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Gradual Controlling the Work Function of Metal Electrodes
by Solution-Processed Mixed Interlayers for Ambipolar
Polymer Field-Effect Transistors and Circuits

Dang Xuan Long, Kang-Jun Baeg, Yong Xu, Seok-Ju Kang, Myung-Gil Kim,

Geon-Woong Lee, and Yong-Young Noh*

In this paper, a technique using mixed transition-metal oxides as contact
interlayers to modulate both the electron- and hole-injections in ambipolar

photovoltaics,®!  sensors,”)  memory

drives,l'%1  and  microprocessors.[1?]
After functionalization with side chains,

organic field-effect transistors (OFETs) is presented. The cesium car- the solution-processed = organic semi-

bonate (Cs,CO;) and vanadium pentoixide (V,0Os) are found to greatly

and independently improve the charge injection properties for elec-

trons and holes in the ambipolar OFETs using organic semiconductor of
diketopyrrolopyrrolethieno[3,2-bJthiophene copolymer (DPPT-TT) and contact
electrodes of molybdenum (Mo). When Cs,CO; and V,0O; are blended at
various mixing ratios, they are observed to very finely and constantly regulate
the Mo’s work function from —4.2 eV to —4.8 eV, leading to high electron- and
hole-mobilities as high as 2.6 and 2.98 cm? V' s7', respectively. The most
remarkable finding is that the device characteristics and device performance
can be gradually controlled by adjusting the composition of mixed-oxide inter-
layers, which is highly desired for such applications as complementary cir-
cuitry that requires well matched n-channel and p-channel device operations.
Therefore, such simple interface engineering in conjunction with utilization of
ambipolar semiconductors can truly enable the promising low-cost and soft

organic electronics for extensive applications.

1. Introduction

Conjugated organic molecules are emerging as materials for
use as active layers in soft electronics.['3 Their soft mechan-
ical properties natively enable flexible, even stretchable, elec-
tronic and optoelectronic devices, such as for displays,*”
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conductors can change a paradigm for
the manufacture of electronic devices
by replacing the conventional photoli-
thography and high vacuum-based pro-
cesses via a variety of high-throughput,
cost-effective graphic art printing tech-
niques.'*l  Organic field-effect tran-
sistors (OFETs) are one of the most
important building blocks of soft elec-
tronic circuits, and they provide a basis
for understanding the charge transport
mechanism in organic semiconductors
and those in other organic devices.!
Moreover, the multi-functionalization of
OFETs could greatly broaden their appli-
cability to novel devices such as flash
memory,">1 photo/chemical-sensors,'’]
and light-emitting transistors.' In most
cases, their functionalities are derived
from (and/or are enhanced by) the con-
tribution of both electron and hole transport, which is ambi-
polar in nature, to realize ambipolar OFETs. These devices
necessitate efficient and balanced charge injection/extraction
for electrons and holes simultaneously.

Complementary metal-oxide semiconductor (CMOS)-like
electronic circuits, with which a facile fabrication route to com-
pose cheaper printed organic microprocessors compared to
the present silicon technology can be naturally delivered, are
another fascinating application of ambipolar OFETs.['l Conven-
tional silicon CMOS circuits consist of individual n-type and p-
type transistors fabricated with different doping and designed to
have equivalent output currents. However, for building organic
CMOS circuits, unipolar n-type and p-type organic semicon-
ductors with comparable electronic properties generally need
to be developed first, and the resulting fabrication processes
for the two different semiconductors become sophisticated. A
promising alternative is to use ambipolar OFETs with only a
single layer of ambipolar semiconductor that serves as both the
n-type and p-type transporting mediums. In this way, a much-
simplified fabrication process for low-cost and large-area elec-
tronics can be easily achieved. The printable ambipolar OFETs
were typically achieved by using a single component?®-22] or by
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for one type of charge carrier will inevitably
increase the barrier height for the other. A

novel methodology is thus highly desirable
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p-channel behaviors of ambipolar devices.
Here, we report on the gradual control of
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of contact interlayers of transition metal salts.
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(Cs,CO3) and vanadium pentoxide (V,0s)
e interlayer solution. The treated Mo electrodes
are used as common source/drain electrodes

