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ABSTRACT: Here we report high-performance polymer OFETSs
with a low-cost Mo source/drain electrode by efficient charge
injection through the formation of a thermally deposited V,O; thin
film interlayer. A thermally deposited V,Os interlayer is formed
between a regioregular poly(3-hexylthiophene) (rr-P3HT) or a p-
type polymer semiconductor containing dodecyl-substituted thieny-
lenevinylene (TV) and dodecylthiophene (PC12TVI12T) and the
Mo source/drain electrode. The P3HT or PC12TV12T OFETs with
the bare Mo electrode exhibited lower charge carrier mobility than
those with Au owing to a large barrier height for hole injection (0.5—
1.0 V). By forming the V,Og layer, the P3HT or PC12TVI12T
OFETs with V,05 on the Mo electrode exhibited charge carrier
mobility comparable to that of a pristine Au electrode. Best P3HT or
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PCI2TVI2T OFETs with S nm thick V,05 on Mo electrode show the charge carrier mobility of 0.12 and 0.38 cm?/(V s),
respectively. Ultraviolet photoelectron spectroscopy results exhibited the work-function of the Mo electrode progressively
changed from 4.3 to 4.9 eV with an increase in V,Oj5 thickness from 0 to 5 nm, respectively. Interestingly, the V,0s-deposited
Mo exhibits comparable R. to Au, which mainly results from the decreased barrier height for hole carrier injection from the low-
cost metal electrode to the frontier molecular orbital of the p-type polymer semiconductor after the incorporation of the
transition metal oxide hole injection layer, such as V,Os. This enables the development of large-area, low-cost electronics with the

Mo electrodes and V,Oj interlayer.
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1. INTRODUCTION

Over the past decade, organic field-effect transistors (OFETs)
have attracted tremendous research interests for realizing
flexible/stretchable and low-cost/large-area electronics and
optoelectronics.” We expect the realization of soft electronics
based on organic semiconductors by successful development of
high-performance materials including semiconductors, electro-
des, and dielectrics; interface engineering between semi-
conductors and dielectrics or between semiconductors and
source/drain charge injection electrodes;>* and optimization of
the fabrication processes with cost-effective graphic art printing
techniques.* Most importantly, relatively low charge carrier
mobility of the active semiconductor layer has rendered it
difficult to use OFETs in a variety of high-end potential
applications, such as thin-film transistor (TFT) backplane of
active matrix displays, electronic circuit/logic in microproc-
essors, and radio frequency identification tags, because these
applications typically need a high charge carrier mobility for a
fast switching speed. Although its progress has been delayed for
some time, recently, state-of-the-art p-type and n-type organic
(including polymer) semiconductors have been designed to
achieve high charge carrier mobilities generally exceeding 1
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em?/(V s)>° and even record high mobility exceeding 10 cm?/
(V s) with polymers” by optimizing the molecular design and
by increasing the molecular weight, followed by improving the
chemical synthesis and device fabrication process.

The maximum transit frequency (f1) of the OFETs with an
apparent device mobility (u,,,) of 1 cm®/(V s) and lateral
dimensions of channel length L = 1 ym can achieve up to ~100
MHz at a supplied voltage of 30 V.2 However, this estimate is
only a theoretical value obtained without considering the
parasitic overlap capacitances and contact resistance (R.) at
such a short L scale. When L of the OFETs is further reduced
to the submicrometer scale, R has to be seriously taken into
account because R_ is close to or higher than the channel
resistance (Ry,) in the OFETs. It causes significant degradation
of i, below the intrinsic mobility (4;) of the organic
semiconductors, as shown in eq 1°
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where W, C,, V,, and V7, are the channel width, gate dielectric

capacitance, gate voltage, and threshold voltage, respectively.
Therefore, it is imperative to use Ohmic contact electrodes for
efficient charge carrier injection from the source/drain
electrodes to the semiconductor active channel, thereby
obtaining the optimum p,,, close to the y; value.

