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We study micrometer-sized organic field-effect transistors with either Pd or NiFe metallic
electrodes. Neither of these materials is commonly used in organic electronics applications,
but they could prove to be particularly advantageous in certain niche applications such as
organic spintronics. Using organic semiconductors with different carrier transport charac-
teristics as active layer, namely n-type C60 fullerene and p-type Pentacene, we prove that
Pd (NiFe) is a very suitable electrode for p- (n-) type semiconductors. In particular, we char-
acterized devices with channel lengths in the order of the micrometer, a distance which has
allowed us to evaluate the electronic behavior in a regime where the interfacial problems
become predominant and it is possible to reach elevated longitudinal electric fields. Our
experimental results agree well with a simple model based on rigid energy levels.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic field-effect transistors (OFETs) have been
attracting substantial interest in the last decades due to
their optimal operation on multiple (including flexible)
substrates, their chemical tunability and their low produc-
tion costs. OFETs are currently popular in very diverse
technological solutions, such as radio frequency identifica-
tion tags, driving circuits for organic light-emitting diodes
(OLEDs), sensors and organic memories [1-8].

OFETs performance, measured for example in terms of
their carrier mobility, their ON/OFF ratio or their threshold
voltage, has steadily improved thanks to sustained
research on two main topics, namely the optimization of
organic semiconductors and the development of new
dielectric materials for the electric field-effect gate. Organ-
ic semiconductor optimization has been pushed forward
by synthetic chemistry, via the development of new mole-
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cules with more favorable electronic properties and inert
behavior in real working environments [9-11], but also
by new deposition techniques, creating more controlled
and reproducible molecular structures at lower costs
[12]. New dielectric materials have allowed a better inte-
gration of diverse organic materials in OFETs [13], surpass-
ing the ubiquitous SiO, and boosting the performance of
some materials by improving growth characteristics and
electronic structure at the organic/dielectric interface.
Nevertheless, the organic materials and the gate dielec-
tric are not the only factors controlling the electronic
behavior of an OFET. The materials used as electrodes play
a very important role in OFET performance, since they are
the source of electronic carriers inside the organic channel.
However, slightly differently from the research in OLEDs
where multiple materials are commonly used, most organ-
ic transistors use routinely only Au as electrode. Au has
many advantages, probably some of the most important
of them being its noble character, its resistance to external
chemical aggressions and its capability for further
chemical functionalization via diverse self-assembled
monolayers. However, Au also has several important
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limitations. For example, it adheres poorly to SiO, and
other insulating materials, requiring an extra adhesion
layer (typically either Ti or Cr). It also has a relatively large
work function (5.1 eV), limiting the carrier injection into
some organic materials if no further functionalization is
performed. Last, but not least, it is an expensive metal
and its advantageous properties are greatly reduced when
alloyed with cheaper elements. Many other conducting
materials have been proposed as electrodes for OFETs. Sev-
eral conventional metals have been tested with diverse
success. Other alternatives include transparent conducting
materials such as ZnO [14], conducting polymers such as
PEDOT:PSS and even carbon structures as carbon nano-
tubes and graphene [15,16].

In this article, we present experimental results showing
that two non-conventional metals, namely Palladium (Pd)
and Permalloy (NiggFesq or Py) can successfully act as elec-
trodes for either p- or n-type organic semiconductors.
Interestingly, both metals could also play a role in the
development of organic spintronic devices [17]. Pd is a no-
ble metal and hence very resistant to oxidation and corro-
sion, while it has a relatively high work function of 5.3 eV
[18]. Pd can be alloyed with multiple materials leading for
example to interesting ferromagnetic compounds such as
the Pd,_Niy series, with potential use in spin-based de-
vices [19]. Also noticeably, it currently markets at roughly
half the price of Au.

Py is an alloy with room temperature ferromagnetic
behavior. It is widely used in magnetic devices, mainly
due to its small coercive field (and hence small electromag-
netic losses) and its lack of magnetic crystalline anisotropy.
These features make Py ideal for engineering its magnetic
properties by shape only. Py is one of the materials of
choice for organic spintronic devices [20-23], and it would
be very interesting to expand its use to OFETs as well.

