest mobility values reported for electron transporting organic semiconductors (cf. Zhang et
al., J. Appl. Phys. 104, 104504 (2008), Kobayashi et al., Science and Technology of Advanced
Materials 4, 371 (2003), Zhang ct al., Appl. Phys. Lett. 93, 133305 (2008)). However, Cg has the

same tendency as most other electron transporting organic materials: water and oxygen can be
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adsorbed easily and can act as trap states for charge carrier transport. To discuss influences of the
lithography on OTFT performance, changes in threshold voltage, contact resistance, mobility,
and subthreshold-swing in comparison to a reference device structured by shadow mask are dis-

cussed.

Electron mobilities up to 5em” / (V s) have been reported (cf. Kobayashi et al., Science and
Technology of Advanced Materials 4, 371 (2003), Zhang et al., Appl. Phys. Lett. 93, 133305
(2008), Virkar et al., Adv. Mat. 19, 1962 (2009)) for Ceo using special surface treatments or low
work function metals for source and drain electrodes. OTFTs prepared are not optimized for
highest charge carrier mobility. Nevertheless, charge mobilities obtained are within the state-of-
the-art for C¢o OTFTs. They can be further improved according (cf. Kobayashi et al., Science and
Technology of Advanced Materials 4, 371 (2003), Zhang et al., Appl. Phys. Lett. 93, 133305
(2008), Virkar et al., Adv. Mat. 19, 1962 (2009)).

OTFT performance can be influenced by lithographic structuring in two ways. First, resist and
solvent compounds will interact with the organic semiconductor. Second, there is an influence
since the samples are exposed for several minutes to air and moisture before they are covered by
the photo-resist. In order to distinguish between these two influences, the reference sample and
the lithographically processed devices are exposed to air after the first characterization. After-
wards additional annealing steps are performed. In detail, after processing and the first measure-
ment of fresh devices, the samples are exposed to air for one hour without protective resist and

are heated afterwards for 1h in a nitrogen glove box at 100°C.

It is well known that Ceo, which has been exposed to air can be reactivated in an oxygen-free at-
mosphere (cf. Fujimori et al., Solid State Comm. 89, 437 (1994), Matsushima et al., Appl. Phys.
Lett. 91, 103505 (2007)) (nitrogen glove box or vacuum). Additional heating may reduce the re-
quired reactivation time. Cg contains two dominant trap levels, namely deep one (0.4eV below
the conduction level) and a shallow one (0.2¢V below the conduction level) which is mainly

caused by physisorption of oxygen and water. These shallow trap states can be healed by heating
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under vacuum conditions or inert atmosphere. Accordingly, the post-annealing step should help
to remove the residuals of water and oxygen remaining in Ceo. Thus, changes of OTFT parame-
ters (threshold voltage, contact resistance, mobility) that can be reversed by the annealing proce-
dure are likely caused by the accidental influence of water and oxygen and not by the lithography

itself.

Fig. 3 shows graphical representations for the transfer characteristic and current-voltage curves

(inset) of a lithographically structured OTFT in comparison to a reference device.

The transfer characteristics (Vps=8V) of lithographically (dotted line) and shadow mask pat-
terned (closed line) Cgo OTFTs are shown. The transistors have a channel length of 30um and a
channel width of 300um, respectively. The short dotted curve denotes the performances directly
after deposition. The short dashed curve shows the OTFT performance after one hour under am-
bient conditions (measurement in nitrogen) and the dashed line after an annealing of one hour at
100°C in a nitrogen glove box. The inset shows the current-voltage characteristics of the litho-
graphically processed device. The gate-source voltages are: 2V, 3V, 4V, 6V, 8 V. The gate insu-
lator is a 50nm layer of Al,O3; (ALD processed).

In general, both devices show typical OTFT performance, which means a clear off-state, a linear
regime, and a saturation if Vpg exceeds Vgs - V. Nevertheless, there are clear differences be-
tween reference OTFTs and lithographically structured OTFTs. Obviously, there is a shift in

threshold voltage and a reduced on-state current.

In detail, the threshold voltage is shifted between the fresh reference sample (Vi=1.4V) and lith-

ographically produced sample (Vi,=2.3V) by 0.9V (values are summarized in Table 1 below).