High-performance p-type OFETs have mostly been built
with expensive gold (Au) electrodes owing to their inherently
high work function ((D), excellent electrical conductivity, and
environmental stability.'® As an alternative to the expensive
noble metal, low-cost metal electrodes, such as copper (Cu) or
molybdenum (Mo), as well as conducting polymers'' and
nanocarbon materials,">"* have been used in p-type OFETs.
Although these conducting polymers and nanocarbon materials
typically exhibit comparable or even better charge injection
properties than Au in OFETs,'* they exhibit a relatively low
electrical conductivity of <1000 S/cm (for conducting polymers
and solution-processed nanocarbon inks and pastes) when
compared with metal electrodes, which could cause a serious
problem of decreasing the signal processing time because of the
parasitic resistance—capacitance (RC) time delay in the
integrated circuit and limitation to an achievable panel size
and slow image frame time in the active matrix displays.
Notably, many industrial companies are known to use Mo as
electrodes for the TFT backplane in large-area flat panel
displays owing to its high electrical conductivity as well as
reasonable price. Mo is a transition metal with a low electrical
resistivity of ~5 X 107° Q cm, and it is available at a much
lower price (~26 $/kg) when compared with Au (~S1 000
$/kg). For low-cost and large-area organic electronics and
optoelectronics, therefore, Mo is considered as a promising
electrode material. However, a method for achieving efficient
charge injection properties with Mo should be developed to
realize high-performance OFET's because @ of Mo is not well-
matched with the typical energetic levels of organic semi-
conductors.

Many low-cost metal electrodes such as Mo have a relatively
low @ of 4.3—4.6 eV, which generally causes a large barrier
height for hole carrier injection from the source/drain
electrodes in OFETs because the highest occupied molecular
orbital (HOMO) energetic levels of the typical conjugated
molecules used as the active layer are in the range of 4.5—6.5
eV. In addition, a HOMO level of below 5.0 eV protects the
conjugated molecules from unwanted interaction with the
oxygen and moisture in the air and provides a better ambient
stability. Moreover, interfacial dipoles (A) formed as organic
molecules are adsorbed onto the metal electrode, leading to
further increase in the barrier height by shifting the vacuum
level alignment between the semiconductor and the contact
electrodes.” For improving the hole carrier injection character-
istics, various hole injection layers (HILs) have been
introduced, such as poly(3,4-ethylenedioxythiophene): poly
(styrene sulfonate) (PEDOT:PSS), nanocarbon materials, 15
and transition metal oxides. Although the PEDOT:PSS is most
widely used as an HIL in organic optoelectronic applications,'®
it suffers from chemical stability issues owing to its acidic nature
and relatively limited @ of 5.0—5.1 eV, which could cause a
severe charge injection problem when organic materials with
high ionization energy (>5.5 eV) are used. Alternatively,
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transition metal oxides, such as molybdenum or tungsten
trioxide (MoO,;, WOs;), copper oxide (CuO), nickel oxide
(NiO), and vanadium pentoxide (V,05), have been introduced,
and they exhibited superior device performance than the
PEDOT:PSS in organic light-emitting diodes and organic
photovoltaic cells.'” ' Similarly, the S/D contact resistance in
OFET can be greatl by reduced by incorporating the transition
metal oxides.'"®**™>* Although there has been remarkable
progress to realize low-cost organic electronics, it is still not
enough to predict the improvement of the injection character-
istics in OFETs with low-cost metal electrodes because the
exact charge injection mechanism through the transition metal
oxide interlayers is not yet completely understood.

In this study, we report the fabrication of high-performance
p-type polymer OFETs with Mo electrodes using a V,04
interlayer. A thermally deposited V,Oj interlayer is formed
between a regioregular poly(3-hexylthiophene) (rr-P3HT) or
p-type polymer semiconductor containing dodecyl-substituted
thienylenevinylene (TV) and dodecylthiophene (PC12TV12T)
and the Mo source/drain electrode. The P3HT or PC12TV12T
OFETs with the bare Mo electrode exhibited lower charge
carrier mobility than those with Au because of a large barrier
height for hole injection (0.5—1.0 €V). By forming the V,O5
layer, the P3HT or PC12TV12T OFETs with V,0O5 on the Mo
electrode exhibited charge carrier mobility comparable to that
of a pristine Au electrode. The V,0;-deposited Mo exhibits
comparable R_ to Au, which mainly resulted from the decreased
barrier height for hole carrier injection from the low-cost Mo
electrode to the frontier molecular orbital of the p-type polymer
semiconductor after the incorporation of the transition metal
oxide hole injection layer, such as V,0;.

