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ABSTRACT The alignment of the electrode Fermi level with the valence or conduction bands of
organic semiconductors is a key parameter controlling the efficiency of organic light-emitting
diodes, solar cells, and printed circuits. Here, we introduce a class of organic molecules that form
highly robust dipole layers, capable of shifting the work function of noble metals (Au and Ag) down
to 3.1 eV, that is, ~1 eV lower than previously reported self-assembled monolayers. The physics
behind the considerable interface dipole is elucidated by means of photoemission spectroscopy and
density functional theory calculations, and a polymer diode exclusively based on the surface
modification of a single electrode in a symmetric, two-terminal Au/poly(3-hexylthiophene)/Au
junction is presented. The diode exhibits the remarkable rectification ratio of ~2-10%, showing
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high reproducibility, durability (>3 years), and excellent electrical stability. With this evidence, noble metal electrodes with work function values

comparable to that of standard cathode materials used in optoelectronic applications are demonstrated.
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significant research effort has been

directed toward the control of the

interface between metals and organic
semiconductors,"*? in particular after the de-
velopment of organic light emitting diodes
(OLEDs),** organic solar cells,® and organic
field effect transistors (OFETs).” The energy
levels/bands of the organic semiconductor
represent the channels for charge transport,
and lowering the injection barrier between
these transport levels and the Fermi energy
of the contacts is crucial for device per-
formance® Even though device efficiency
experienced a significant improvement over
the past decades, the energy level alignment
at electrode/semiconductor interfaces is of-
ten limited by the small number of electrode
materials (having discrete Fermi energies)
that are brought into contact with a wide
spectrum of commercially available organic
semiconductors. This particularly holds for
polymer-based devices (e.g., printed organic
circuits and OFETs), where molecular doping
and the fabrication of multilayer structures
for tuning the injection barrier at the inter-
face are not feasible.

The relative vacuum levels of metals and
semiconductors have been adjusted in dif-
ferent ways, for example, by the deposition
of a thin film of a high/low work function
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material on common metal electrodes.”'®

Alternatively, the surface potential has been
tuned by the physisorption of organic ad-
sorbates forming an interface dipole at the
metal surface,"®'" in some cases allowing a
reduction in the work function due to electron
transfer from the adsorbate to the metal.'*"?
Injection barrier tuning has also been at-
tempted using self-assembled monolayers
(SAMs)™ of molecules covalently linked to
the substrate and that exhibit a permanent
dipole moment. The first studies from Ferraris
et al"® demonstrated that dipolar organic
monolayers on metal surfaces induce a
change in the work function (@) due to a shift
A of the relative vacuum levels (VL) inside and
outside the metal boundaries.'®'” Since then,
a growing interest in modifying the work func-
tion of electrodes using SAMs,">'8'% in parti-
cular for solar cells,>' OLEDs,?? and OTFTs, 224
evolved. However, a significant reduction
of the metal work function using SAMs could
not be achieved so far, being limited to the
range from 4.0 to 5.7 eV (eg., by thiolate
modification).'>'® Recently, physisorbed poly-
amine modifiers have been employed by
Zhou et al. for work function lowering.?> Even
though this approach is attractive due to its
applicability to a wide range of metals, the
amorphous character of the polymer and its
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Figure 1. (a) The two main components of the molecular dipole, uprc and ug, result in the total dipole moment u of the
molecular rod. The high intrinsic dipole moment uprc stems from the shift of electronic charge from the amine group to the
CS, moiety, expressed in a partial charge of g = —0.18 e on the CS,Au moiety (see also Figure S2). (b) Molecular structures of

the investigated DTC (red) and thiolate (blue) derivatives.

physisorption to the substrate limits the structural
order and/or the stability at the interface; moreover,
the work function is fixed to a particular value by the
chemical nature of the polymer. In these regards,
ultrathin ordered and densely packed SAMs are ex-
cellent candidates to form robust and electrically
stable interfaces, besides being able to stabilize some
electrode materials (e.g., Ag) that are susceptible to
atmospheric oxidation or corrosion.?® By molecular
design, SAMs can be tailored such to (i) shift the work
function to specific values of ® for the alignment of the
metal Fermi level with the transport levels of a given
semiconductor, and (i) maximize the adhesion of the
deposited organic semiconductor by using appropri-
ate chemical substituents.

Here, we present a class of highly dipolar mono-
layers capable of reducing the work function of noble
metals (Au and Ag) to values as low as 3.1 eV, thus
reaching a regime known from standard cathode
materials used in optoelectronic applications. The layers
open a new route toward the optimization of metal—
organic interfaces in organic light emitting diodes,?”
solar cells,?® thin film transistors,” or printed organic
circuits.?® Notably, the monolayers are linked to noble
metal substrates by a bidentate, covalent bond, allowing
robust and highly reproducible contacts. Furthermore,
interface dipoles as well as surface energies (adhesion)
are tunable by synthesis, allowing work function control
over a range of 1.6 eV and the deposition of either
hydrophobic or hydrophilic organic materials. As a proof
of concept, a polymer diode based on the surface
modification of a single electrode in a symmetric, two-
terminal Au/poly(3-hexylthiophene)/Au junction is pre-
sented. The diode reaches an unrivalled rectification
ratio of 2 10%, also featuring an excellent reproducibility,
electrical stability, and durability (>3 years).