The threshold voltage of the lithographically produced sample further increases to Vy=3.8V if the
sample is exposed to air for one hour. If the sample is annealed, the threshold voltage decreases

again to V4=3.4V. Thus, oxygen exposure increases threshold voltage. This effect can be partial-
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ly compensated by heating. Focusing on the reference sample, a similar tendency of threshold
voltage shift can be obtained. After air exposure, a threshold voltage of 3.3V is measured. This
threshold is reduced to 2.3V after annealing. The threshold shift presumably arises because of
water absorbed at the diclectric interface. These states, acting also a trap states, are not removable
by the simple anncaling procedure done here. They are caused by strongly bound hydroxyl
groups at the insulator material. Utilizing highly hydrophobic gate dielectrics as e.g. polymers
might help to reduce this effect. Differences in total values of threshold voltage likely arise from
the fact that OTFTs produced by lithography have been exposed to air for a longer time and no

anncaling has been employed after structuring.

Table 1
Vin (V) Contact Resistance Mobility 55
th ’ Swing
(kQem) (em?/(Vs))| (mV/dec)
VG,S' =4V VG,S' =6V VGS =8V

Reference

fresh 14401 | 89+08 |68+08 6105 |017+£0.02 580+20
1lh air 3.3+£0.1 | 22316 [140+£1.2 | 11.4£1.1 | 0.14£0.02 | 60020
th at 100°C | 2.34+0.1 | 144+14 | 10.5+1.2 | 83=+=0.7 | 0.154+0.02 | 610+20
Lithography

fresh 2.3+0.1 | 43.7+12.5 | 3.5+ 85 | 30.1 £ 3.4 | 0.13+0.02 | 51020
1k air 3.840.1 | 96.5+11.7 | 46.8 5.6 | 30.7+ 3.6 | 0.104+0.02 | 280 440
1h at 100°C | 3.44+0.1 | 71.6 6.1 | 38.2+3.8 | 22.7+ 4.1 | 0.11+£0.02 | 250 £40

With respect to Table 1, the following parameters are depicted: threshold voltage, contact re-
sistance, mobility, and subthreshold-swing (SS-swing) for reference Cgo OTFTs and the litho-
graphically processed transistors. The mobility and threshold voltage axe determined for long
channel devices (channel length 30um). Mobility is taken from the slope of the transfer curve at
Vgs = 5V. The standard deviations are taken from variations of three OTFTs for cach channel

length and from fitting using the transmission line method, respectively.
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Furthermore, a comparison of the transfer curves and on-state currents suggests that the transfer
curve of the lithographically produced sample is merely parallel shifted for Vgs > 5V. According-
ly, mobility determined in this OTFT geometry is only slightly influenced (see Table 1). This fact
indicates that the transport properties of Cgo are only slightly affected and annealing is sufficient
to remove oxygen and water related trap states in Cg. Apart from this, for Vgg < 5V a steeper rise
of the transfer curve is observed for lithographically produced samples. This increase in sub-

threshold-swing becomes more pronounced for larger threshold voltages (see Table 1).

In contrast, the subthreshold-swing of the reference device (fresh, 1h air, annealing at 100°C for
1h) is slightly affected (580mV/dec, 600mV/dec, 610mV/dec) in comparison to lithographically
generated samples. However, assuming that the threshold shift is the only influence of litho-
graphic structuring, changes in subthreshold-swing cannot be explained consistently. This is
caused by the fact that an increased number of interface states would lead to an increased thresh-
old voltage and an increased subthreshold-swing. The subthreshold-swing for the reference de-
vices, however, is constant which implies that qNiy is larger than C; (this means Nyt > 10"%cm™)
(q - elementary charge, Nir - density of interface states (1/(cm? eV), C; - specific capacitance of

the gate insulator).

In case of lithographically prepared OTFTs, the subthreshold-swing is lowered by annealing
which suggests, in contradiction to the reference devices, a reduced number of interface states. As
it will be pointed out, this discrepancy can be explained by the fact that lithographic structuring

leads to an increase of contact resistance.
Following, studies on the relation of contact resistance and mobility are described.
The on-state current for lithographically made samples is smaller than for the reference sample.

