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In this study, we investigated the influence of a buffer layer of molybdic oxide (MoOs3) at
the metal/organic junction on the behavior of organic base-modulation triodes. The perfor-
mance of devices featuring MoOs/Al as the emitter electrode was enhanced relative to that
of corresponding devices with Au and Ag, presumably because of the reduced in the contact
barrier and the prevention of metal diffusion into the organic layer. The device exhibited an
output current of —16.1 pA at Vg = —5 V and a current ON/OFF ratio of 103, Using this archi-
tecture, we constructed resistance-load inverters that exhibited a calculated gain of 6.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The low cost and mechanical flexibility of organic thin-
film transistors (OTFTs) have attracted much scientific and
industrial interest for their use in the development of
“plastic” electronics, such as flat-panel display drivers,
radio-frequency identification tags, and sensors [1-5].
Although many research groups have synthesized a diverse
range of organic semiconductors for use in planar-type
OTFTs, these devices still require high driving voltages
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and exhibit slow operation speeds because of low mobili-
ties. Several approaches have been developed to overcome
these issues, including the use of high-k dielectrics [6,7]
and reducing the channel length of the devices [8,9]. The
preparation of high-k dielectric thin-films requires high-
temperature processing; the resulting rough surfaces of
the organic semiconductors usually exhibit decreased crys-
tallinity and increased leakage currents. The disadvantage
of reducing the channel length is that the contact resis-
tance of the semiconductor/metal interface limits the per-
formance of the device. An alternative approach toward
lowering the driving voltage and increasing the speed of
devices, while using existing organic semiconductors as
channel materials, is to fabricate vertical-type transistors
in which the channel length can controlled precisely down
to the nano-scale [10-18].
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The junction between the electrode and the organic
semiconductor has a significant influence on the perfor-
mance of an organic device [19]. A buffer layer is usually
sandwiched at the metal-organic semiconductor interface
to improve the charge-injection capability and overall de-
vice performance [20-22]. Although the output current in
vertical-type transistors is dramatically enhanced when a
thin buffer layer of LiF is incorporated between the emitter
electrode and the organic emitter [13,23], the OFF current
usually remains high - sometimes even higher than that of
the device lacking a LiF layer. This behavior might be
attributable to the diffusion of metal into the active layer
or unfavorable chemical reactions between the organic
layer and the metal electrode when operating the devices
under high electric fields. Moreover, because the leakage
current of a vertical transistor depends mainly on its film
thickness, the presence of a thin LiF layer cannot help to re-
duce the leakage current. Hence, the choice of the buffer
layer is a crucial factor toward improving the overall de-
vice performance.

Employing the diverse electronic properties of transi-
tion metal oxides could provide a unique opportunity
to lower the energy barrier between metal and organic
for the charge-injection. When a metal oxide film is
sandwiched between the metal and organic semiconduc-
tor, the fundamental principle governing charge-injection
at the junction is controlled by the doping concentration
of the film. Therefore, a thicker film can be incorporated
to prevent the diffusion of metal into the active layer
and unfavorable chemical reactions between the active
layer and metal electrode, while maintaining the
charge-injection capability. In this Letter, we describe
how the performance of organic base-modulation triodes
(OBMTs) is improved after inserting a metal oxide film
between the emitter electrode and the organic emitter.
The OBMTs featuring molybdic oxide (MoOs3)/Al bilayer
emitter electrodes exhibited increased output current;
as a result, the current ON/OFF ratio reached as high as
10%, thereby allowing inverters to be prepared exhibiting
higher gains.

2. Experimental

The structure of the OBMTs is revealed in the inset to
Fig. 1. Prior to deposition, the glass substrates were cleaned
using detergent, acetone, and isopropyl alcohol and then
treated in a UV-ozone cleaner for 15 min. A 30-nm-thick
Au layer was deposited on the glass substrate to serve as
a collector electrode. A 50-nm-thick layer of copper phtha-
locyanine (CuPc, Luminescence Technology) was thermal
deposited on the Au layer to smoother the surface mor-
phology and then a 270-nm-thick layer of pentacene (ca.
98% purity, Luminescence Technology), which served as
the collector of the p-channel triode, was thermal evapo-
rated. A 30-nm-thick Al strip was thermally evaporated
onto the pentacene layer to function as the base electrode.
A thin Al film (10 nm) was then deposited and a lithium
fluoride (LiF) layer of 0.4 nm was thermally evaporated to
function as a hole injection enhancement layer. A 20-nm-
thick layer of N,N'-bis(naphthalen-1-yl)-N,N'-bisphenylbenzi-
dine (NPB) was thermally evaporated to enhance the