2. METHODS

Field-Effect Transistor Fabrication. An OFET with a top-gate/
bottom-contact (TG/BC) structure is fabricated on a glass substrate.
After the conventional photolithography process of developing a
photoresist layer for defining the source/drain patterns, a ~3 nm thick
Ti adhesion layer and ~20 nm thick Mo electrodes are deposited by
sputtering the Mo target on the Corning Eagle 2000 glass substrate,
followed by lift-off of the photoresist layer. The source/drain
electrodes are of various channel lengths (L) of 2, S, 10, or 20 ym
with a 1 mm channel width (W). The Mo/Ti electrode patterned
substrates are cleaned sequentially in an ultrasonic bath with deionized
water, acetone, and iso-propanol for 10 min each. A 1 or 5 nm thick
V,Os interlayer is deposited via thermal evaporation on a precleaned
substrate. A p-type polymer semiconductor, rr-P3HT, is purchased
from Sigma-Aldrich and a PC12TV12T is chemically synthesized using
a previously published procedure®® and dissolved in anhydrous
chlorobenzene (CB) to obtain ~10 mg/mL concentration solution.
The solution is spin-coated on a V,0Ojs interlayer-deposited substrate
and sequentially thermal annealed at 150 °C (for P3HT) or 200 °C
(for PC12TVI2T) for ~30 min in nitrogen (N,)-filled glovebox. A
polymer dielectric layer, poly(methyl methacrylate) (PMMA), is
purchased from Sigma-Aldrich, used without further purification, and
dissolved in n-butylacetate (nBA) at 80 mg/mL concentration. A
PMMA thin film is formed on the p-type polymer semiconductor layer
by a spin-coating method, followed by thermal annealing at 80 °C for
~30 min in the same N,-filled glovebox to remove the residual
solvents. The OFET device fabrication is completed by depositing the
aluminum (Al) top-gate electrodes (~S0 nm thick) via thermal
evaporation using a metal shadow mask.

Characterization. The surface morphology of the thin film is
investigated using a tapping-mode atomic force microscope (AFM)
(Nanoscope III, Veeco Instruments, Inc.) at the Korea Basic Science
Institute (KBSI). X-ray photoemission spectroscopy (XPS) and
ultraviolet photoemission spectroscopy (UPS) are measured using
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Figure 1. (a) Chemical structures of the p-type polymer semiconductors (rr-P3HT and PC12TVI2T) and PMMA gate dielectric. (b) Top-gate/
bottom-contact (TG/BC) OFET structure. (c, d) Tapping-mode AFM images of the (c) V,0s-deposited Mo and (d) pristine Mo electrodes.
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Figure 2. X-ray photoemission spectra for V,0s-deposited Mo electrodes: (a) Mo3d, (b) Ols, and (c) V2p core levels at room temperature.

AXIS-NOVA (Kratos, Inc.), with a base pressure of 4.2 X 10~ Torr.
The fundamental OFET electrical characteristics are measured using a
Keithley 4200 semiconductor characterization system in N,-filled
glovebox. The conventional field-effect mobility (uppr) and corre-
sponding Vry, are calculated at the saturation region (at a drain voltage
V, of —80 V) using gradual channel approximation ecguations for a
standard metal oxide semiconductor FET (MOSFET).*® The direct
evaluation of the low-field mobility (u,) and R, of the individual
transistors is performed by the Y-function method (YFM), as
described by Xu et al.*’

