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Contact resistances at metal/semiconductor interfaces can limit
the performance of organic thin-film transistors (OTFTs)."! Optimal
devices should display a linear dependence of the channel potential
profile and negligible voltage drops at the electrodes. These
conditions allow one to accurately determine charge carrier mobili-
ties from device characteristics and lead to low turn-on threshold
voltages. In the case of n-channel OTFTs, and in the absence of
interfacial effects, the electron injection barrier (¢,) can be estimated
from the difference in the energies of the work function (WF) of
the metal and the LUMO of the semiconductor.”? High contact
resistances are therefore obtained under these conditions when using
stable high WF metals, such as Au.

Large ¢, values may be similarly encountered in polymer light
emitting diodes (PLEDs),* and a variety of strategies have been
implemented to lower the operating voltages. One approach
incorporates a conjugated polyelectrolyte (CPE) electron transport/
injection layer adjacent to the cathode.* Improved electron injection
can result from (a) hole accumulation at an internal organic
interface, (b) electric field screening due to ion migration, and (c)
formation of a permanent dipole layer at the topmost organic
surface. The relative participation of these effects depends on the
device structure, i.e. the thicknesses of different layers, and the
intrinsic energy levels of the material components.’

Here, we demonstrate that the insertion of CPEs beneath top-
contact Au source/drain electrodes can be a very effective strategy
for improving carrier injection in n-channel TFTs, provided that
the thickness of the ion-containing layer is sufficiently thin to avoid
complications associated with electric field redistribution. Scheme
1 shows the structures of the CPEs used in this study. They contain
a poly[9,9-bis[6"-(N,N,N-trimethylammonium)hexyl]fluorene-alt-co-
1,4-phenylene] backbone with fluoride (PFN'F~), bromide
(PFN'Br"), or tetrakis(imidazoly)borate (PFN"BImy~) counter-
ions. [6,6]-Phenyl-Cg;-butyric acid methyl ester (PCBM) was
chosen as the n-type semiconductor (Scheme 1b). As shown in
Scheme 1c, the energy difference between the WF of Au and the
LUMO of PCBM would lead to the absence of interfacial effects,
i.e. surface dipoles,” to a ¢, of 0.7 eV. Using the same argument
one can estimate that introducing a CPE layer would increase ¢,
to 2.2 eV. We have used for these estimates a LUMO energy of
—4.2 eV, which is on the high end of the values provided in the
literature (—3.7 to —4.3 eV) and anticipated to yield a smaller ¢,.®

CPE function was tested using the OTFT structure shown in
Figure 1a. PCBM films of 35 nm thickness were deposited by spin-
casting from a 1% (w/v) chloroform solution onto a SiO, gate
insulator. The CPE layer was subsequently spin-cast from either
0.02% or 0.5% (w/v) methanol solutions. Profilometry showed that
the 0.5% solutions provided CPE layers on the order of ~15—20
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Scheme 1. Structures of (a) CPEs and (b) PCBM, and (c) Energy
Level Diagram of PCBM, CPE, and Au As Obtained by UPS%"
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nm thickness, which were smooth, as determined by atomic force
microscopy (AFM, see Supporting Information (SI)). No significant
increase in the total thickness of the organic layer was observed
when the more dilute solution was used. However, X-ray photo-
electron spectroscopy (XPS) analysis of these surfaces shows N
Is features at ~403 eV due to quaternized N-C functionalities.”®
Water contact angle measurements are also consistent with a more
hydrophilic surface (SI). Therefore, dilute solutions do not yield
well-defined layers, but one can nonetheless deposit CPE on top
of PCBM. The final step in device construction involves thermal
evaporation of 50 nm thick Au electrodes.

Figure 1b displays the transfer characteristics with a positive gate
bias, which leads to an n-type device. Despite the nearly absent
change in total film thickness, CPE deposition from dilute solution
leads to OTFTs with higher drain currents (/ps), relative to untreated
PCBM. Table 1 provides a summary of relevant device charac-
teristics, including field-effect mobilities (x), current on—off ratios
(Zon/lyp), and threshold voltages (V).