RESULTS AND DISCUSSION

To combine a high molecular dipole moment with
a possibly dense molecular packing within the
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monolayer, we designed rod-shaped molecular struc-
tures having a DTC-piperazine-R or DTC-piperidine-R
motif, where DTC represents a dithiocarbamate (DTC)
moiety and Ris an aryl or alkyl substituent. As shown in
Figure 1a, the dipole moment u of such a molecular rod
can be divided in two components, uprc and ug. The
intrinsic dipole moment uprc results from the strong
electronegativity difference between the CS, moiety
and the secondary amino group and amounts to ~3.3 D
(see partial charges in Supporting Information, Figure S3).
A second, tunable component of the dipole moment
Ug consists of the aromatic backbone substituted by a
number of acceptor/donor groups that cause a redis-
tribution of the electronic charge and a modulation
of the total dipole moment. The bridge between
DTC group and aromatic backbone is given by the
piperidine/piperazine ring that (i) ensures the rod-like
symmetry of the molecular backbone favoring a per-
pendicular orientation of the molecular axis on the
substrate and (ii) facilitates the self-assembly process
by its conformational flexibility. By molecular design, a
smooth variation of x in the range from —4.8t0 5.5 D is
achieved, as verified by density functional theory (DFT)
calculations for the compounds DTC 1—9 (Table 1 and
Supporting Information, Figure S5).

Monolayers of DTC 1—9 (Figure 1b) are formed by
the immersion of Au electrodes into ethanolic solutions
containing 1 mM of the respective material.>' Details on
synthesis and preparation are provided in the Support-
ing Information and in the Methods section. Alkanethiol
monolayers are prepared as previously reported.*
Elemental composition, core level shifts, and molecular
densities of the SAMs are obtained from X-ray photo-
emission spectroscopy (XPS, Figure S1) and show evi-
dence for compact monolayers having molecular densi-
ties comparable to those of alkanethiols on Au (Table 1).
The negative partial charge on the sulfur atoms, essen-
tially contributing to the high intrinsic dipole moment
of the DTC moiety, emerges from DFT calculations
(Figure 1a and Supporting Information, Figure S3)
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and is reflected in a shift of the XPS sulfur 2p signal to
lower binding energies (Figure S1a).3" Importantly, the
tilt angle of the molecular axis relative to the surface
normal must be well-known to allow conclusions on the
electrostatic potential drop at the interface. Thus, the
molecular density of the SAM is obtained from XPS data
(Table 1) and then given as an input to DFT calculations,
allowing an estimation of the molecular tilt angle within
the monolayer. From the computational model, a nearly

TABLE 1. Core Level Binding Energy, Molecular Density,
Dipole Moment, and Work Function for DTC and n-
Alkanethiol Compounds Deposited on Au Substrates (in
the Order of Dipole Moment Magnitude). The Values Are
Derived from XPS/UPS Data and from DFT Calculations

compound  S2p°(eV) C1s”(eV)  density’ 1i,° (Debye) /i€ (Debye) B (eV)
1 161.98 285.05 (286.0) 0.77 554 588 322
2 161.82 28479 (285.9) 1.18 476 498 323
3 161.89 28461 (285.6) 0.47 385 389 358
4 161.81 285.56 0.892 367 372 344
5 162.00 28525 (286.2) 1.06 35 378 3%
6 16192 28599 (287.3) 1015 —006 011 443
7 161.87 286.07 (286.9) 1.095 —0.21 048 433
8 161.77 28463 (285.8) 0907 —148 261 451
9 161.85 28494 (286.0) 076  —476 519 475
n-octanethiol  162.08 284.9 093 082 176 412

“Binding energy for S 2p and C 1s core level signals in units of eV gained from XPS.
In parentheses, the second component of the C 1s signal is given. ® Molecular
density derived from S 2p/Au 4f and N 1s/Au 4f ratios, representing an average from
several measurements with different samples. These values are referred to the
respective ratio from densely packed dodecanethiol monolayers (0.045), which is
defined here as a standard due to its well-known molecular density.32  Molecular
dipole moment (in Debye) computed from gas-phase DFT calculations of single
molecules (coordinated to a single Au atom) at the BLYP level. The component of the
dipole moment along the molecular axis, ¢,, and the absolute dipole moment, s, are
listed. ¢ Work function of an atomically flat TSG surface modified with a dense SAM of
the respective compound. The values are obtained from the low kinetic energy photo-
emission threshold (secondary photoemission cutoff) in the UP spectra (Figure 2a)
and are referenced to a freshly sputtered Au surface (D, = 5.12 €V).
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perpendicular orientation of the molecular backbone
toward the surface plane is deduced for most DTC
monolayers (see Figure S4), such that a linear depen-
dence of the interface dipole A on i, is expected (based
on the Helmholtz equation A = i, cos a/epA, where u, is
the dipole moment along the molecular axis, & is
the vacuum permittivity, A is the molecular area, and
o is the tilt angle of the molecular axis toward the
surface normal).