Besides mobility, an important parameter which may affect the on-state of the field-effect transis-

tor is the contact resistance (R¢). Rc is determined using a transmission line model (cf. Necliudov
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et al., Solid State Electron. 47, 259 (2003)) for all tested types of devices.

Fig. 4 shows a transistor resistance Rcni2c (channel + contact) of lithographically produced OT-
FTs for different channel lengths (Vps=2V). The curves denote different gate-source voltages:
Vgs=4V (40), Vgs=6V (41), and Vs=8V (42). The contact resistance Re (inset) is estimated

from the intersection at zero channel length.

The contact resistance is evaluated from a channel length variation between 30um and 100um.
The gate-source voltage dependence (inset) of contact resistance indicates a field dependent in-
jection mechanism. Table 1 shows that lithographically prepared samples exhibit a stronger field
dependence of contact resistance than the reference. Furthermore, a contact resistance four to five
times larger than for the reference devices is obtained for the lithographically patterned OTFTs.
Lithographically made OTFTs exhibit a contact resistance above these previously reported val-

ucs.

For low gate-source voltage, significant differences in contact resistance of lithographically pro-
duced samples are obtained for different post-treatment steps. These differences presumably arise
because of the threshold voltage shift for the various post-treatment steps. However, for a gate-
source voltage of 8V, the contact resistance of lithographically produced OTFTs is almost inde-
pendent of the post-treatment step. In consequence, since for all post-treatment steps similar val-
ues of contact resistance are obtained for Vgs=8V, it can be deduced that there is almost not ef-
fect of air and water related trap states in Cg on Re. Accordingly, the increased Re is a direct

consequence of the lithographic patterning.

Fig. 5a and 5b show graphical representations of XPS measurements of the C Is signal of a Cg
film after removing Ortho 310 in comparison to a Ceo film as evaporated (Fig. 5a) and the F 1s
signal of a Cg film after removing Ortho 310 (Fig. 5b), respectively. The spectra are fitted with
multiple peaks, assuming a full with at half maximum (FWHM) in the range of 1.0 to 2.0eV and
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a Lorentzian to Gaussian contribution (L/G) between 20 and 40. A Shirley background is sub-
ducted in all graphs.

This effect presumably appears because of resist residuals between the semiconductor and the
source / drain electrode. This assumption is confirmed by the XPS investigations. In particular,
an XPS signal is obtained that can be attributed to fluorine, a main component of photo-resist and

solvent used here. Consequently, there are partial solvent / resist residuals on the Cg film.

For comparison, Fig. 5a and 5b also show the carbon related XPS signal for a pristine Ceo film
and a Cg film processed by lithography. In detail, the signal of the C 1s core level of the pristine
Coeo film can be fitted with one main peak at 284.8eV, which is generally attributed to pure carbon
compounds. Moreover, the spectrum contains also several shake peaks generally observed for
Ceo. In comparison, the signal of the Ceo film after removing Ortho 310 has lightly changed. One
additional peak at 292.1¢V is observed, which lies in the range of reported CF, and CF; bonds
and hence it can be attributed to carbon which is directly bound to fluorine. The main peak is
broadened indicating that two states are present: one again at 284.8¢V and a second with a small
chemical shift of 0.2eV. This shifted peak can be assigned to carbon atoms in the resist which are
not directly bound with fluorine but affected by its strong electronegativity. Due to this fact and
presence of fluorine signal, it can be concluded that there is still some resist left after removal.
However, the presence of an unaffected C-C signal, attributed to the pristine Cg, indicates that
the thickness of these residuals should be in the range of a few monolayers. Nevertheless, XPS
investigations clearly disclose the presence of resist residuals on the Cgo film. Such residuals
cause the increased contact resistance for lithographically made devices as summarized in Table
1. Beside its influence on contact resistance, the effect of resist residuals can be seen in the de-
termined value of mobility which is slightly lower for lithographically made OTFTs than for the

reference devices (see Table 1).

The problem of resist residuals is known as such for photo-lithography procedures. Such residu-

als are typically removed by a descum oxygen plasma etch process. Unfortunately, in the present
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case such processing cannot be directly applied to organic semiconductors, due to oxidation of

Ceo.