The data in Table 1 demonstrate that devices treated with dilute
CPE solutions exhibit average values of 4 ~ 1072 cm?/V *s, L,/Lz
~ 10°, and V,;, &~ 1 V and that the nature of the counteranions bears
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Figure 1. (a) OTFT test device. (b) Transfer characteristics at Vpg = 60 V
as a function of counterion and concentration (for only PFN*F~). (c, d)
Output characteristics with PEN*F~ layers deposited from 0.02% and 0.5%
methanol solutions, respectively.
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Table 1. Typical Device Characteristics

0.02% 0.02% 0.02% 0.5%
PENBr/  PFN™BIm,/  PFNYF/ PFN*F~/
PCBM PCBM PCBM PCBM PCBM
w (cm?*V+s) 299 x 1073 1.00 x 1072 1.28 x 1072 1.24 x 1072 2.33 x 1073
Loul Loy 3.16 x 10* 442 x 10° 541 x 10° 3.48 x 10° 1.41 x 10!
Vi (V) 17.6 £3 182 £1 089 £ 1 1.07 £1 -

only a small influence on the device performance. The mobilities
are comparable to those of PCBM OTFTs on bare SiO, with low
WF electrodes (Al and Ca).'"® Improved injection of electrons
across the metal/organic interface when the CPE is deposited in
small quantities is therefore demonstrated.

From Figure lc, the output characteristics of thin PFNTF~/
PCBM devices show clear saturation of Ips at the region of larger
Vps. Examination of the transfer (Figure 1b) and output (Figure
1d) characteristics of OTFTs with the thicker 20 nm CPE layer
reveals higher off currents and lower 1,,/1,; ratios. Close examina-
tion of Figure 1d reveals (a) negative currents (i.e. Ips = 0 when
Vps = 0), which suggest leakage through the gate dielectric and
thus affect parameter extraction (Table 1), and (b) an increase of
Ips with Vpg, when Vg = 0 V (blue trace), indicating additional
bulk current in the ~20 nm CPE layer. The unsaturated current at
Ve = 0V and shifting of the /—V characteristics suggest ion motion
within the CPE layer.'® These conditions may lead to modifications
of the electric fields away from the most desirable conditions and
a corresponding loss of device performance.

Now we consider only devices fabricated by using dilute CPE
solutions. Measurements of the total resistance (R,,.;) between the
source and drain electrodes were performed for a series of different
channel lengths (L). The R, values were obtained from the linear
portion of the output characteristics with V; = 60 V. Taking into
account that the channel resistance scales with L, one can estimate
the contact resistance (R.) from the extrapolation of Ry, vs L to
zero channel length (see Figure 2a). From these plots one finds a
substantial decrease of R,, from 13.5 MQ for PCBM to 0.42 MQ
for PFN*F/PCBM.

Ultraviolet photoelectron spectroscopy (UPS) was used to probe
the energy levels of PCBM and the CPE. The anticipated ¢, was
then estimated by the difference between the Fermi level (Ef) of
Au and the LUMO of the organic semiconducting surface, as
obtained by considering the UPS-determined HOMO (the highest
occupied molecular orbital) energy level and the optical gap (E,).""
The results show that ¢, decreases after inserting the CPE injection
layers (from 0.38 eV for PCBM/Au) to 0.03 eV for PENTF/
PCBM, 0.04 ¢V for PEN"Br /PCBM, and 0.01 eV for PEN*BIm, /
PCBM, respectively. This smaller ¢, is suggested to account for
the decrease in R,.

From the UPS results, the thin CPE layer causes a downward
shift of the vacuum level and, thereby, a lowering of the LUMO
energy and the reduction in ¢,; see Figure 2b. Such an effect can
be expected for an aligned interfacial dipole layer directed from
the metal to the organic semiconductor. This geometry can be
achieved with the hydrophobic CPE backbone preferentially
interacting with the underlying PCBM and the concomitant
positioning of the ionic component, such that the anions are
accumulated at the topmost organic surface.'?

In conclusion, a thin CPE layer can be used to lower the contact
resistance in OTFTs. It is possible therefore to use high WF metals
as electrodes in n-type devices. Our current thinking is that the
CPE introduces interfacial dipoles at metal/organic semiconductor
interfaces that modify the energy level alignment and improve
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Figure 2. (a) Device resistance (R) from Ips—Vpgs curves (0 < Vpg < 10
V, Vg = 60 V) with PCBM and 0.02% CPE/PCBM and different
channel lengths. (b) Schematic energy levels in the presence of an
interfacial dipole.

charge injection. Devices with smaller contact resistances and V/,
values are therefore obtained. Care needs to be taken so that a CPE
film does not interfere with the desired transistor gating behavior.
This situation is observed with thicker films, where ion motion can
redistribute electric fields and in which charge carrier transport along
the CPE is a possibility.
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