Suitably performing micrometer-sized OFETs are fabri-
cated with combinations of either Pd or Py electrodes
together with Pentacene (Pc) or Fullerene (Cg) as organic
materials on top of conventional Si/SiO2 wafers. The elec-
tronic behavior of the devices is explained in a first approx-
imation by the interfacial dipolar energy [9,10,24,25] (A)
between the different metals and organic materials under
study. Successful Pd/Pc and Py/Cgo OFETs were studied in
detail, showing the potential of these unconventional
metals as carrier injectors for either p- or n-type organic
devices.

2. Materials and methods

For this study, we have prepared bottom-gate, bottom-
contact OFETs on p**-Si/SiO, (150 nm) wafers. The transis-
tor topology consists of interdigitated electrodes with a
channel width (W) to channel length (L) ratio (W/L) of
2000, and channel lengths in the range from 0.5 to 2 pm.
At these channel lengths, the interfacial properties between
the metallic electrodes and the organic semiconductors be-
come dominant in the behavior of the transistors [26,27].
Simultaneously, L above 0.5 pum allows suitably large ratios
between the channel width and channel length (W/L). The
configuration of our electrodes forces the current path to

be well defined, thus avoiding fringe and leakage currents
[28,29], while the relatively big currents obtained allow a
detailed study of the sub-threshold regime [30]. Also, the
L values chosen allow for the study of the channel transport
at large longitudinal electric fields (electric field due to the
channel bias) [31].

The contact electrodes were patterned on a chip by
electron-beam lithography and lift-off. Pd (20 nm) was
deposited by sputtering while Py (20 nm) was evaporated.
The chips were cleaned with acetone (1 min) and isopropyl
alcohol (1 min, ultrasounds) before the organic deposition.
The organic materials (either Pc or Cgo) were evaporated by
organomolecular beam deposition (OMBD) in UHV condi-
tions (base pressure < 1 x 10~ mbar; evaporation pressur-
e <1 x 1078 mbar) on top of the chip without primer. The
organic material was deposited through a metal shadow
mask, avoiding in this way unwanted deposition of mate-
rial outside the active area of the transistor. Evaporation
rates were varied from 0.6 nm/min (Pc) to 1nm/min
(Ceo). During the organic deposition, the substrates were
kept at room temperature. The morphology of the films
deposited in the conditions cited just above was checked
by atomic force microscopy (AFM; not shown) and it is in
accordance with current literature [20,32]. All the device
characterization was performed in a high-vacuum probe
station in dark conditions. A semiconductor characteriza-
tion system with two source-measure units (SMU)
arranged with sub-femtoampere preamplifier was used
for the electrical measurements. One SMU supplied the
drain-source voltage (Vps) and recorded the drain-source
current (Ips), whereas the second one supplied the gate
voltage (Vss) while recording the gate current (Igs). In what
follows we do not report Igs values, which were always
several orders of magnitude smaller than Ips.

3. Results and discussion

In Fig. 1, we present the transfer characteristics for the
four different combinations of metallic electrodes and or-
ganic semiconducting channels studied: Pd/Pc, Pd/Cgg, Py/
Pc and Py/Cgso. The curves are presented up to a Vps value
of 10 V and a Vs value of 20 V and are extracted from tran-
sistors with 1 pm channel length. We can observe how the
combinations Py/Cgg and Pd/Pc show textbook-like transis-
tor curves, with very high Ips at low Vps, a clear saturation
at Vps =10V and considerably large values of the Ips when
the geometry of the device is taken into account. On the
other hand, the combinations Py/Pc and Pd/Cgo show very
poor Ips versus Vps curves, with very weak gate depen-
dence and a total absence of saturation regime up to
Vps = 10 V. This is especially clear in the case of the Py/Pc
combination, in which there is no recordable Ips up to a
Vbs = =3V irrespectively of the gate voltage and, in the
best case scenario, the maximum output current is three
orders of magnitude smaller than in the Py/Cgg case.