In summary, lithographically manufactured OTFTs show an increased threshold voltage shift
arises because of water and oxygen related trap states at the dielectric interface. Furthermore, a
sufficient healing of Cg by vacuum / glovebox annealing can be deduced. This can be seen in an
almost unaffected mobility (parallel shifted transfer curve for Vgs > 5V). However, an increased
contact resistance caused by resist residuals on Cg is obtained. A strong field dependence of con-

tact resistance for lithographically prepared samples likely causes a steeper subthreshold-swing.

With respect to photo-lithographic patterning of organic semiconductors, in the following two
applications for organic TFTs are discussed: inverter circuits and OTFTs as drivers in OLED

displays.

Lithographically patterned OTFTs were found suitable for both applications. However, some
limitations for the usage of OTFTs may apply in such circuits. These limitations which are not
specific to lithographically made devices may arise from the low transconductance of organic
thin-film transistors. This leads either to considerable power losses in case of display drivers or to
low switching frequencies in case of organic inverters. The low transconductance can be seen as
a direct consequence of the low charge carrier mobility in organic materials and the limited
scalability of OTFTs as discussed in the previous subsection. These performance restrictions are
not only relevant for lithographically structured OTFTs having an enlarged contact resistance; it
can be shown that an equivalent performance to shadow mask patterned OTFTs may be reached,

for example, if a special electrode preparation is employed.

Following, OTFTs for OLED display drivers are considered. A green OLED driven by a litho-
graphically produced OTFT was prepared. The layer stack and the OLED performance as such
are described in (cf. He et al., Proc. SPIE 26, 5464 (2004), He et al., Appl. Phys. Lett. 85, 3911
(2004)).
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A transistor comprising Ceo with a channel length of 30um and a channel width of 24mm is em-
ployed. The ratio between the active area of the OLED and the driving transistor is larger than 4
in this case (including OTFT contact pads). This ratio can be increased for smaller feature sizes

since the photolithography technique enables to scale down the OTFT size.

Fig. 6 shows results for an OLED driven by a C¢o OTFT. Curve 60 shows the current through the
OLED for different voltages applied across the OLED. Curve 61 displays the luminance of the
OLED driven by the OTFT for different gate-source voltages. The inset shows external quantum
efficiency (EQE, open circles) and power efficiency (Pes, closed rectangles) for different lumi-

nance values.

Fig. 6 depicts the luminance of the green OLED for different gate-source voltages at a fixed
drain-source voltage of 12V. The higher drain-source voltage, in contrast to Fig. 1, is required to
obtain the saturation regime of the OTFT with the OLED in series. Nevertheless, the highly effi-
cient OLED used here guarantees a minimum of driving voltage: a luminance of 1000cd/m” is
achieved for voltages less than 4V (voltage drop across the OLED). As shown in Fig. 6, an in-
crease in luminance is obtained for increasing gate-source voltage and 1000cd/m? are exceeded at
9V. This clearly shows that even without aggressive scaling of driving OTFTs, sufficient lumi-
nance of OLED pixels can be achieved. Unfortunately, a comparison of the power efficiency Pes
of OLED driven by the OTFT and the pure OLED (60 Im/W, compare (cf. He ct al., Appl. Phys.
Lett. 85, 3911 (2004)), exhibits that 55 to 70% (depending on the luminance) of the provided

clectrical power is consumed by the driver.

Following, a combination of two transistors within an inverter circuit is considered as a second

application for organic thin-film transistors.

In this context, the patterning of source and drain clectrodes on top of organic materials may be

applied for fabrication of unipolar inverters. In particular, in order to design such inverters, pho-
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to-lithography can help matching the characteristics of the individual OTFTs which significantly
improves the inverter gain. Morcover, as a consequence of the increased inverter gain for match-
ing OTFTs, the integration density of transistors can be increased. These points exhibit a clear
and strong advantage in comparison to shadow mask fabrication. However, this is not the only
advantage of photo-lithographic patterning of inverters since photo-lithography can also be em-
ployed to design complementary inverters. Such complementary circuits are superior to unipolar
and pseudo-complementary circuits since they offer a higher gain or the inverters, a higher inte-

gration density, and less effort in terms or circuit design.