3. RESULTS AND DISCUSSION

As shown in Figure 1, the OFET with a TG/BC structure is
fabricated on a glass substrate. After the photolithography
process for defining the Mo source/drain electrodes, the V,O;
interlayer is deposited onto the Mo electrode via thermal
evaporation under high vacuum condition. Images ¢ and d in
Figure 1 show the tapping-mode AFM images of the V,0Os-
deposited and pristine Mo electrode surfaces, respectively. The
pristine Mo electrode has a very uniform and flat surface
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topology with a root-mean-square roughness (R,) of ~0.558
nm. By contrast, the V,O; layer thermally deposited on the Mo
electrode increases the surface roughness, R, ~ 8.218 nm, and
submicrometer size V,0Og crystallites are formed on the
electrode surface, as shown in Figure lc. Although V,Ojq
leads to an increased surface roughness of both the contact
electrodes and the active channel region between the source
and the drain electrodes, the overall electrode surface is
uniformly covered by a ~5 nm thick transition metal oxide
interlayer in order to modulate the charge injection properties
of the uniform surface. Notably, the increased roughness of the
channel region does not significantly affect the OFET
performance, because the charge carrier transport in the top-
gated OFET is mostly carried out on the top surface of the
semiconductor layer. Figure 2 shows the X-ray photoemission
spectra of the V,0g-deposited Mo electrodes, where the
binding energies (Eg) are referenced to the residual hydro-
carbon contamination at 284.9 + 0.1 eV. The Mo3d,, peaks at
Ep ~ 228.0, 228.9, 231.2, 232.7, and 235.9 eV, as shown in
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Figure 3. (a) Ultraviolet photoemission spectra of various metal electrodes; Au, Mo, and V,0O;-deposited (1 nm or S nm thick) Mo electrodes and
(b) work function of the corresponding metal electrodes. (c—e) Schematic energy diagrams of the charge injection from (c) pristine Au or (d)

pristine Mo and (e) V,Os-incorporated Mo source/drain electrodes.

Figure 2a, correspond to Mo(0), MoO,, Mo(V), Mo(VI)/
MoO;, and MoOj, respectively.”® It is observed that the pristine
Mo surface consists of metallic Mo and native oxides (MoO,),
which might have formed during the photolithography process
and by short exposure to air. As shown in Figure 2b, the oxygen
signal at E5(O1ls,) & 530.7 €V corresponds to the oxygen ions
of the V,0; oxide layer, and the peak at E5(Olsy) =~ 532.1 eV
could be attributed either to the oxidation states of MoOj; or to
surface contamination.”” For the V,0; thin film on the Mo
electrode, the Eg of the V2p; ,core level is ~517.7 eV, which is
mainly related to the V°* oxidation state, in agreement with the
previously reported value.*® Therefore, it can be concluded that
the V,0;-deposited Mo electrode consists of mostly metallic
Mo components and its native oxides (MoO, and MoO;) and
the thermally deposited V,Oj interlayer.

Figure 3 shows the ultraviolet photoemission spectra of the
pristine Au and Mo, and the V,0;-deposited (1 or S nm thick)
Mo electrodes and the corresponding values of @ are shown in
Figure 3b. ® can be calculated from the UPS spectra by using
the following eq 2

¢ = hv( = 21.26V) - Ecutoff + EFermi (2)
where E ¢ and Eg..; are the secondary electron cutoft and
Fermi level, respectively. Although pure Au and Mo metals are
known to have ® values of ~5.0 and ~4.6 eV, respectively,
those of pristine Au and Mo bottom-contact electrodes are
~4.63 eV and ~4.28 eV, respectively. This decreased @ is
mainly attributed to the interface dipoles (A) formed by the
organic molecules adsorbed onto the clean metal surfaces
presumably during the photolithography and wet-cleaning
procedure. The interface dipoles are estimated to be ~0.36
and ~0.32 eV for Au and Mo electrodes, respectively, which
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leads to shifts in the photoemission onset toward the higher
binding energy and a downward shift of the vacuum levels of
the organic semiconductors. It can be noted that the naturally
impure metal electrodes typically cause an increased barrier
height (E,) for hole carrier injection from the metal electrode
to the frontier molecular orbital (i.e, HOMO) of the active
semiconductor layer, despite being favorable for electron
injection in the lowest unoccupied molecular orbital
(LUMO) of the n-type or ambipolar semiconductors.>**
Although a metal electrode with a high ®, such as Au, has
inherently well-matched energy levels to form an Ohmic
contact, this interface dipole typically causes a large charge
injection barrier. In the case of Au, the barrier height (E,) of
~0.26 eV (~0.36 eV) for hole carrier injection is not severe
when compared with that of Mo, which has ~0.62 eV (~0.72
eV) for rr-P3HT [PC12TV12T] OFETs. Therefore, this large
charge injection barrier height of greater than 0.6 eV with a
relatively lower @ of the Mo electrode when compared with Au
can lead to increased R, thereby degrading the performance of
the OFETs by decreasing i,