It is also important to note that the Cgg transistors show
n-type behavior, while the Pc ones have a clear p-type
character. We can then assume that Cgq carriers are elec-
trons at the LUMO, while holes at the HOMO are the pre-
dominant carriers for Pc [23,33,34].
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Fig. 1. Drain-source current (Ips) as a function of drain-source voltage (Vps) for four different combinations of metallic electrodes (namely Palladium and
Permalloy) and organic semiconductors (Pentacene and Cgp). Vpg increases from 0 to 20V (—-20V) in step of 1V for Pc (Cgp). All the different figures

correspond to transistors with 1 pm channel length.
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Fig. 2. Drain-source current (Ips) as a function of drain-source voltage (Vps) for four different combinations of metallic electrodes (namely Palladium and
Permalloy) and organic semiconductors (Pentacene and Cgp). Note how the scales are different for the different combinations of materials. All the different
figures correspond to transistors with 1 pm channel length. The inset in each figure shows a rigid band-structure energy diagram for the different
combinations of materials. 6 denotes the work function of the metal electrode and A is the shift of the vacuum level (VL) at the interface.

A more detailed view of the current-voltage curves of
the same transistors is presented in Fig. 2, focusing on
lower Vps values. It is clear again that only the Py/Cgo
and Pd/Pc devices show remarkable transistor behavior,
while the other two combinations (Pd/Cgo and Py/Pc) are
not suitable as OFETs. It should also be noted that the tran-
sistors whose curves are represented in Fig. 2 have a differ-
ent L but the same W/L ratio than those of Fig. 1. The

measurements presented here are always general and a
fair representation of the results obtained from many tran-
sistors studied.

Due to the comprehensive study we have developed,
fabricating and characterizing four different combinations
of materials, we can completely exclude any external fac-
tor which might affect the behavior of the transistors such
as contamination in the electrodes, problems associated
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with the growth of the organic materials and so on.
Accordingly, we propose that the different experimental
electronic behavior of the OFETs studied here lies preferen-
tially on the band alignment between the metal work
function and the highest occupied energy level-lowest
unoccupied energy level (HOMO-LUMO) position of the
organic semiconductor.

In a first order approximation, when an organic material
comes into contact with a metal there is a shift between
the vacuum energy levels (VL) of both materials creating
an interfacial dipolar barrier (A). Accordingly, the injection
barrier for the electronic carriers at the metal-organic
interface is determined by the energy difference between
the metal work function (0) and the shifted energy level
of the closest organic corresponding orbital. This corre-
sponding orbital would typically be the LUMO for n-type
organic semiconductors and the HOMO (highest occupied
molecular orbital) for the p-type ones.

The work function of Pd and Py are 5.3 eV [18] and
4.9 eV [23] respectively (throughout this paper the ener-
gies of the electronic/molecular levels are given with
respect to the vacuum level). The relevant conducting orbi-
tals for the organic semiconductors used in this work are
the Pc HOMO (5 eV) [9,10] and the Cgo LUMO (4 eV) [9].
Both the hole-injection and electron-injection barriers (¢n
and ¢, respectively) are reported in Table 1. Those values
have been calculated considering the formation of inter-
face dipole barriers [10,35].

As can be observed in Table 1, the energy barriers for
hole injection into Pc from Pd and for electron injection
into Cgo from Py are relatively small (below 0.5 eV). Con-
versely, the energy barriers for hole injection into Pc from
Py and for electron injection into Cgo from Pd are much
larger (above 1.1 eV). This simple energy level analysis is
in agreement with the experimental data presented in
Fig. 1 and Fig. 2, where two of the transistors tested
worked actually as field-effect devices (Py/Csp and Pd/
Pc); while the other two combinations of materials (Pd/
Cso and Py/Pc) yield extremely poor results. Note that we
are considering each organic material as purely electron
or hole conductor, being this assumption based both on
existing literature [23,33,34] and on the recorded experi-
mental behavior of our OFETs.

We selected Pd/Pc and Py/Cgq transistors for more de-
tailed study. In Fig. 3, we present the transfer curves (Ips
versus Vgs) for such devices. In both cases the ON/OFF ratio
is above six orders of magnitude, reaching even seven or-
ders of magnitude for the Pd/Pc case. This is actually the
combination of materials that have a smaller injection bar-
rier for electronic carriers, fact that bundled together with

Table 1
Energy level alignment at the organic semiconductors/metal electrode
interface.