In Fig. 7a to 7h, a procedure for manufacturing a complementary inverter employing fluorine

based photo-lithography is depicted.

A two-step procedure was used. In a first step, after substrate cleaning and HMDS treatment, on a
gate layer 71 (n-Si-substrate 70) and a gate insulator layer 72 an organic semiconducting layer 73
made of a thin layer of pentacene serving as p-channel material is deposited (see Fig. 7a). The
organic semiconducting layer 73 is covered by photo-resist layers 74 and 75 and structured by
photo-lithography as explained above. After the development of photo-resist, the organic semi-
conducting layer 73 is removed from the uncovered arcas by e.g. an oxygen plasma etch process

(radio-frequency plasma) (see Fig. 7d).

In a second deposition step, a further organic semiconducting layer 76 made of Ce is deposited
as n-channel material (see Fig. 7¢). To remove spare Cg the sample is dipped in HFE 7300 in
nitrogen atmosphere (see Fig. 7f). In this way, the organic semiconducting layer 73 (pentacene)
and the further organic semiconducting layer 76 (Cg) can be structured on the same substrate
with a high spatially resolution. The latter aspect is of particular importance for fabrication of
high-frequency devices. To finalize the inverter structure, a second lithography step as described
above is employed to pattern source and drain clectrodes 77 (see Fig. 7g, 7h - coating, exposure,

and development of Ortho 310 and ma - P1210, and gold deposition and lift-off in HFE 7300).
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A microscope image of the inverter circuit before deposition of the electrodes is shown in Fig. 8.
Fig. 8 shows a microscope image of a photo-resist pattern of two OTFTs on pentacene and C60.

The channel length of both devices is 20um.

Fig. 9 shows a graphical representation of input vs. output voltage (switching characteristics) of

the complementary organic inverter fabricated by fluorine based photo-lithography.

The channel length is 50um for the p-channel transistor and 62um for the n-channel OTFT, re-
spectively. The right axis shows the gain of the inverter. The n- and p-channel OTFT have the
same channel width, however, the channel length is chosen with respect to the individual OTFT
performance in order to guarantee a switching of the inverter at Vpp/2. In detail, the channel
length of the pentacene p-channel transistor is 50um, while the Cgp n-channel transistor has a
channel length of 62um for the inverter shown in Fig. 9. As can be seen in Fig. 9, caused by this

adjustment of channel length, the inverter switches at Vpp/2 showing an inverter gain above 4.

Although this inverter shows a reasonable on/off swing, apparently it does not reach Vpp for Vi,
= (. This can be attributed to the fact that even if the inverter is balanced, the pentacene transistor
is not perfectly in the off-state for Vi, = 0 (the threshold voltage is slightly negative). Thus, this
yields a static current flow across the p-channel transistor for V, = 0 and consequently, Vo, does
not reach Vpp for Vi, = 0. A further consequence of the asymmetry of threshold voltage is the
fact that both transistors are not working perfectly in the linear regime at Vi, = Vpp/2 (the re-
sistances of both OTFTs in the linear regime are not perfectly matching). This discrepancy leads
also to a static current flow and consequently to a reduced inverter gain. In particular, the inverter
gain is inversely proportional to the difference between the resistances of both transistors and

minute variations of the inverter balance can cause significant differences in the inverter gain.

Photo-lithographically structured OTFTs as discussed above may be restricted in their perfor-
mance by the increased contact resistance which is equivalent to an enlarged transfer-length.

Such possible restrictions, however, may at least in part be compensated by a special preparation
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of electrode(s), e.g. source and drain electrodes, namely “molecular interface doping”. The same
method can analogously be employed, for example, to n-channel OTFTs and other organic elec-

tronic devices for which a lift-off structuring process is used.