Figure 1. a) Chemical structure of the DPPT-TT ambipolar semiconductor and TG/BC OFET
device structure. b) Schematic illustration of hole- and electron-injection through the inter-
layer of ambipolar OFETs, and c) energy band diagram of the charge injection from various

interlayer-incorporated Mo electrodes.

blending of individual p-type and n-type organic semiconduc-
tors (soluble small molecules or polymers).[23-2%]

To ensure high-performance CMOS-like organic circuits,
ambipolar organic semiconductors should have similarly
high electron and hole mobility as well as a small threshold
voltage (V) for n- and p-channel operations. The state-of-
the-art n-conjugated polymer semiconductors, especially
those with a donor—acceptor copolymer structure, have shown
impressive progress with high mobility (i.e., more than
1.0 cm? V71 s7! for both n- and p-channel operations).*”]
The high carrier mobility in those ambipolar OFETs is
mainly attributable to the strong inter-chain interaction
between polymer backbones with push—pull electronic struc-
tures, and optimized device configuration that prevents the
mobile charge from being trapped and facilitates efficient
charge injections from common source/drain electrodes to
a polymer semiconductor. In a system with smaller band-
gap semiconductor, the injection barrier to the electrons and
the holes can be decreased concomitantly. However, this still
leads to an unfavorable charge-injection barrier for one type
of charge carrier unless a zero band-gap semiconductor, such
as graphene, is used.

Consequently, Ohmic contacts for both electrons and holes
by contact engineering on common metal electrodes become
a crucial issue. In fact, several approaches to contact resist-
ance (R, reduction have been reported,’?®l such as interfacial
doping in the vicinity of contacts, the introduction of injection
interlayers, and the deposition of self-assembled monolayers
(SAMs) on metal electrodes. Although these approaches have
successfully modified the work function (@) of metal electrodes
for lowering the charge-injection barrier, they are only effec-
tive for one type of charge carrier, either electrons or holes.
Because electron-injection and hole-injection share the same
contacts and a constant band gap, reducing the energy barrier
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in high-mobility ambipolar polymer semi-
conductor OFETS to determine the efficient
injection properties for electrons and holes.
The n- and p-channel device properties are
also controllable by contact engineering, so
that the complementary-like inverter based
on the ambipolar semiconductor showed the
best voltage-transfer behavior at the optimized mixed interlayer
ratio.

2. Results and Discussion

Figure 1 shows the structure of the top-gate/bottom-contact
(TG/BC) OFET fabricated with the small band-gap polymeric
and ambipolar semiconductor, diketopyrrolopyrrole-thieno[3,2-
bjthiophene copolymer (DPPT-TT). OFETs using DPPT-TT,
gold (Au) source/drain electrodes, poly(methyl methacrylate)
(PMMA) dielectrics, and the same device structure have been
reported to show high electron and hole mobilities of 1.56 and
1.36 cm? V! 57, respectively.””] The top-gated architecture
incorporating hydroxyl-free polymer dielectrics, such as PMMA
and CYTOP, has a number of advantageous features. For
instance, the corresponding OFETs showed excellent ambi-
polar charge transport characteristics by means of minimizing
extrinsic mobile charge traps at the hydroxyl groups at the
semiconductor—dielectric interface and inducing efficient elec-
tron and hole injection from BC electrodes with a large injec-
tion area. Instead of Au, herein, we applied low-cost Mo as the
BC metal for more practical use in cheap printed electronics.
Although Mo is a promising alternative to Au in terms of its
high electrical conductivity (=5 x 107® Q c¢m) and low price
(=26 $/kg), its relatively low work function (@ = —4.5 eV) and
easily formed native oxides can adversely influence charge-
injection properties. In addition, the BC metal often shows a
reduced @ value due to hydrocarbons being adsorbed onto the
surface, which results in push-back electron tails at the metal-
semiconductor interface.2l

