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Dependence of charge carrier injection on the interface energy barrier
in short-channel polymeric field effect transistors
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The influence of contact materials on the electrical characteristics of field-effect transistors made
from poly(3-hexylthiophene) with short-channel lengths of 80 nm is investigated. The thermally
activated output current indicates the presence of a potential barrier at the electrode/organic
contact. The barrier is not related to surface oxide and results in non-linear junction characteristics
with activation voltage that can be only partially controlled via the work function of the contact
metal. A Schottky contact at the metal/polymer interface arises from the band offset of the
two materials and from interfacial dipole layers. Transistor operation with on/off ratio over 10
is achieved with five different electrode materials. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3701271]

Conjugated organic semiconductors have been the
subject of intense research as potential electronic materials
because they have processing advantages over conventional
semiconductors, making them a competitive medium for
low-cost, large-area devices. Among the most studied poly-
mers are polythiophene derivatives, which display some of
the highest hole-mobilities due to their packing in well-
organized lamellae." Modern devices are typically designed
with a short channel length L, motivated by the need to
achieve useful switching speeds and drive currents. Below a
critical length, estimated as 2 um for polythiophene, it was
observed that contact resistance can dominate the resistance
of the organic channel, so that the action of a device is con-
tact-limited.” It is, therefore, extremely important to investi-
gate and improve charge injection.

High non-linear contact resistance is often detected in
organic field-effect transistors (OFETs); it is associated with
the presence of a Schottky barrier, which is induced by the
difference of the work function of metal and semiconductor,
and bulk transport through a depletion region in the vicinity
of the interface.”™

In this study, we investigate the influence of contact
materials on the electrical characteristics of short-channel
OFETs. Bottom-contact p-type OFETs with L =80 nm were
fabricated using metal electrodes with different work func-
tions. Low-temperature studies reveal the presence of a
potential barrier at the polymer-metal interface, whose origin
is not simply accounted for by the difference of energy levels
of the materials constituting the junction. Transistor opera-
tion is demonstrated for devices prepared with five different
contacts, with a typical on/off current ratio of 10%; the low-
temperature field-effect mobility of poly(3-hexylthiophene)
(P3HT) is also extracted.

The devices were prepared on a heavily doped n
wafer (gate electrode) with a 210 nm thick high-quality ther-
mal SiO, oxide layer (inset Fig. 1(a)). After careful cleaning
of the substrates, the silicon oxide was chemically modified
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with hexamethyldisilazane (HMDS) by exposure to a satu-
rated HMDS vapor, in order to obtain a hydrophobic surface,
which promotes structural ordering of the cast polymer and
enhances its field-effect mobility.”® Electron beam lithogra-
phy combined with a lift-off technique was then used to
define interdigitated source/drain electrodes with channel
length L =80 nm and channel width W =900 um, in order to
maximize the channel cross-section. Electron beam evapora-
tion was subsequently used to deposit a 2 nm thick Ti adhe-
sion layer followed by one of the following contact
materials: Co, Au, NiggFe,o, and Al, whose work functions
(Dyy) are 5.0eV, 5.1eV, 5.0eV, and 4.0eV, respectively.
Cobalt electrodes were employed as-deposited or followed
by deposition of an Al,Oj3 tunnel barrier, defined by two-step
oxidation of Al, which is intended to achieve a well-
controlled oxide thickness.” Finally, polymer films of
regioregular P3HT were deposited from anhydrous-toluene
solution by spin coating, in argon atmosphere, followed by
annealing at 115°C.® The thickness of the films was found to
be typically around 150 nm by AFM. The current—voltage char-
acteristics of the transistors were acquired using a quantum
design physical properties measuring system (PPMS) equipped
with a 14 T magnet, making use of two cryogenic tri-axial leads
for high impedance measurements, sub-femto-amp source-
meters (Keithley 6430), and low bias current amplifiers.
Throughout the measurements, the drain current and the gate
leakage current were monitored simultaneously so that devices
with negligible leakage could be selected. Measurements were
performed in high-vacuum (p < 10~° mBar) at temperatures
ranging from 300K to 7K.