In contrast to the pristine bottom-contact electrodes, the
deposition of small amounts (1 and S nm thick) of V,O; leads
to a shift in the photoemission onset toward the lower binding
energy by 0.57 eV, which implies the formation of an interface
dipole consistent with an upward shift of the vacuum level, as
shown in Figure 3e.3® Thus, the Mo electrode with an ~1 nm
thick V,Oj layer is recovered to its original ® value of ~4.6 eV,
and a 5 nm thick V,0; layer further increases the @ value to
~4.85 eV, which is higher than that of the pristine Au bottom-
contact electrode. Although the exact electronic structure of
V,0; and the resulting charge injection mechanism remain
unclear, it has been reported that the valence band of V,O; has
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Figure 4. (a—d) Transfer (I vs Vg) and output (I vs V) characteristics of the OFETs with the p-type polymer semiconductors, P3HT or
PCI12TVI2T, and various metal electrodes; (a, ) P3HT OFETs with pristine Au source/drain electrodes, (b, f) P3HT OFETs with pristine Mo
electrodes, (¢, g) P3HT OFETs with V,0;-deposited Mo electrodes, and (d, h) PC12TV12T OFETs with V,0s-deposited Mo electrodes.

Table 1. Fundamental Device Parameters of the P3HT and PC12TV12T OFETSs with Various Metal Electrodes: Pristine Au or

Mo and $-nm-Thick V,04-Deposited Mo Electrodes®

semiconductor electrodes thermal annealing

P3HT Au 150 °C for 30 min
Mo
Mo/V,04 (~5 nm)

PCI12TVTI2T Au 200 °C for 30 min
Mo

Mo/V,05 (~5 nm)

“The field-effect mobility (pgpr) and Vi, are obtained from the gradual channel approximation at the saturation region (at Vg = —80 V),

mm/20 pm, and dielectric capacitance per unit area (C,) is ~6.2 nF/cm?

MEET (sz/(V S)) Vin (V) Lon/Toge SS (V/dec)
0.14 + 0.05 -303 +3 ~1 x 10* -25.5
0.02 + 0.01 —-11.1+2 ~1 % 10° —-16.8
0.12 + 0.05 —26.0 +3 ~1 x 10* -27.3
0.40 + 0.02 —262 + 2 ~1 x 10* -17.7
0.27 + 0.02 —36.8 + 2 ~1x 10° -29.2
0.38 + 0.03 —42.0 + 2 ~1 x 10* —26.8

W/L =1.0

an ~5.5 eV width and a narrow conduction band of ~0.45 eV
width, which is separated from the broad higher conduction
band by an additional gap of ~0.35 eV.>* These conduction and
valence bands are separated by an indirect optical band gap,
whose calculated band gap is ~1.74 eV (experimental value is
~2.2 €V).>* Moreover, Kahn et al. reported that the electron
affinity (EA), ionization potential (IE), and @ of the V,O; films
were found to be equal to ~6.7, 9.5, and 7.0 eV, respectively.33
When the V,05 layer has such a high EA, the Fermi level (Eg)
is nearly pinned against the conduction band minimum and is
highly n-doped similar to MoO, and WO,.** Therefore, it can
be attributed that efficient hole injection can occur via electron
extraction from the HOMO of the organic semiconductor to
the minimum conduction band of the V,0;. Notably, the ®
value of the Mo electrode after the deposition of the V,04
layer, in this study, is consistent with those of the other metal
electrodes with the V,0; layer (4.7—5.3 €V);>*~** however,
there are much smaller shifts (~0.57 eV) in the photoemission
onset, as shown in Figure 3a, after incorporating the 5 nm thick
V,0O; film. The amount of shift is obviously different from that
of ~2.5 eV in the previous report by Kahn et al.; however, it is
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mostly attributed to the effect by air exposure of the freshly
evaporated V,O; film and contamination during the deposition
of the polymer semiconductors by the solution process.*> Even
after a short-time exposure to air (~1 min), the photoemission
spectrum could shift by ~1.5 eV toward the lower binding
energy and induce a widening of the band gap to ~3.6 eV,
resulting in a decrease in the @ value to 5.5 eV,