To improve electron and hole injection, solution-processed
V,0s5 and Cs,COj; interlayers were respectively deposited onto
the bare Mo electrodes by a simple spin coating process. As
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can be seen in the schematic diagram of Figure 1b, V,05 and
Cs,CO; have different energy band structures. The electron
affinity (EA) and ionization potential (IP) of the V,0s films are
reported to be 6.7 eV and 9.5 eV, respectively, and the Fermi
level (Ef) is found to be nearly 0.3 eV below the conduction
band minimum.?®l Notably, the as-received V,0s is found to
be natively n-doped; however, the EA and IP values sometimes
showed 4.7-5.6 eV and 2.4 eV, respectively, due to its p-type
nature after exposure to air.l?®! The very high @ of V,05 gener-
ally induces an interface dipole and band bending due to the
electrons transferred from organics to V,0s, and this results
in p-doping to the organic semiconductor that is close to the
metal-semiconductor interface.”®! Therefore, the V,Os inter-
layer can be used as a hole-injection interlayer via increasing
the @ of the Mo electrode as well as p-doping the organic
semiconductor in order to reduce the depletion width of the
Schottky barrier at the contacts. In contrast, Cs,CO; has a lower
Ep of =3.3 eV and is typically regarded as an electron-injection
material via inducing n-doping to the organic semiconductors
and/or lowering the @ of metal electrodes.?%-31

With the aim of systematically controlling the injection
properties and achieving enhanced electron and hole injec-
tion for better performance, we introduced a mixed interlayer
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system. A solution-processed metal salt-based interlayer for
helping hole and electron injection (V,0s and Cs,CO;) can
be simply blended in a solution and then deposited by spin
coating or spray printing onto metal electrodes. The @ of Mo
electrodes was measured by the Kelvin probe technique, from
which the bare Mo has an @ of —4.5 eV; meanwhile, different
values of —4.9 eV and —4.2 eV are obtained for the purely V,0s-
and Cs,COs-treated Mo electrodes, respectively, as shown
in Figure 2a. It is clear that the higher @ of the Mo electrode
with the V,0Os interlayer offers better hole injection, whereas
the Cs,CO; interlayer leads to improved electron injection by
lowering the corresponding energy barrier for charge injec-
tion. Therefore, the ambipolar OFETs incorporating V,0s- and
Cs,COs-treated Mo electrodes can operate more predominantly
in a p-channel and n-channel regime and show more balanced
and/or more controllable ambipolar transport characteristics
through the mixed interlayers [see Figure 1c].

Figure 2b—d shows the X-ray photoemission spectroscopy
(XPS) measurement of the Mo electrodes treated by V,05 and
Cs,CO; mixed interlayers. In Figure 2b, the Cs 3d;;, and Cs
3ds), peaks of the V,05:Cs,CO; mixed interlayer films on Mo
are situated at the binding energies of =739.1 eV and =725.1 eV,
respectively. It needs to be noted that the intensities of the two
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Figure 2. a) Work function of BC Mo electrodes with mixed interlayer at various blend ratios. b-d) X-ray photoemission spectra for Cs,CO3:V,05 mixed
interlayer-treated Mo electrodes; b) for a spin-coated film at various blend ratios and c,d) for a drop-casted film at 5:5 molar ratio between Cs,CO;

and V,0:s.
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Figure 3. a—d) Tapping-mode AFM images of the a) pure Cs,CO; film and Cs,CO;:V,05 mixed interlayer films of b) 7:3, c) 5:5, and d) 3:7 molar ratios.

