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Copper phthalocyanine (CuPC) has been used as the buffer layer for source and drain electrodes to
improve the performance of organic thin-film transistors. The mobility was improved by almost
onefold after the modification. By incorporating with CuPC, the contact resistance was reduced,
deduced from the line-transfer method. The higher hole current observed in the hole-only diode after
adding CuPC further confirms the improvement of hole-injection efficiency. It is concluded that the
device improvement is attributed to the reduction of contact resistance, which resulted from the
Fermi level pinning at the induced gap states at the Au/CuPC interface. © 2007 American Institute

of Physics. [DOI: 10.1063/1.2535741]

Organic thin-film transistors (OTFTs) are of increasing
interest owing to their unique properties, such as low-
temperature and low-cost fabrication processes, light weight,
and mechanical flexibility. The organic-based radio fre-
quency identification tags, flexible displays, and electronic
papers are under development and have great potential for
commercialization.'™ However, further improvement of the
device performance is still needed to meet the requirement of
practical applications. One of the concerns is the efficiency
of charge injection into the organic semiconductors. Since
the surface dipoles are usually observed at the organic/metal
interfaces, the contact resistance of the devices is usually
signiﬁcant.s’6 Consequently, it is crucial to develop methods
to improve the charge injection efficiency and to lower the
contact resistances of OTFTs.

Several reports have indicated that the hole-injection
efficiency can be enhanced by incorporating one inter
facial layer at the source/drain and semiconductor interfaces.
For example, Hajlaoui er al. evaporated tetracyanoquin-
odimethane (TCNQ), a strong electron acceptor, on oligoth-
iophenes before the deposition of Au in a device with a top-
contact configuration, improving the device mobility due to a
better carrier injection.7 Additionally, Chu et al. have also
adopted metal oxides as the buffer layers to enhance the hole
injection into pentacene.8 With this interlayer, metals even
with lower work function, such as Al, can be still used as
efficient source/drain contacts. More recently, Park et al.
introduced one layer of 4,4’,4"-tris(N-3-methylphenyl-
N-phenylamino)-triphenylamine (m-MTDATA) into the de-
vice by Rigiflex lithography,9 resulting in one order of mag-
nitude improvement in the mobility. However, different
mechanisms were proposed to explain the above examples.
The doping of oligothiophenes with TCNQ results in a re-
gime with higher conductivity and a lower injection barrier.’
For the metal oxides, the metal/metal oxide interface should
be Ohmic due to the doping induced from the evaporation
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process. The reduction in the contact barrier and the preven-
tion of metal diffusion and/or unfavorable chemical reactions
are also the possible reasons.® On the other hand, the incor-
poration of m-MTDATA introduces a “ladder-step” energy
level between the metal and the highest occupied molecular
orbital of pentacene, which can decrease the charge-injection
barrier.” The detailed mechanisms of the enhancement of
charge injection with various interfacial layers still do not
deeply examined and understood yet, partially owing to the
complicated nature of the interfaces.

To further investigate the role of buffer layers, copper
phthalocyanine (CuPC), which has been used extensively in
the area of organic light-emitting diodes as a buffer layer,10
was used as the interfacial layer at the source/drain contacts
to reduce the contact resistance of the OTFTs. The device
performance was enhanced after the modification. The im-
provement of the charge injection is attributed to the pinning
of the Fermi level at the induced gap states, resulting in a
reduction of injection barrier.

The devices were made on Si substrates, where highly
doped Si and 200 nm thermal SiO, served as the gate elec-
trode and the insulator, respectively [Fig. 1(a)]. The SiO,
surface was further modified by hexamethyldisilizane to im-
prove the device performance. Then, 60 nm of pentacene
was thermally evaporated to form the semiconducting layer.
CuPC with various thicknesses was deposited to be the
buffer layer. Finally, gold was thermally evaporated as the
source and drain electrodes through a shadow mask with a
channel length (L) of 100 um and width (W) of 2000 um.

Figure 1(b) shows the source-drain current (I,) versus
gate voltages (V;) of the OTFTs with Au or Au/CuPC as the
source and drain electrodes. It can be seen apparently that the
device with the modified electrodes (1.0 nm CuPC) has
higher output current. However, while the thickness of the
CuPC buffer layer exceeds 1.0 nm, the current becomes
lower. The mobility (u) of these devices were calculated at
the saturation region from the following equation;

© 2007 American Institute of Physics


http://dx.doi.org/10.1063/1.2535741
http://dx.doi.org/10.1063/1.2535741
http://dx.doi.org/10.1063/1.2535741

073504-2

Chen et al.

