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We fabricate N, N ’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide and pentacene heterostructure organic field
effect transistors with a MoQOs ultrathin layer between Al source-drain electrode and active layer. By inserting
the MoOs layer, the injection barrier of hole carriers is lowered and the contact resistance is reduced. Thus, the

performance of the device is improved. The device shows typical ambipolar transport characteristics with effective
hole mobility of 4.838 x 107 cm® /V-s and effective electron mobility of 1.909 x 1072 cm?/V-s, respectively. This
result indicates that using a MoOs ultrathin layer is an effective way to improve the performance of ambipolar

organic field effect transistors.

PACS: 85.30.Tv, 72.80.Le, 73.40.Qv

Ambipolar organic field effect transistors
(AOFETs) have attracted considerable interest be-
cause of their potential applications in light-emitting
field effect transistors, photosensing field effect
transistors and organic complementary-metal-oxide-
semiconductor (CMOS) devices.[' ] In recent years,
great effort has been made in fabricating and optimiz-
ing the AOFETs. Several groups have demonstrated
the AOFETs using single components,!! bilayers,!”!
and blendsl’) as the semiconducting active layers.
However, the effective mobility of electrons and/or
holes in the AOFETs is lower than that in unipolar
OFETs of each individual material so far.["*] The
main problem may be that charge carriers cannot be
effectively injected and transported in the channels.
Therefore, the efficient injection of holes and electrons
in the AOFETS is a critical challenge. Generally, the
band gaps of most organic semiconductors are typi-
cally 2-3 eV, resulting in a high injection barrier for at
least one type of charge carrier, when a single source-
drain electrode material is employed in the AOFETs.
Thus, the selection of the proper electrode material
that allows efficient injection of electrons and holes in
the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO) of the organic semicon-
ductor respectively is a key problem. As reported
in many articles, Au is usually used as the electrode
material because of its high work function. However,
Au is a high price metal, which increases the cost
of the devices. Compared with Au, aluminum (Al)
is a well-known cheap contact material in integrated
circuits, but its low-work function limits the applica-
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tion. Recently, effective modification by inserting a
transition metal oxide at the metal /organic materials
interface has been reported in organic electrolumines-
cent devices and unipolar OFETs.l” '] It has been
proven that this method can reduce the contact resis-
tance and prevent the formation of interface dipole,
which results in the performance improvements of
the OFETs. Therefore, it is important to explore
the approach of modifying the metal/organic mate-
rials interface by using a transition metal oxide for
improving the performance of the AOFETs.

In this Letter, we present the fabrication of
N, N’-ditridecylperylene-3,4,9,10-tetra-carboxylic di-
imide (P13) and pentacene heterostructure AOFETS
with Al as the source-drain electrode modified by a
MoOg ultrathin layer. After modification, the device
shows typical ambipolar balanced transport charac-
teristics and the performance is greatly improved.

The AOFET device configuration and molecular
structures of P13 and pentacene used in this study
are shown in Fig. 1. A cleaned ITO was used as the
gate electrode and the substrate, with a spin-coating
390nm PMMA as the gate insulator. Then the sub-
strates with PMMA were transferred to a glove box
and annealed on a hot plate at 120°C for 2h. A 10-
nm-thick P13 film was first thermally deposited with
a deposition rate of approximately 1 A /s. Then, a 30-
nm-thick pentacene film was thermally deposited onto
the P13 with a rate of approximately 0.3 A/s. The
films were annealed at 110°C for 5h under Ar ambi-
ent conditions. Finally, the devices were completed
by depositing single Al (150nm) or MoOg (10nm)/Al
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(150nm) bilayer source-drain electrodes through a
shadow mask. The channel length and width were
80um and 4mm, respectively. All the organic lay-
ers and source-drain electrodes were grown at a base
pressure of 1 x 10~*Pa. The electrical characteriza-
tion of the devices was carried out using a Keithley
485 picoammeter and two Keithley 2400 source me-
ters at room temperature under ambient atmosphere

conditions.
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Fig. 2. Output characteristics of the devices without the
MoOs3 ultrathin layer (a) in the p-type mode and (b) in
the n-type mode.

Figure 2 shows the output characteristics of the de-
vice without the MoOg ultrathin layer. When a nega-
tive bias is applied with the gate-source voltages (V)
and drain-source voltages (Vpg), the drain-source cur-
rent (Ipg) increases superlinearly with increasing Vpg,
but decreases with increasing Vi [Fig. 2(a)]. However,
at positive Vg and Vpg, a typical n-channel transis-
tor characteristic is observed [Fig. 2(b)]. This suggests
that the electrons can be injected and transported in

the channel, but the holes can not be injected validly.
Figure 3 shows the output characteristics of the de-
vice with the MoOg ultrathin layer. A typical am-
bipolar operation can be observed. The p-channel
operational characteristics of the AOFET [Fig. 3(a)]
are different from those of the pentacene-based single-
layer OFETs. When a negative bias (|Vg| > 30V)
was applied to the gate electrode, a typical behavior
for hole-enhancement mode was observed. The out-
put characteristics of the device are similar to those
of the pentacene-based single-layer devices. At nega-
tive gate voltage |Vz| < 30V, an unusual character-
istic is observed. Ipg increases superlinearly with in-
creasing Vpg, and decreases with increasing V. This
phenomenon occurs due to electron injection from
the drain electrode, and transmission in the P13 ac-
tive layer.l’l Similarly, at positive gate voltages in
Fig. 3(b), the same current-voltage characteristics are
observed. Figure 4 displays the transfer characteristics
of the devices with the MoOg ultrathin layer. We can
derive the threshold voltage from the linear slope of
the square root of Ing vs Vi (n-channel transmission,
the threshold voltage Vp = 21V, p-channel transmis-
sion, the threshold voltage Vr = —34V).
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Fig. 3.
MoOs3 ultrathin layer (a) in the p-type mode and (b) in
the n-type mode.