carrier energy. Pentacene was then thermally evaporated
to form the 100-nm-thick emitter layer. Finally, for com-
parison, three types of emitter electrodes were used: 30-
nm-thick Au, 30-nm-thick Ag, and 50-nm-thick MoOs3/30-
nm-thick Al. The patterns of each layer were defined using
different metallic shadow masks. The active area of the de-
vice, defined by the crossover between the emitter and col-
lector electrodes, was 0.0042 cm?. The work functions of
Al, Au, and Ag and the energy level of MoOs are presented
schematically in Fig. 2a [20]. All organic materials were
used without further purification and were deposited
through thermal evaporation at a base pressure of ca.
2 x 107 torr. The current-voltage (I-V) characteristics of
the devices in a glove-box ambient (H,0 and O, contents:
<1 ppm) were measured using a Keithley 4200 semicon-
ductor parameter analyzer. X-ray photoelectron spectros-
copy (XPS) was performed using a PHI 5000 VersaProbe
system (ULVAC-PHI Chigasaki, Japan) and a microfocused
(100 pm, 25 W) Al X-ray beam with a photoelectron take-
off angle of 45°.

3. Results and discussion

Fig. 1a displays the collector-to-emitter current (Icg)
versus the collector-to-emitter voltage (Vcg) characteristics
of the OBMT employing MoOs/Al as the emitter electrode,
with base-emitter voltages (Vpg) ranging from 0 to -5V at
a step of 0.5V. The value of I reached up to —16.1 pA
when Ve and Vg were both —5V. The current ON/OFF
ratio, defined as Ice (VBE= -5 V)/ICE (VBE=OV) at Veg=
—5V, was ca. 3.08 x 103. For comparison, we also tested
Au and Ag as emitter electrodes. We found that the emitter
electrode of the emitter-base (EB) diode had a significant
influence on the electronic properties of the OBMTs.
Table 1 summarizes the device parameters of the OBMTs
employing Au, Ag, and MoOs/Al as emitter electrodes.
The device featuring MoOs/Al as the emitter electrode
had the highest ON current, while maintaining an OFF cur-
rent similar to those of the other systems. Although a small
energy barrier exits between Au and pentacene, metals
deposited onto the pentacene surface penetrate the sur-
face, thereby doping the upper layer of pentacene to form
a metallic overlayer. Due to charge transfer across the me-
tal/organic semiconductor interface, redistribution of elec-
tron cloud, and interfacial chemical reaction, an interface
dipole forms immediately, increasing the barrier height be-
tween the metal and pentacene [24,25]. The modified
MoOs3 layer interface provided protection against metal
diffusion into the organic layer and unfavorable chemical
reactions between the organic and metal electrodes; it de-
creased the intensity of the interface dipole and enhanced
the degree of charge-injection. Besides, we also observed
the output current of the device was modulated by the
base current. Fig. 1b and c displays the Icg versus Vg under
common-base mode and common-emitter mode. As the
following two equations [16]:

o Ice — Ice(Ig = 0A)
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Fig. 1. (a) Collector-to-emitter current (Icg) plotted as a function of the collector-to-emitter voltage (Vcg) for base voltages ranging from 0 to —5 V at a step
of —0.5 V. (b) I as a function of Vg for emitter current ranging from 0 to 400 pA under the common-base mode. (c) I as a function of Vg for base current
ranging from 0 to 400 pA under the common-emitter mode. Inset: schematic representation of the device structure with emitter electrode MoO3/Al.
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Fig. 2. (a) Current density (J) versus voltage (V) characteristics of EB diodes featuring Au, Ag, and MoOs/Al as emitter electrodes. (b) Energy level diagrams of

the organic materials and the metals.

The I¢ and I are the input emitter current and the base
current under common-base and common-emitter mode,
respectively. Under Egs. (1) and (2), the transport factor

(o) of 0.1 and current gain (p) of 0.1 were measured. To
determine the reason why the barrier between the elec-
trode and organic layer influenced the performance of
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Table 1
Device performance of OBMTs featuring Au, Ag, and MoOs/Al as emitter
electrodes; Vg and Vi were both —5 V.