peaks are progressively decreased as the Cs,CO; content is
reduced from 100 to 70, 50, 30, and 0 molar percentages versus
V,0;5 content in a prepared blended solution before the film
deposition by spin coating. In comparison with pure Cs,CO;
film, we could not find any distinctive peak shift of the binding
energy for either Cs 3d;, or Cs 3ds, after blending with V,0s.
This result indicates that intermixing Cs,CO3; and V,0s neither
causes chemical interactions nor changes their electronic struc-
ture, which can be altered by charge transfer (doping) in the
mixed solid. In addition, we could not obtain the V 2p; J2 core
level peaks in the XPS measurement for the same samples pre-
sumably due to the weak atomic sensitivity factor of the V 2p
(1.95) as compared with Cs 34 (7.2) at a very small film thick-
ness.?2 From a thick drop-casted interlayer film (Figure 2c,d),
the V 2p;, and V 2p,;; peaks appear at binding energies of
=~518.5 eV and =525.8 eV, respectively, which are associated
with V>*.33 Moreover, O 1s core level peaks appear at binding
energies of =531.6 eV and =532.8 eV, which corresponds to an
oxygen atom in a 2- oxidation state in amorphous V,0s and
Cs,CO; film, respectively.?>34

Figure 3a-d show tapping-mode atomic force microscope
(AFM) images of pure Cs,COj; [Figure 3a] and Cs,CO;:V,0s
mixed interlayer films on Mo electrodes with various molar
ratios of 5:5, 3:7, and 7:3 [Figure 3c—d]. Although those solu-
tion-processed interlayers show submicrometer-sized aggre-
gates and/or crystallites atop the Mo electrode, the overall elec-
trode surface is fully covered by a ~6-8 nm-thick thin film. The
root-mean-square roughness (R) is in the range of 0.7-1.5 nm,
which is slightly larger than that for a clean Mo surface (typi-
cally Ry = 0.59 nm). We believe that this slightly rough surface
of the oxide interlayer film at the bottom of the organic semi-
conductor film does not significantly affect device performance,
since in a top-gated OFET, most charge accumulation and
charge transport occur at the semiconductor—dielectric inter-
layer, which is located at the top surface of the =30 nm-thick
polymer semiconducting layer. As can be seen in Figure 4, the
ambipolar DPPT-TT OFETs with mixed interlayer-treated Mo
electrodes show relatively better transfer characteristics than
devices with bare Mo electrodes (vide infra). The AFM images
of spin-coated Cs,CO3:V,05 mixed interlayer films also reveal
no distinctive topological features or phase segregation in a
multi-component system. When we measured XPS at various
points in the samples, peak intensity was almost the same,
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which indicates the V,05 and Cs,COj; are uniformly distributed
on the overall surface of the Mo electrode. The areal density of
the two different components is merely controlled by changing
the concentration of the metal salts in a blend solution.