Appl. Phys. Lett. 90, 073504 (2007)

4.8
107 44 - .
Seof
o 36
1 0?2 a2t ‘ ) ) . ]
et o 5 10 15 20 7 |
. (b) t Thicknass of CuPC (A) A
107 § [ Thickness of CuPC ;
5 O,.3[ n oA :
10 - 10 1
o -7 =4 1°A 2 !
< 107 f s e |
o s # .... Auonly P on .
= 10 - H
— Au + 1.0 nm CuPC - ; S .
107 —-—-Au + 2.0 nm CuPC 1 0.1 1 10
1610 S - - -Au+ 5.0 nm CuPC Bias (V)
10 0 -10 -20 -30 -40 -50 -60 -70 -0 FIG. 3. (Color online) Current-voltage characteristics of the organic diodes
Ve V) made of pentacene with and without CuPC as the buffer layer. The device

FIG. 1. (Color online) (a) Device structure of the OTFTS in this study. (b)
The transfer character of OTFTs with electrodes made of Au or Au/CuPC.

I =(WC2L) (Vg - V)2, (1)

where C; is the capacitance per unit area of the insulator and
Vr is the threshold voltage. For the device without modifica-
tion, the mobility and on-off ratio are 0.11 cm?/V s and
5.0X 10°, respectively. On the other hand, the mobility and
on-off ratio were both improved to 0.21 cm?/V's and 1.0
X 10%, respectively, after incorporating with 1.0 nm CuPC
[Fig. 2(a)].

In order to clarify the role played by the interfacial layer,
transfer line method was adapted to estimate the contact
resistance (R.) from the linear region of the output
characteristics.”® The contact resistances of the CuPC-
modified devices with different thicknesses at various gate
biases are shown in Fig. 2(b). For the device with 1.0 nm
CuPC, the extracted contact resistance is 1.55 X 10°  cm,
which is apparently lower than that of the device with pure
Au electrodes (4.71X10° Q1 cm) at a gate bias of =75 V.
The resistances of the device with 1.0 nm CuPC are aver-
agely lower than that of the unmodified device by 70% at
different gate biases. From Fig. 2(b), it can be also observed
that the contact resistance increases again if the thickness of
CuPC is more than 1.0 nm. It is inferred that the increased
contact resistance, while the thickness of CuPC was getting
larger, is due to the intrinsically low conductivity of CuPC.
Consequently, the observed mobility of the devices also de-
creases.

To further investigate the role of CuPC, hole-only
diodes with CuPC as the buffer layer were fabricated. The

structure is ITO/PEDOT-PSS/pentacene/CuPC(x nm)/Au. The ITO elec-
trode is defined as the cathode; the Au electrode is defined as the anode.
Inset: the turn-on voltages of the devices vs the thickness of CuPC.

ethylenedioxythiophene)-poly(styrenesulfonate)  (PEDOT-
PSS)/pentacene (200 nm)/CuPC (x nm)/Au, where x is
equal to 0.0, 0.5, 1.0, and 2.0. The large barrier of electron
injection between PEDOT:PSS and the lowest unoccupied
molecular orbital of pentacene ensures that the measured cur-
rent is contributed solely from the injection of holes from the
Au electrode. The current-voltage characteristics of the di-
odes are shown in Fig. 3. As conventional organic diodes,
there are two distinct regions of operation.l Below the
“turn-on” voltage (V,,), the current (/) increased linearly
with voltage. Above the V,,, the current was space-charge
limited, following I~ V2. V,, is defined as the intersection of
the fitting curves of two regions, implying the voltage at
which the holes start to inject. Apparently, the V_, decreased
after modifying with 1.0 nm CuPC. Furthermore, V,, in-
creased again when the thickness of CuPC is larger than
1.0 nm (the inset of Fig. 3). This observation is very similar
to that of OTFTs, which confirms that the hole injection from
Au to pentacene can be promoted after incorporating a thin
layer of CuPC. The consistence of the optimized CuPC
thicknesses (1.0 nm) suggests that the improvement is quite
general for Au/pentacene interfaces.