According to Fig. 10a to 10c, on a substrate 100 a gate layer 101 and a gate insulator layer 102
are deposited. On the gate insulator layer 102 an organic semiconducting layer 103 made of an
organic semiconductor material is deposited. In order to structure e.g. source and drain electrodes
of an organic thin-film transistor a lithographic patterning as described e.g. in Fig. 1 is employed.
In the present example a bilayer photo-resist structure of Ortho 310 (104) and ma-P 1210 (105) is
deposited onto the organic layer 103. According to Table 1, Fig. 4 and Fig. 5 charge carrier injec-
tion from the electrode into the organic semiconductor material may be hindered by residuals of
photoresist. To improve the injection in the OTFT, a contact improving layer 106 (thickness:
Inm) of the strong acceptor compound Fs-TCNNQ is deposited on the organic semiconducting
layer 103 which in tum is at least partially covered with a residual layer made of residual photo
resist material left over from a former photolithographic process. In order to avoid a doping effect
of the acceptor compound Fe-TCNNQ on the channel area provided in the organic semiconduct-
ing layer 103, the contact improving layer 106 is pattemed by the resist mask (layers 104 and
105) used for deposition for source and drain electrode 107 (see Fig. 10f and 10g).

Fig. 11a and 11b show the I-V-curves and the transfer characteristics of two lithographically
structured OTFTs with and without interface doping. Fig. 11a shows the transfer characteristics
(VDS = -6V), and Fig. 11b shows I-V-curves of two pentacene OTFTs structured by fluorine
based photo-lithography (channel length 100um, channel width 1mm, 50nm AlOs serves as the
gate insulator). Closed lines show the performance of the transistor with interface doping and
dashed lines without interface doping. The gate source voltage for Fig. 11b are provided within

the Figure.

As shown there, the thin contact improving layer (injection layer) significantly improves the tran-

sistor performance. In particular, the off-state current and the threshold voltage are unaffected
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which means that no free charge carriers are present in the channel. Hence, the dopant merely

influences the interface at source and drain electrode.

This effect of interface doping can be seen in the on-state current of the transistor. More specifi-
cally, the on-state current for Vgs > Vy, is strongly increased for doped devices whereas the sub-
threshold regime in only weakly affected. Within the subthreshold regime, the OTFT perfor-
mance is not governed by injection of charge carriers, but dominated by the interface properties
in the channel. In contrast, above the threshold-voltage, the OTFT behaviour is restricted by the
number of charge carriers injected from the source electrode. Hence, since interface doping can
effectively reduce injection barriers for charge carriers, a larger on-state current is measured for
doped devices. Furthermore, this experiment on interface doping shows in an unambiguous way
that the performance of organic thin-film transistor is restricted by charge carrier injection even
for long channel devices. For the devices shown in Figure 106 (long channel devices L=100um),
the current-voltage curves suggest an increased charge carrier mobility for doped devices (0.1cm?
/ (Vs) doped, 0.19cm?® / (Vs) doped, measured at Vgs=Vps= - 6V). Since the channel region is
undoped, this has to be seen as an effect of the increased charge carrier density in devices with an

injection layer.

To quantify the improvement of charge carrier injection, the contact resistance is measured using
the transmission line method. Results of a lithographically patterned OTFT with and without in-
terface doping and a reference OTFT structured by a shadow mask are shown in Fig. 12 which
shows the contact resistance estimated by transmission line method for lithographically made
OTFTs with (rectangles) and without interface doping (circles). Furthermore, the contact re-
sistance for shadow mask produced OTFT (same layer thickness, geometry, and substrate, with-

out doping) is shown (triangles). The applied source-drain voltage is — 1V.

As can be seen, the contact resistance is effectively lowered if “interface doping” (contact im-
proving layer(s)) is employed. Moreover, doped OTFTs can even beat the reference device pro-

duced by shadows mask.
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Although there are resist residuals on the pentacene, the dopant can effectively provide charge
carriers to the matrix. Since this is may not be expected for a closed layer of photo-resist covering
the pentacene, it may be concluded that the thin photo-resist film covers the pentacene only par-

tially and hence dopant molecules are in direct contact to the semiconductor material.

It was shown that the high-mobility small molecule organic materials, for example, pentacene
and C60, are compatible to photo-lithographic processing under ambient conditions. This may be
accomplished by using, for example, a highly fluorinate photo-resist and solvents which are
chemically benign to these materials. A reliable lithography process is established. The process
proposed also accounts for the different film properties of the organic materials, in particular for

the layer roughness of pentacene films.