Figure 4 shows the transfer characteristics [drain current
(Ig) as a function of gate voltage (V,)] of a group of DPPT-TT
OFETs with various Mo electrodes. The DPPT-TT OFETs with
bare Mo electrodes display typical ambipolar behaviors, mani-
festing as a V-shaped transfer curve with high hole and electron
mobility of 1.5 (£0.2) cm? V™! s™! and 0.8 (£0.23) cm? V! s7! at
a drain voltage V3 of =80 V and +80 V for p- and n-channel oper-
ation modes, respectively.® With respect to the bare-Mo-con-
tacted devices, pure V,05 and Cs,COj; interlayers remarkably
increase the OFETS' hole and electron mobility to 2.98 (+0.4)
cm? V7! s7! and 2.6 (+0.41) cm? V! 571, respectively, while the
counter charge carriers’ mobilities are inversely decreased to
0.4 (£0.15) cm? V'' st and 1.2 (£0. 3) cm? V! s71. This implies
that each interlayer played an important role in the improve-
ment of ambipolar OFET performance by reducing the charge-
injection barrier, but they take effect only selectively for either
p-channel (via V,0s) or n-channel (via Cs,CO;) operation.
Therefore, these two counter components can be intermixed
and used to finely modify the ambipolar characteristics of
OFETs. In Figure 4b—d (p-channel operation mode at V3 =-60 V
and -80 V) and Figure 4e-g (n-channel operation mode at
V4 = +60 and +80 V), the drain current is considerably
increased from 0.1 mA to 1 mA (for p-channel) and decreased
from 0.27 mA to 0.075 mA (for n-channel), as the molar ratios
of the Cs,C0O;:V,05 mixed interlayers are changed from 7:3,
5:5, and to 3:7. The corresponding hole mobility is found to
progressively drop from 2.98 (£0.4) to 1.8 (£0.3), 1.4 (+0.4),
1.5 (£0.4), and 1.2 (+0.3) as the V,0s concentration in the
metal salt blend solution is decreased from 100 to 70, 50, 30,
and 0 mol%, respectively. By contrast, the electron mobility is
inversely increased from 0.4 (£0.15) to 1.1 (£0.36), 1.3 (£0.22),
1.8 (+0.38), and 2.6 (+0.41) cm? V7! 571, respectively, as the
Cs,CO; concentration is increased from 0 to 30, 50, 70, and
100 mol% in the mixed interlayer on the Mo electrodes. From
these results, one can conclude that the p- and n-type properties
of TG/BC ambipolar polymer transistors are mainly determined
by the varied contact properties through controlling areal distri-
bution and the surface coverage of Cs,CO; and V,0s, and the
two different transition metal oxides appear to play their roles
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Figure 4. Transfer characteristics (I4 vs V,) of the DPPT-TT OFETs a—d) in p-channel regime (at V4 = —60 V and —80V) and in n-channel regime
(at V4 = +60 V and +80 V), a,e) with bare Mo electrodes and Cs,CO;:V,05 mixed interlayer-treated Mo electrodes of various blend ratios; b,f) 7:3,

¢,g) 5:5, and d,h) 3:7 molar ratios.

independently of each other, with no synergistic effect. It is
interesting to observe that at the same concentration of Cs,CO3
and V,05 (5:5 molar ratios), the resultant device performance is
very similar to that for bare Mo electrodes.

The p- and n-channel OFET characteristics, which can be con-
trolled by using various blend ratios of mixed interlayers, can
be attributed to the modified charge-injection barrier between
BC Mo electrodes and the highest occupied molecular orbital
(HOMO =-5.33 eV relative to the vacuum level) and the lowest
unoccupied molecular orbital (LUMO = —4.07 eV) of DPPT-
TT, for the holes and the electrons, respectively. It is obvious
that the purely V,Os-treated [or purely Cs,COs-treated] Mo
electrodes have the minimum barrier of =0.48 eV [or =0.2 eV]
to hole [electron] injection, while counter charge carriers have
the highest energy barrier of =1.06 eV for electrons [=0.78 eV
for holes] to be injected into the semiconductor. To further

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

confirm the modulated charge injection, we analyzed the con-
tact resistance. As shown in Figure 5D, the channel width (W)-
normalized contact resistance (R ) in the p-channel regime (for
holes) of the OFETs with pure V,05 treatment shows a value of
~1.82 MQ cm, which is smaller than that of the transistors with
bare Mo and the Mo electrodes treated by pure Cs,CO; and by
other mixed interlayers. One needs to note that the R, is extracted
by the Y-function method (YFM) for individual DPPT-TT OFETs
[channel width/length (W/L) of 1 mm/20 pm].2¥ Unlike the
conventional transfer-length method (TLM), by which one can
only obtain an average R. of the whole set of transistors having
diverse channel lengths and the linear regression often suffers
from error arising from parameter dispersion from transistor
to transistor, the YFM offers a straightforward way to access the
R. in a single transistor and thereby to access the evolution of
the charge injection induced by different electrode materials.3®

Adv. Funct. Mater. 2014, 24, 6484-6491
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Figure 5. a) Hole- (4,) and electron-mobility (4.) of DPPT-TT OFETs at
the saturation region (V4 =80 V) using Mo electrodes with V,05:Cs,CO;
mixed interlayers at various molar concentrations of Cs,CO; vs V,05 from
0% to 30, 50, 70, and 100%. b) Contact resistance for p-channel regime
(Rcn) and n-channel regime (R..) of the corresponding devices extracted
by using the YFM.