Interface (metal/
semiconductor)

Electron-injection
barrier ¢ (eV)

Hole-injection
barrier ¢, (eV)

Pd/Pc - 0.34
Pd/Cso 1.95 -
Py/Pc - 1.14
Py/Ceo 0.49 -

30m4Palladium-Pentacene (a) ]
25m+
& 20m4

£ 15m]
;3 10m

0s(A)

(A)

DS

Fig. 3. Transfer curves (Ips versus Vgs) for (a) Pd/Pc and (b) Py/Ceso
transistors. The curves have also been plotted as the square root of the
drain-source current (left vertical axis).

the better mobility of Pc compared to Cgg, reinforces our
previous interpretation of the Ips versus Vps curves (Figs.
1 and 2) in terms of the metal/organic interfacial energy
barrier.

Both the carrier mobility in the linear regime and the
subthreshold slope for the different combinations of mate-
rials have been extracted, following the definitions pre-
sented in Table 2. For the extraction of the field-effect
mobility in the linear regime (ger1in), We determined the
slope of the linear regime region of the transfer character-
istic (plotted in Fig. 3). The normalized subthreshold slope
was extracted as the slope (S) in the transfer characteristic
at the onset of the subthreshold region, i.e. for the most po-
sitive (negative) Vs value inside the subthreshold region
in the p-type (n-type) transistors, and multiplied by the
capacitance per unit area of the gate dielectric layer (G).
Fig. 4 presents the mobility and subthreshold slope values
in different conditions.

The values obtained for the mobility are in agreement
with the literature for sub-micrometer-size OFETs [28],
and there also consistent with expected mobility extrapo-
lated for micrometer-size channel OFETs [36-38]; reaching
values close to 0.1 cm?/V s for Pc and 0.01 cm?/V s for Cgo.
These values are quite remarkable, especially taking into
account the small dimensions of the transistor studied
(L< 1 wm for those specific results) and the deposition of
the organic material on plain SiO, without the use of any
primer. Both the Pd/Pc and Py/Cgg transistors show a linear
relation between the logarithm of the mobility and the
square root of the electric field, being the dependence

Table 2
Definitions of the different parameters used in the characterization of the
organic transistors.

Symbol Parameter

1L, dp Linear regime field-effect mobility

_ d
HrgrLin = ‘C,VDS : Ves
1

W' dVes
S-Ci = [qik: log(lb)] - Ci

Normalized subthreshold slope
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Fig. 4. (a) Dependence of the carrier mobility with the electric field. (b)
Dependence of the normalized subthreshold slope with the electric field.
Blue square correspond to Pd/Pc data whereas red triangles correspond to
Py/Cso data. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

stronger for the Cgp case (see Fig. 4a). Such relation be-
tween mobility and electric field is known as a Frenkel-
Poole equation [31], and arises from simply supposing that
charge transport occurs mainly by hopping between local-
ized states. The electric field reduces the hopping barrier
between adjacent sites and, if the hopping potential is Cou-
lomb-like, then the hopping probability or mobility have a
functional dependence as p = po exp(p /E/kT); where k is
the Boltzmann’s constant, T is the temperature, E is the
electric field, uo is the mobility at zero field and f is a
field-dependent coefficient. The values of g obtained are
1.0 meV/(V/um)'? (Pd/Pc) and 7.5 meV/(V/um)'? (Py/
Cso), Which are in accordance with those obtained in the
literature for similar organic materials [31]. In our specific
case, a larger Frenkel-Poole slope for the Cgo case suggests
a larger capability of tuning the intermolecular barriers
with the electric field, which is consistent with the mobil-
ity being much lower than for the Pentacene case.

The normalized subthreshold slope, which relates the
drain-source current with the gate voltage, has values be-
low 100 nFV/dec cm?. These relatively low values indicate
a good coupling between the semiconducting channel and
the gate electrode, especially remarkable for a standard
150-nm-thick SiO, gate insulator.

4. Conclusion

In this letter, we have fabricated organic field-effect
transistors with unconventional metallic electrodes (Palla-
dium and Permalloy) and well-known p- and n-type or-
ganic semiconductors (Pentacene and Cgg fullerene). We
have demonstrated that Palladium/Pentacene and Permal-
loy/Ceo devices show very satisfactory transistor character-
istics, both in the source-drain current and in the transfer
curves. In addition, mobility and subtreshold slopes are

also comparable to those obtained with conventional met-
als, such as Au. We argue that the reason behind such
favorable behavior is mainly the good matching between
the Fermi level of the metal and the corresponding
molecular orbitals of the organic semiconductor. The
experiments presented here open the way for the use of
non-conventional metals for complex application in OFET
geometries.
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