Emitter Output current OFF current Current
electrode (A) (A) ON/OFF ratio
Au 3.51 x 1076 4.42 x107° 7.94 x 10?
Ag 1.29 x 1078 5.43 x 107° 2.37
Mo03/Al 1.61 x 10°° 523 x107° 3.08 x 10°

the OBMTs, we measured the current density (J) versus
voltage (V) characteristics of EB diodes featuring Au, Ag,
and MoOs/Al as emitter electrodes. Fig. 2b reveals that
the EB diode incorporating the MoOs layer provided im-
proved hole injection and an obvious turn-on effect at ca.
1.4V in Fig. 1 when Vg was —5 V. For the same CB diode
structure, the output current of the OBMT is determined
by the currents of the forward-bias EB diode and the re-
verse-bias CB diode [18]. Therefore, the output current of
the OBMTs was enhanced when using MoOs/Al as the
emitter electrode.

Because we deposited the MoOs layer through thermal
evaporation, inevitably it decomposed into various Mo
species. We recorded XPS spectra to identify the chemical
species present in the “Mo0Os” layer (Fig. 3). In Fig. 3b, we
observe two measured binding energies (228.5 and
231.5 eV), suggesting that the layer included two or more
Mo species. Contamination from the boat introduced into
the film during thermal evaporation resulted in the shift-
ing of the two peaks [26] from their expected values for
MoOs; and MoO; [27]. The intensities of the signals for
MoO, and MoOs were similar, suggesting that MoO, was
heavily doped into the MoOs film. Therefore, the MoOs film
behaved as a degenerate semiconductor, to align the work
function of the metal and the Fermi-level of the MoO;
layer, with the depletion region at the MoO3-Al interface
being so narrow that the carriers had a high probability
of tunneling through the barrier when a suitable bias volt-
age was applied to the EB diode. To further demonstrate
this phenomenon, we fabricated emitter electrodes featur-
ing different thicknesses of the MoOs interfacial layer;
Fig. 4 presents the J-V characteristics of the resulting EB
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Fig. 4. Current density (J) versus voltage (V) characteristics of EB diodes
having the structure Al (30 nm)/thin Al (10 nm)/LiF (0.4 nm)/NPB
(20 nm)/pentacene (100 nm)/MoO3 (0-70 nm)/Al (30 nm).

diodes. The devices employing MoOs/Al bilayers had larger
current densities than that featuring the bare Al layer; the
maximum value occurred at a MoOs thickness of 50 nm.
Because a thicker MoOs interfacial layer would result in a
longer carrier transport pathway, the probability of carrier
capture would increase rapidly and the number of carriers
received by the electrode would decrease. Therefore,
OBMTs employing a suitable MoOs3 thickness would pro-
vide superior hole-injection contact and enhance the out-
put current of the EB diode.

One of the advantages of the OBMTSs requiring voltage
driving is that they can be used to construct organic invert-
ers. Fig. 5a and b displays the measured transfer character-
istics of organic inverters composed of the OBMT
connected with various resistances and corresponding
gains, respectively. The resistance ranged from 2 to
10 MQ at a step of 2 MQ; a supply voltage of -5V was ap-
plied. The inset displays the structure of a vertical OBMT
with a load resistor. The corresponding gain of the inverter
changed with respect to the resistance, with a maximum
calculated gain of 6 arising when the OBMT was connected
with a resistance of 10 MQ. This resistor is, however, not
an ideal switch; it resulted in the value of V,, of the inver-
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Fig. 3. XPS spectra of the (a) O 1s and (b) Mo 3d energy levels.
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Fig. 5. Measured transfer characteristics and corresponding gain of
inverters measured at a value of Vpp of —5V with resistances ranging
from 2 to 10 MQ at a step of 2 MQ. Inset: sketch of the inverter structure
and OBMT employing MoOs/Al as emitter electrode.

ter varying upon increasing |Vi,|. To overcome this draw-
back, the n-type OBMT should replace the resistor to form
a complementary inverter; such a study is currently under
investigation.

4. Conclusion

In conclusion, we have fabricated OBMTs featuring
three types of emitter electrodes (Au, Ag, and MoOs/Al).
The output currents of these OBMTs were strongly related
to the nature of the interface between the emitter elec-
trode and the organic semiconductor layer. XPS analysis
revealed that the MoOs films formed through thermal
evaporation had degenerate semiconductor characteristics,
resulting in a tunnel current component at the EB diode.
Therefore, the devices featuring MoOs/Al as the emitter
electrode exhibited a current ON/OFF ratio of 10°. Connect-
ing different resistances to the OBMT allowed us to prepare
inverters.
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