In devices with mixed interlayers, the R.W for hole injection
is constantly reduced from 13.9 MQ cm to 7.6 MQ cm and
4.3 MQ cm as the V,05 molar concentration is increased from
30 to 50 and 70 mol% versus the Cs,COs3, respectively. There-
fore, the apparent hole and electron mobility and the corre-
sponding overall ambipolar charge transport characteristics of

www.afm-journal.de

the DPPT-TT OFETs are critically determined by the charge-
injection behaviors through the mixed contact interlayer of
V,05 and Cs,CO;.

Figure 6 shows the voltage-transfer characteristics (VIC,
output voltage V,; as a function of input voltage V;;,) and cor-
responding gain of the inverters fabricated using ambipolar
DPPT-TT OFETs with various interlayer configurations [at sup-
plied bias (Vpp) of 80 V]. All inverters show typical Z-shaped
VTC curves for ambipolar semiconductor devices. The bare
Mo devices showed the V,—V,,, voltage transfer at an inverting
voltage (Vi) of =46 V with a gain of —40. The positive shift of
Vint from the ideal switching point at % Vpp is attributed to the
larger saturation current of the pull-up transistor (p-channel
operation) compared to that of the pull-down transistor
(n-channel operation) due to the different electron and hole
mobility and threshold voltage [see Table 1]. In Figure 6¢, one
can readily find a gradual shift in the V;,, from 50 V to 33.5 V
as the Cs,CO; molar concentration increases from 0% to 100%
versus V,0s. This shift is due to the changing tendency for
more favorable n-channel operation at higher concentration
of electron injection component (Cs,CO;) in a mixed inter-
layer, thus the pulling down takes place at smaller V;,. Under
optimized mixed interlayer conditions (Cs,CO;/V,05 = 50%
or 70%) achieving equivalent high mobility and low threshold
voltage for both p-channel and n-channel transistors, the com-
plementary-like inverter shows the best signal inverting charac-
teristics; the Vi, is located near % Vpp and high gain as high as
—80. Therefore, this contact engineering by varying the mixture
constitution of oxide interlayer can enable better controllable
CMOS-like circuits based on ambipolar OFETs.

3. Conclusions

In conclusion, we report on a mixed contact interlayer of two
transition-metal oxides, Cs,CO3 and V,0s, for controlling the
charge injection properties in ambipolar DPPT-TT organic
transistors with using low-cost Mo source/drain electrodes.
Cs,CO; and V,0s5 are found to greatly and independently
enhance the charge injection for electrons and holes, respec-
tively, by a large modulation of the Mo's work function [up
to —4.2 eV (with Cs,CO;) and —4.8 eV (with V,0s)] and/or by
introduction of n- or p-doping at the contacts. To realize con-
currently the improvement of electron- and hole-injection and
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Figure 6. a) Voltage transfer characteristics and b) corresponding gain of the complementary-like inverter by using the DPPT-TT OFETs with different
contact interlayer treatments [at Vpp = 80 V]. ) The inverting voltage (Vi) and gain of the inverters at various interlayer concentration.
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Table 1. Measured @ values of Mo electrodes with pure or mixed interlayers, and electron (u.) and hole mobilities (4y,), and R, of DPPT-TT OFETs
using corresponding Mo electrodes in a p-channel regime (at V4 = —80 V) and an n-channel regime (at V4 = +80 V). Inverting voltage (V) and
corresponding gain of complementary-like inverters at supplied bias (Vpp) of +80 V.