The interface between gold and pentacene has been stud-
ied by ultraviolet photoemission spectroscopy (UPS).lz’13 For
the interface formed by depositing of Au on pentacene, the
results indicate the presence of an interface dipole at the
interface [Fig. 4(a)], which leads to a relative large hole-
injection barrier (~1.0 eV) from Au to pentacene. On the

device structure is indium tin oxide (ITO)/poly(3.4- other hand, it has also been reported that a charge transfer
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FIG. 4. (Color online) Energy level diagram of (a) Au/pentacene and (b)
Au/CuPC/pentacene. The vacuum level shift is resulted from the formation
of dipole layer in the interface.

from Au particles to CuPC occurs when a thin layer of Au
was deposited on CuPC thin films.'*" By using UPS and
inverse photoemission spectroscopy, Watkins et al. not only
found a gap state, which is attributed to the charge transfer,
but also observed the Fermi level pinning at the evolving
state. Consequently, the pinning of the Fermi level at the
unoccupied gap states has also observed directly. As a result,
the energy levels at the Au/CuPC interface are depicted in
Fig. 4(b), where the Fermi level is pinned at the midgap of
CuPC. Observably, the injection barrier is smaller between
Au and CuPC than that between Au and pentacene. If we
assume that no interface dipole is formed between CuPC and
pentacene, owing to their similar electron-donating natures,'®
the injection barrier is indeed smaller after incorporating one
thin layer of CuPC. On the other hand, CuPc itself is intrin-
sically low-mobility materials. Once the thickness of CuPC
increases, the bulk resistance of CuPC will contribute to the
device and will eventually make the device characterizes de-
graded.

In conclusion, it has been shown that the device perfor-
mance can be improved by modifying the source/drain elec-
trodes with 1.0 nm CuPC. The device performances such as

Appl. Phys. Lett. 90, 073504 (2007)

mobility and on-off ratio were improved. The contact resis-
tance was decreased after the modification, deduced from the
line-transfer method. In addition, the lower turn-on voltage
of the hole-only diode incorporating with CuPC also con-
firms the improvement of hole-injection efficiency. Finally,
from the previously reported UPS results, it is inferred that
the lower injection barrier resulted from the induced gap
states at the Au/CuPC interfaces.

The authors acknowledge the financial support from the
National Science Council, R. O. C., AU Optronics Corp.
(AUO), and the MOE ATU Program.

Ic. D. Dimitrkopoulos and P. R. L. Malenfant, Adv. Mater. (Weinheim,
Ger.) 14, 99 (2002).

2A. Dodabalapur, Z. Bao, A. Makhija, J. G. Laquindanum, V. R. Raju, Y.
Feng, H. E. Katz, and J. Rogers, Appl. Phys. Lett. 73, 142 (1998).

M. Shtein, J. Mapel, J. B. Benziger, and S. R. Forrest, Appl. Phys. Lett.
81, 268 (2002).

P, Mach, S. J. Rodriguez, R. Nortrup, P. Wiltzius, and J. A. Rogers, Appl.
Phys. Lett. 78, 3592 (2001).

p. V. Necliudov, M. S. Shur, D. J. Gundlach, and T. N. Jackson, Solid-
State Electron. 47, 259 (2003).

°H. Klauk, G. Schmid, W. Radlik, W. Weber, L. Zhou, C. D. Sheraw, J. A.
Nichols, and T. N. Jackson, Solid-State Electron. 74, 297 (2003).

R. Hajlaoui, G. Horowitz, F. Garnier, A. A. Arce-Brouchet, L. Laigre, A.
E. Kassmi, F. Demanze, and F. Kouki, Adv. Mater. (Weinheim, Ger.) 9,
389 (1997).

8c. w. Chu, S. H. Li, C. W. Chen, V. Shrotriya, and Y. Yang, Appl. Phys.
Lett. 87, 193508 (2005).

’S. Y. Park, Y. H. Noh, and H. H. Lee, Appl. Phys. Lett. 88, 113503
(2006).

105. M. Tadayyon, H. M. Grandin, K. Griffiths, P. R. Norton, H. Azia, and Z.
D. Popovic, Org. Electron. 5, 157 (2004).

''P. E. Burrows and S. F. Forrest, Appl. Phys. Lett. 64, 2285 (1994).

"2N. J. Watkins, Li Yan, and Yongli Gao, Appl. Phys. Lett. 80, 4384 (2002).

BN Koch, A. Kahn, J. Ghijsen, J.-J. Pireaux, J. Schwartz, R. L. Johnson,
and A. Elschner, Appl. Phys. Lett. 82, 70 (2003).

L. Lozzi, S. Santucci, and S. L. Rosa, J. Vac. Sci. Technol. A 22, 1477
(2004).

NI Watkins, Li. Yan, Yongli Gao, and C. W. Tang, Proc. SPIE 4800, 248
(2003).

'°H. Ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. Mater. (Weinheim, Ger.)
11, 605 (1999).