Figure 4 shows the transfer and output characteristics of the
OFET devices with the p-type polymer semiconductors (P3HT
and PC12TV12T) formed on various metal electrodes: pristine
Au, pristine Mo, and V,0Os-deposited Mo. The fundamental
device parameters, such as the charge carrier mobility at the
saturation region (at V4 = —80 V), Vp, on/off-current ratio
(Iw/Lyg), subthreshold swing (SS), are listed in Table 1. For
P3HT OFETs, the pristine Au electrode achieves relatively high
hole mobilities of ~0.14 cm*/(V s). Moreover, no significant
nonlinear behavior in the output plots is observed at low V. In
contrast to an Au electrode, a bare Mo electrode leads to
superlinear output characteristics as shown in Figure 4f, which
mostly resulted from large R. between the charge injection
electrode and the semiconductor active channel, and the

dx.doi.org/10.1021/am401375c | ACS Appl. Mater. Interfaces 2013, 5, 5804—5810
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Table 2. Summary of the Parameters Extracted from the Conventional Field-Effect Mobility (,) and from YFM for
PCI12TVI12T OFETs with Au or V,0s-Deposited Mo (Mo/V,0;) Electrodes”

devices conventional YEM
contact W/L (um) Vg (V) G; (F/cm?) prgr (em*/(V's)) Vi (V) g (am®/(Vs)) Vi (V) 0 (1/V)  RW (Q cm)
Au 1000/2 -0.5 6.20 x 1077 640 X 107° 12.08 2.64 x 107 —0.98 0.072 8.78 x 10°
-1.0 143 x 1074 9.46 3.55 x 107 -3.03 0.033 3.02 x 10°
1000/5 -0.5 1.82 x 1073 —-13.96 9.26 x 107 -2.32 —0.066 571 x 10°
-1.0 342 x 1073 —18.85 124 x 1073 -16.75 —0.016 1.03 x 10°
1000/10 -0.5 2.49 x 1073 —24.37 122 % 1073 -127 —0.011 1.41 X 10°
-1.0 3.63 x 1073 —50.65 2.62 x 1073 —62.10 —0.020 1.25 x 10°
1000/20 -0.5 341 x 1073 —0.11 7.92 X 1073 -5.78 0.034 1.39 x 10°
-1.0 6.87 x 1073 —6.98 4,03 x 1073 —4.65 —0.017 1.33 x 10°
Mo/V,0; 1000/2 -0.5 5.80 X 107° 18.49 1.09 X 1073 —20.39 —0.047 1.39 x 10°
-1.0 1.12 X 1073 —34.94 5.13 x 107 —28.37 —0.017 1.09 X 10°
1000/5 -0.5 2.18 x 1073 —28.85 121 x 107* —26.90 0.030 1.96 x 10°
-1.0 8.15 X 107* -1.36 125 x 1073 —-5.51 0.030 1.93 x 10°
1000/10 -0.5 5.66 x 107 0.32 1.08 X 1073 —42.44 —0.014 2.12 x 10°
-1.0 6.93 x 1073 —39.44 545 x 1073 -37.71 —0.015 433 x 10°
1000/20 -0.5 122 X 1072 —34.56 7.53 X 1073 —31.45 —0.014 5.99 x 10°
-1.0 199 x 1073 —0.27 4.64 x 1073 —43.13 —0.015 1.07 x 10°

“C; is the dielectric capacitance per unit area, jt, is the low-field mobility, Viy, is the threshold voltage, € is the mobility attenuation factor, and R W is

the width-normalized contact resistance with W = 1.0 mm).

corresponding hole mobilities are also remarkably degraded to
~0.02 cm?/(V s) for the P3HT OFETs. It can be noted that
the bottom-contact bare Mo electrode has a high barrier height
of ~0.62 eV for hole injection from the Mo electrode to the
HOMO of the P3HT. The large barrier height obviously
increases R, causing a decrease in the p,,, of the OFETs.
Importantly, the V,0O5 thin film interlayer between the p-type
polymer semiconductors and the Mo electrode effectively
reduces the barrier height for charge carrier injection and
decreases R. such that the OFET performance is remarkably
improved when compared with the devices with a pristine Au
electrode. The hole mobility of the P3HT OFETs with the
V,05-deposited Mo electrode is about 0.12 cm?/(V s).
Similarly, PC12TV12T OFETs with Mo source/drain electrode
also showed a recovery of hole mobility comparable to its
pristine Au devices after inserting the V,Oj interlayer from 0.27
cm?/(V s) to 0.38 cm?/(V s).