Organic thin-film transistors are fabricated using this lithography protocol and their performance
is compared to reference devices patterned by shadow masks. In this way, influences arising from
the lithography procedure and the accidental effects caused by air exposure can be distinguished.
Latter ones affect the threshold voltage of the OTFTs, but not charge carrier transport in general.
In this context, thermal annealing may help in recovering the transistor performance, and hence a
similar charge carrier mobility is observed for lithographically made OTFTs and reference devic-
es. Nevertheless, resist residuals may increase the contact resistance in lithographically patterned
OTFTs. In consequence, down-scaling of such OTFTs does not follow the prediction as formu-
lated within the gradual channel approximation. Most notably, the transistor performance is pre-
dominantly governed by the transfer length if the channel length is less than 30um. This enlarged

transfer length can be directly associated to the large contact resistance.

Lithographically made OTFTs are suitable for applications as ¢.g. driving transistors in OLED
displays or as switches in inverter circuits. In particular, the good scalability of photo-lithography

exhibits a considerable advantage in comparison to state-of-the-art structuring techniques as e¢.g.
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shadow mask patterning. Interface doping may be used as a method for reducing the contact re-

sistance and improving the performance of lithographically patterned OTFTs.

The features disclosed in this specification, the figures and / or the claims may be material for the
realization of the invention in its various embodiments, taken in isolation or in various combi-

nations thereof,
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Claims

1. A method of manufacturing an organic electronic device, comprising:

- providing a layered device structure, the layered device structure comprising a plurali-
ty of electrodes and an electronically active region being provided in electrical contact
with at least one of the plurality of electrodes, said providing of the layered device
structure comprising steps of
- providing an organic semiconducting layer,

- applying a structuring layer to the organic semiconducting layer, the structuring
layer having a first region and a second region, the first region being covered by a
layer material,

- applying a contact improving layer to the structuring layer by depositing at least
one of an organic dopant material and an organic dopant-matrix material at least in
the first region,

- depositing a layer material on the contact improving layer at least in the first region,

and

removing the structuring layer at least in the second region.

2. Method according to claim 1, further comprising a lift-off structuring process.

3. Method according to claim 1 or 2, wherein said providing the structuring layer further

comprises using a photo lithographic process.

4. Method according to claim 3, wherein said using the photo lithographic process further

comprises:

- depositing a photo resist cover on the organic semiconducting layer and

- structuring the photo resist cover, said structuring comprising steps of illuminating and
removing the photo resist cover, thereby at least partially removing the photo resist

cover in at least the second region, but not the first region.

5. Method according to claim 4, wherein said depositing the photo resist cover further com-

prises:

- depositing a protection layer on the organic semiconducting layer, and
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- depositing a photo resist layer on the protection layer.

Method according to claim 4 or 5, wherein said etching of the photo resist cover further
comprises providing a non-closed residual layer made from non-removed residuals of the

photo resist cover in the first region.

Method according to one of the preceding claims, further comprising a step of providing

a structured electrode layer made of an electrode material.

Method according to one of the claims 1 to 5, further comprising a step of providing a

structured non-electrode layer made of a non-electrode material.

Method according to claim 3 or one of the claims 4 to 8, referring to claim 3, wherein the

photo lithographic process is performed by using a fluorine based photo lithography.

Method according to one of the preceding claims, wherein the contact improving layer is

provided with a layer thickness of about 1 nm to about 100 nm.

Method according to one of the preceding claims, wherein said providing the layered
device structure comprises providing a device selected from the following group: organic
field effect transistor, an organic circuit assembly, organic light emitting device, and or-

ganic photovoltaic device.

An organic electronic device, comprising

- a layered device structure, the layered device structure comprising a plurality of elec-
trodes and an electronically active region being provided in electrical contact with at
least one of the plurality of electrodes,

- in the layered structure, an organic semiconducting layer comprising a first region
treated in a photo lithography process, and

- alayer stack deposited on the first region, the layer stack comprising a structured layer
and a contact improving layer provided between and in contact with the first region

and the structured layer.
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