Fig. 1(a) shows the room-temperature output character-
istics of an OFET prepared with Co electrodes; the curves
are linear over the range of source-drain voltages tested.
Such behavior would be consistent with previous results and
has typically been explained using a simple rigid-band pic-
ture, in which the similarity of the ionization potential of
P3HT (e¢p;=4.7eV) with (D, ~5¢eV) of metals such as Co
or Au leads to the absence of an interface energy barrier.”'°
In this case, the Fermi level in the metal is aligned with the
top of the valence band in the polymer; hence, the contact is

© 2012 American Institute of Physics
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FIG. 1. (a) Room temperature output characteristics of an OFET with Co electrodes. (b) Output characteristics measured at different temperatures for the
same device. (c) A comparison of the low-temperature output characteristics of OFETs with different electrode materials.

transparent for hole-injection.'"'> However, band offsets can
be hidden by the thermal excitation of charge carriers at
room temperature, and consequently, a low-temperature
study is necessary to discern the real nature of contact
resistance.

Fig. 1(b) shows the output characteristics at tempera-
tures ranging from 300K to 7K. On lowering the tempera-
ture, the curves become pronouncedly non-linear and display
clear thermally activated behavior. These results indicate
that a potential barrier for hole-injection in P3HT does exist
at the interface despite the nominal Fermi level alignment;
carriers need to be thermally activated over the barrier before
entering the semiconductor, therefore, the turn-on voltage of
the junction shifts to higher bias on lowering the tempera-
ture, to compensate the reduced thermal excitation. A volt-
age asymmetry of the I:'V curves is present at all
temperatures below 300 K, suggesting that the barrier heights
at the source and drain contacts are slightly different. The
voltage-asymmetry strongly supports the idea that the cur-
rent is injection-limited, because transport in the organic me-
dium itself should be symmetric with respect to bias, at least
in the absence of in-plane magnetic field.

To gain insight into the origin of the interface energy
barrier, we examined the effect of changing the contact ma-
terial to Au, Ni, or Al and modifying the cobalt electrodes by
introducing a thin Al,O3 layer between Co and P3HT. The
results are summarized in Fig. 1(c), which shows the I:V
curves obtained with the different contacts at 7K. Low-
temperature measurements were necessary because the
contact-dominated output characteristics are linear at room-
temperature due to thermal excitation and do not allow for a
distinction between the channel and contact resistance. The
electrical characteristic of the Au-based device indicates that
an energy barrier is also present at this interface, generating
non-linear voltage dependence. Cobalt and gold have a simi-
lar @, of 5.0 and 5.1 eV, respectively, yet a difference in the
turn-on voltage of the junction is clearly observable. This
could be attributed to the presence of a 2—-3 nm passivation
layer of CoO on the upper surface of the cobalt electrode.'?
The effective @y, of the metal/oxide system differs from that
of the bulk, and so transport through surface CoO appears to
lead to a higher effective Schottky barrier.'* An OFET pre-

pared with Co electrodes and, in addition, 1 nm uniform bar-
rier of Al,O5 display an I:V curve in between those of Au
and Co. Evidently, charge carriers are tunneling through the
thinner surface layer so that ®,, of Co is less affected by the
presence of the oxide and resembles that of the bulk. Rein-
forcing this deduction, devices prepared with NigyFe,q
(®y;=5.0eV), which forms surface oxide of thickness only
0.8 nm, give a characteristic which looks like that of Co/
Al,Os-based OFETs.!?

Fig. 1(c) shows, amongst others, the output curve
obtained with Al source-drain contacts. Al has been chosen
because its @), (4.0 eV) is substantially different from that of
Au (5.1eV). The turn-on voltage of the junction is consider-
ably higher in this case, as would be expected from the larger
difference with ¢; of P3HT, within a rigid-band picture. The
Schottky barrier height appears to be controlled, at least par-
tially, by using contact metals with different ®,,. However,
this is not the only mechanism determining the formation of
an energy barrier at the interface with P3HT. The high work
function of Au, in conjunction with the absence of a surface
oxide, should, in principle, result in a reduced injection-
barrier to P3HT. Nevertheless, a significant barrier is shown
to be present in our measurements. This suggests that simple
modeling, based on energy level alignment, is not fully ap-
plicable. There is a significant modification of the Fermi
level in the metal, close to the interface, due to the interac-
tion with the organic molecules. The adsorbed molecules
change (compress) the metal evanescent states, eventually
inducing a large interface dipole density.'®!” Further, a
mechanism that shifts the position of the Fermi level in the
polymer away from charge neutrality may also exist. It has
been suggested that the region adjacent to the contact area is
not composed of organic material of the same quality as the
rest of the conducting channel."® In a recent study, direct evi-
dence of the degradation of the film morphology in the vicin-
ity of the contacts was reported, which results in a defect-
rich region at the interface.'” The physical mechanism
behind the appearance of an injection barrier, in this sce-
nario, could be a large density of localized interface-states
that pins the Fermi level in the polymer, thus rendering the
barrier-height independent of the ionization potential in the
bulk of P3HT. The potential barrier in the semiconductor
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FIG. 2. (a) Channel resistance as a function of temperature. (b) Source-drain characteristics at different gate biases. (c) Channel resistance and conductance as

a function of gate bias.