R, of the individual OFETs is evaluated by the YEM,*” which
is considered as a fast and precise alternative method for
obtaining R. when compared with the traditional transmission
line method (TLM). From the transfer characteristics of the
OFETs, 1, in the linear regime can be described as in eq 3

H

w
Iy =—C(V, — V) ————V.
d L 1( g Th)l +9(V,g_ VTh) d

)

where C; is the dielectric capacitance per unit area, and y, is the
low-field mobility. 8 is the mobility attenuation factor, which
consists of the extrinsic factors caused by the surface roughness
and phonon scattering (6,) and contact resistance [0* = (W/
L)u,CR.]. Assuming a constant R, the transconductance (gm)
can be expressed as

oI, w H,
8 = v BT AR AT
8 g Th

4)

6 can be obtained by plotting 1/g,,* versus Vg at a strong
charge accumulation, where a linear behavior is obtained.
Assuming that 6, is negligible, R. can be calculated, as

Vy=const
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summarized in Table 2. It can be noted that the negative value
of 0, as summarized in Table 2, is presumably because of the
gate-field enhanced mobility,*® which is compensated for by the
conventional mobility attenuation. The YFM enables us to
precisely obtain the R of the individual transistors with the bare
Au or V,0;-deposited Mo electrodes, in contrast to the TLM,
by which only the average R_ value of the entire set of OFETs
can be obtained. As shown in Figure S, values of the channel

10.0M | Do
-@- Mo /V,0, (5 nm)
_ ooml PC12TV12T OFETs
E W=1mm
E atV, =-05V/-1.0V
= 6.0M | Gl‘
L
O soml
s,
© 20m|
° ==:::::::::Z:ZZZ:::$
0.0 l l

Figure 5. Channel width normalized contact resistance (R.W) of the
PCI12TVI2T OFETs with pristine Au or S nm thick V,0;-deposited
Mo electrodes (Mo/V,0s), at different channel lengths (L) from 20 to
2 pum. The R_ is evaluated by YFM at low V4 of —0.5 or —1.0 V.

width normalized contact resistance (R-W) of the PC12TVI12T
OFETs with the bare Au and 5 nm thick V,Oj layer-deposited
Mo electrode (Mo/V,0;) are similar, ie, ~1 X 10° Q cm.
Notably, the Mo/V,0O; devices exhibited lower R.W at shorter
L below 10 ym in comparison with the PC12TV12T OFETs
with a pristine Au electrode, as shown in Figure S. However, it
is mostly considered as deviation from the average value
because the R. is the resistance between the source/drain
contact electrode and semiconductor active layer thus it would
be independent of the L. Relatively large R. values for the
PCI2TVI12T OFETs even with staggered device structure is

dx.doi.org/10.1021/am401375c | ACS Appl. Mater. Interfaces 2013, 5, 5804—5810
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mainly attributed to characteristic feature of the PC12TV12T
polymer semiconductor device rather than itself of Mo or Mo/
V,0; contact electrode, since Au electrode also showed similar
nonlinear behavior in low Vj region compared to relatively
linear slope of the P3HT devices, as can be seen in Figure 4 and
Figure S1 in the Supporting Information. Although slightly
higher (~0.1 eV) HOMO level of the PC12TVI2T compared
to that of the P3HT, PCI2TVI12T exhibited much larger R,
because of more deep frontier molecular orbital than estimated
value by electrochemical analysis, cyclovoltametry,” and/or
unfavorable molecular packing for charge injection from
bottom-contact electrode. As the @ of V,0s-deposited Mo
electrode has relatively low value of ~4.85 eV, which
presumably leads to still large charge injection barrier.

In conclusion, we have demonstrated high-performance
polymer OFETs with a low-cost Mo source/drain electrode
by efficient charge injection through the formation of a
thermally deposited V,Oj thin film interlayer. The OFETSs with
the V,0O;-deposited Mo electrode exhibited device performance
comparable to that of the pristine Au electrode. This mainly
results from the decreased barrier height for hole carrier
injection from the low-cost metal electrode to the frontier
molecular orbital of the p-type polymer semiconductor after the
incorporation of the transition metal oxide HIL layer, such as
V,0;. This enables the development of large-area, low-cost
electronics with the Mo electrodes and V,0Oj; interlayer.
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