Output characteristics of the devices with the

The effective carrier mobility p of the AOFET in
the saturation regime may be estimated from the re-
lation between the saturated source-drain current Ipg
and Vg,

w
Ips = ﬂﬂci(v(} — V)2, (1)

where W represents the channel width, L the chan-
nel length, p the field-effect mobility, C; the gate
capacitance per unit area of the PMMA insulating
layer. The capacitance value of the PMMA insulat-
ing layer is 6.8077nF/cm?. The effective field-effect
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hole and electron mobility can be calculated to be
4.838 x 1073 cm?/V-s and 1.909 x 1073 cm?/V's, re-
spectively.

4.0 6
E t(b
354@ 55)
S73.0F < f
— E ~ 4F
<2.5F “ Ok
Eoof g s
S 15 NN
e 5_ g 20
Lo 23
| 0.5F ~ E
OVOi.I....I....I....I....I....I....I.. O;.I....I....I....I....I....I....I..
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Ve (V) Ve (V)
Fig. 4. Transfer characteristics of the device with the

MoO3 ultrathin layer separately under positive and nega-
tive gate biases. (a) Vps = —60V, (b) Vps =60V.

Based on the above experimental results, for the
devices without MoQOs, electron transport is domi-
nant over hole transport. On the other hand, after
inserting the MoQOj3 ultrathin layer, hole currents are
enhanced. In particular, the p-type transport is sig-
nificantly improved and the typical properties of the
AOFET appear. This means that MoOg plays a key
role for the ambipolar feature of the device. In order
to understand the performance improvement in the
devices with Al/MoOgj as electrodes, we consider the
reasons from the interface effect.

One reason may be that the MoQOj3 ultrathin layer
prevents an unwanted chemical reaction between Al
and the active layer and precludes the metal atom
from diffusing into the organic layer.l'”) When Al is de-
posited on pentacene, the surface of pentacene would
be destroyed due to the high deposition temperature
of Al, resulting in the increase of the interface struc-
tural defects. Simultaneously, Al could also penetrate
into the surface and form a metallic overlayer on the
upper layer of pentacene. Thus the interface dipole
arises instantly and the barrier height between metal
Al and pentacene increases.'” As a result, the con-
tact resistance becomes larger and the performance
of the device degrades. However, MoQOg is one kind of
transition metal oxides with the low melting point and
sublimation temperature at about 600-650°C. When
inserted between the Al source-drain electrode and the
pentacene layer, the MoOg ultrathin layer can not only
provide the protection for the active layer but also ef-
fectively decrease the intensity of the interface dipole
and reinforce the charge injection.[']

Another reason is that the Fermi level of Al and
the HOMO level of pentacene can be adjusted into
a better match after MoO3z modification. To evalu-
ate the injection barrier at each interface, we draw
the energy level diagrams. Figures 5(a) and 5(b)
show the energy level alignments of Al/pentacene
and Al/MoQj3 /pentacene interfaces, respectively. The

work function ¢ 4; of Al, the HOMO level and the band
gap of pentacene are 4.2¢V, 5.0eVI'? and 2.2¢eV,["]
respectively. In the Schottky—Mott limit, the vac-
uum levels align at the metal/semiconductor inter-
faces. However, the Schottky—Mott limit is rarely ob-
served at real metal/organic interfaces due to the for-
mation of a interfacial dipole (e,) between the metal
and the organic layer, which pins the Fermi level.['”]
According to Pyungeun et al.,['?) the interface dipole
e, of Al/pentacene is —0.56 eV as shown in Fig. 5(a).
On the other hand, after inserting the MoOj3 layer be-
tween Al and pentacene, a large interface dipole e
(2.78 €V) is induced between Al and MoOs, and the
vacuum level of pentacene shifts toward higher bind-
ing energies by 2.63eV. The final interface dipole e
between Al and pentacene has dropped to 0.15€eV, as
shown in Fig.5(b). Thus, an effective hole injection
barrier (&, o) can be defined asl'’]

Qsh,eﬁ = Eion - ¢m — €p, (2)

where Ej,, is ionization energy which is the sum of
the electron affinity and organic semiconductor band
gap, ¢m is the work function of the metal, and ey is
the interface dipole. The effective hole injection bar-
riers without and with the MoOg inserted layer can
be calculated to be 1.36eV and 0.65 €V, respectively.
In comparison of the two hole injection barriers, the
MoOs inserted interface has a lower barrier height by
0.71eV. This would be the reason for the highly im-
proved drain-source current, which significantly im-
proves the performance of the device.
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Fig. 5. Energy level diagrams of Al/pentacene (a) and
Al/MoOg /pentacene (b). Pe1, Pe2, Pp1 and Ppo are
the effective electron and effective hole injection barriers
(Pe1 + Pn1 = Pe2 + Ppo = 2.2€V) respectively.

In summary, we have fabricated the
P13/pentacene heterostructure AOFET with a MoOg
ultrathin layer between the Al source-drain elec-
trode and the pentacene active layer. For the de-
vice, the P13 layer acts as the n-channel transport
layer, and the pentacene layer acts as the p-channel
transport layer. By the MoOgs ultrathin layer mod-
ification, the performance of the device is greatly
improved. The effective hole and electron mobility
are 4.838 x 1073 cm?/V-s and 1.909 x 1073 cm?/Vs
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in the saturation region under ambient conditions, re-
spectively. Therefore, it is demonstrated that employ- [7]
ing the transition metal oxide as modified electrodes

. . . L (8]
is an effective way to improve the characteristics of

AOFET. [9]
[10]
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