Cs,C0;:V,05 @ [eV] p-channel OFETs (at Vy=-80V) n-channel OFETs (at V4 =+80 V) Inverters (at Vpp = +80 V)
Hn [em? V7's7] Ren [MQ cm] He [cm?V7's7] Ree MQ cm] Vint [V] Gain
Bare Mo —4.5 1.5 (+0.2) 12.7 8 (+0.23) 285 46 0 (45)
0:10 —4.85 2.98 (+0.4) 1.82 (+0.5) 4 (+0.15) 67 (+6.5) 50 -61 (+2)
3.7 ~4.69 1.8 (+0.3) 43 (+13) 1.1 (20.36) 52.2 (4.1) 455 -60 (+2)
5:5 —4.61 1.4 (£0.4) 10.7 (£1.58) 1.3 (£0.22) 435 (£5) 392 -57 (+2)
73 —4.48 1.5 (£0.4) 13.9 (+1.97) 1.8 (+0.38) 24.6 (+4.3) 40.7 75 (£5)
10:0 —4.27 1.2 (£0.3) 233 (43.2) 2.6 (+0.41) 13.1 (+4.2) 335 -30 (£5)

a systematic control of the apparent p- and n-channel ambi-
polar charge transport characteristics, Cs,CO;:V,05 mixed
interlayer at various molar ratios is attempted on the TG/BC
DPPT-TT OFETs. Findings showed that the Mo's work func-
tion is very finely and constantly modulated between —4.2 eV
and —4.8 eV by varying the molar ratio of the mixed interlayer.
The high-performance DPPT-TT OFETs using such mixed
interlayer-treated Mo source/drain electrodes exhibit great hole
and electron mobilities as high as 2.98 and 2.6 cm? V! 57},
mainly due to the efficient charge injection promoted by the
hole- and electron-injection interlayers of V,0s and Cs,COs.
Moreover, the device properties for p- and n-channel operations
are remarkably controllable by changing the composition of
mixed interlayer film. All of the results proved that this contact
engineering technique for ambipolar OFETs could be widely
utilized in complementary-like organic circuits and other opto-
electronic applications.

4. Experimental Section

Field-Effect Transistor Fabrication: TG/BC structure OFETs were
fabricated on Corning Eagle 2000 glass substrate. After the conventional
photolithography process of developing photoresist layer for source/
drain electrode patterning, a 3 nm-thick Ti adhesion layer and a
20 nm-thick Mo contacting layer were deposited by sputtering the
Ti and Mo targets and followed by the lift-off of photoresist. The
substrates with patterned Mo/Ti electrodes were cleaned sequentially
with an ultrasonic bath in deionized water, acetone, and isopropanol
for 10 min each. The transition-metal oxides of V,0O5 (adding small
amount of NHj solvent) and Cs,CO; were dissolved in 2-ethoxyethanol
to obtain a concentration of 0.5 wt% solution. For the preparation of
V,05:Cs,CO;3 mixed interlayer, each solution was blended at 7:3, 5:5 and
3:7 molar ratio, and then spin-coated onto the pre-cleaned substrates.
An ambipolar polymer semiconductor of DPPT-TT was purchased from
Luminescence Technology Corp. and used as received. The DPPT-TT
was dissolved in anhydrous dichlorobenzene (DCB) to obtain a
~10 mg/mL concentration solution, which was spin-coated on the bare
Mo, or interlayer-treated Mo samples, and then annealed at 320 °C
on a hot plate for =30 min in a nitrogen (N,)-filled glove box. PMMA
polymer dielectric was purchased from Sigma-Aldrich and used without
further purification. The PMMA was dissolved in n-butyl acetate (nBA)
at 80 mg/ml concentration and then spin-coated on the DPPT-TT layer
followed by a thermal baking at 80 °C for =30 min in the same N,-
filled glove box to remove the residual solvents. The device fabrication
was completed by deposition of aluminum (Al) as top-gate electrodes
(=50 nm thick) via thermal evaporation using metal shadow masks.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Characterization: The surface morphology of the thin film was
investigated by tapping-mode AFM (NanoScope IlIl, Veeco Instruments,
Inc.) at the Korea Basic Science Institute (KBSI). X-ray photoemission
spectroscopy (XPS) was measured using AXIS-NOVA (Kratos, Inc.) with
a base pressure of 4.2 x 107 Torr. The fundamental OFET electrical
characterizations were carried out using a Keithley 4200 semiconductor
characterization system in N,-filled glove box.
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