would, therefore, originate from the electrostatic interaction
with the charge trapped at the interface. An inert layer of
Al,O3 in the contact region prevents chemical hybridization
among metal and P3HT states, but was shown not to elimi-
nate the barrier itself, indicating that chemical dipoles do not
play a dominant role. The tail of the electrons spilling out
from the metal surface should significantly decay across the
barrier thickness and, in turn, prevent the formation of a
strong interface dipole between metal and molecular states.
Instead, the height of the Schottky barrier is not greatly influ-
enced, as visible in Fig. 1(c), where the I:V characteristic of
gold devices resembles that of Co/Al,O5 devices. This sup-
ports the idea that charge trapping in polymer states contrib-
utes to the definition of the barrier height, bending the
energy level in the organic side of the junction. Such a sce-
nario explains also the voltage-asymmetry observed, by us
and other groups, in the I:V curves (Fig. 1(c)), by means of
small morphological differences in the polymer at the source
and drain contacts, the resulting height of the Schottky bar-
rier is different at the two electrodes.””

Our measurements indicate that charge injection at the
metal/polymer interface is dominated by thermionic emis-
sion at high temperature, while tunneling dominates below
100K, where the I:V curves start to resemble each other
(Fig. 1(b)). By using the equivalent circuit model of Fig.
2(a) (inset), it was possible to simulate the output charac-
teristics and separate the contributions of the contact and
the organic channel to the overall device resistance. The
circuit includes the fact that injection can occur in parallel
via the two aforementioned mechanisms through the con-
tacts. Fig. 2(a) shows the plot of the extracted channel re-
sistance at different temperatures, when a gate voltage of
—50V is applied on the Co/Al,O3-based OFET. Notably,
at this gate bias, the resistance of the organic channel
changes of only a factor of two, showing that the devices
are contact-limited in the range of temperature studied in
this work.

Fig. 2(b) shows the output characteristics of an OFET
with Au contacts at different applied gate voltages, at 7K.
No current saturation was observed in the range of biases
applied, consistent with previous results in literature on con-
tact dominated P3HT-devices.”'*? The resistance of the or-
ganic channel has been extracted and is plotted in Fig. 2(c),
as a function of the applied gate. Saturation to a value of

about 6 MQ is observed. The lower value, with respect to Co/
AlL,O5 contacts, reflects the increased number of carriers n
injected by tunneling through a thinner interface barrier, recall-
ing that no surface oxide is present on Au and ¢ oc nu.
A low-temperature field-effect mobility g~ 10"* cm* V="' s~
is estimated, using a density of accumulated charge
na2x10"°m22

In summary, we investigated the effect of lowering the
temperature and changing contact material on the electrical
characteristics of short-channel OFETSs based on poly(3-hex-
ylthiophene). The thermally activated characteristics reveal
that the current is limited by field-assisted thermionic emis-
sion over an energy barrier at the metal/polymer interface.
The height of the Schottky barrier can be only partially con-
trolled via the work function of the contact metal, and two
other limiting factors must also be taken into account,
namely states originating in the metal and decaying in the or-
ganic and interface states originating in the organic itself.
Charge trapping into the latter interface states, which are the
likely consequence of a defect-rich region in the semicon-
ductor in the vicinity of the contact (not due to contact chem-
ical bonding), plays a significant role. Its importance was
outlined by the weak effect of an artificial tunnel barrier on
lowering the metal-polymer interaction. Also important is
the modification of the charge neutrality level close to the
interface, due to the suppression of the evanescent states
originating in the metal.

The experimental results reported in this study should
help to refine theoretical models explaining the mechanisms
for charge injection into organic media from metallic elec-
trodes, where all three factors determining the Schottky bar-
rier height play comparable roles.

Despite the impediments on charge injection, on/off
ratios > 10° have been obtained for all contact materials
employed. The achievement of significant performance in
polymeric transistors based on several different metals may
prove useful in further studies, focusing on the development
of new organic electronic devices.
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