The work function @ of the modified Au/Ag surfaces
is obtained by ultraviolet photoemission (UP) spectros-
copy, which provides the valence band structure both
of the solid and of the interface. From hv = W + @,
where v is the frequency of the source and W is the
difference between the Fermi energy and low kinetic
energy photoemission cutoff, ® is obtained.'® The
cutoff region for DTC-1, n-octanethiol (C8), and sput-
tered Au (P4, = 5.12 eV) is shown in Figure 2a. The
values of ® obtained upon Au-modification with nine
DTC compounds (Table 1) are correlated in Figure 2b
with molecular dipole moments from DFT calculations.
A nearly linear dependence of ® on u, is observed,
where ® extends over a range of ~1.6 eV and reaches
down to ® = 3.2 eV. As a reference, the dependence of
@ on u, for known fluorinated and nonfluorinated
thiolate derivatives is presented in Figure 2b (inset).
Deviations from linearity are interpreted in terms of
small variations in surface density, molecular confor-
mation, or orientation within each monolayer. Also,
depolarization effects from intermolecular electro-
static interactions are expected to affect the interface
dipole in densely packed monolayers,>* which might
in part explain the smaller ®/u, slope that we observe
for aromatic DTCs (—0.20 eV/Debye) compared to
aliphatic thiolates (—0.35 eV/Debye).>* Notably, DTC
monolayers on Ag substrates present a similar ®/u,
correlation (Figure 3), however showing slightly lower
work function values compared to Au substrates
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Figure 2. (a) Secondary photoemission cutoff as acquired by UPS (He |, 21.22 eV), yielding the work function of the modified
Au surface. Monolayers of DTC-1 (red) and n-octanethiol (C8, blue) are compared with the spectrum of a clean, sputtered Au surface
(black) with @4, = 5.12 eV. (b) Dependence of the work function ® (from UPS) on the dipole moment 4, (from DFT calculations) for
nine DTC derivatives investigated in this study. An analogue graph for thiolate monolayers (blue structures in Figure 1b) is shown as
an inset. As a reference, relevant values of @ for commonly used metals and alloys are shown on the right ordinate.

— ACINTANIS
FORD ET AL. VOL.8 = NO.9 = 9173-9180 = 2014 “*JNUL{\) 9175

WWwWW.acsnano.org



(e.g., 3.1 eV for DTC-2). This finding is relevant in view
of the common use of Mg:Ag alloys (P ~3.7 eV) and of
Ca/Ag and Mg/Ag double layers as cathode materials in
optoelectronic applications (e.g., OLEDs),*? where DTC
dipole layers might become a valid alternative to alka-
line earth metal coatings in future applications.

As a proof of concept, we verified the impact of DTC-
based interface dipoles on device performance by ele-
ctrical measurements of poly(3-hexylthiophene) (P3HT)
diodes having the structure Au/monolayer/P3HT/Au
(Figure 4a). The devices are prepared by the evapora-
tion of bottom electrodes on Si/SiO, wafers and, after
SAM modification, by P3HT spin-coating from a trichlor-
obenzene solution to form 100 nm thick, continuous
polymer films. Top electrodes are subsequently
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Figure 3. Correlation of work function ® (from UPS) and
dipole moment u, (from DFT calculations) for five DTC
derivatives on Ag and Au substrates. The work function
difference for Au and Ag substrates, modified with equal
DTCs, is lower than expected based on the nominal work
function difference of the two metals (Pa, = 5.3 eV, Opg =
4.5 eV). This effect has been observed experimentally for
alkanethiols on Au and Ag by de Boer et al.'® and was
explained theoretically by Heimel et al.>°

a)
0,35

2x10* ~
AIP3HT/AU AulEZTC 1/P3HT/Au

0,304

P3HT Al

NE 2

B E1x10

0,254 <
s

c
o T

0,20+

0,154

RSTZzg

0,10

Current Density (A cm?)
o
~

Z7ETTTNWWNNNN

N
=
=
=
=
=
Z
Z
Z

0,05

ZITTITITNANY

/i

0,00
T

Voltage (V)

deposited on the P3HT layer, resulting in cross-point
junctions having dimensions of 100 um x 100 um
(Figure 4a, inset). The P3HT junctions are either stored
under high-vacuum (HV) conditions for a few days or
thermally annealed before being bonded and trans-
ferred to the cryostat (pressure: 10~® mbar), where they
are measured at room temperature following a storage
time of about 1 week. In Figure 4b, the current densi-
ty—voltage (J—V) characteristics of P3HT junctions
realized with DTC-1 and C8 monolayers are shown (®
=3.2and 4.1 eV, respectively). As a reference, junctions
with two unmodified Au electrodes as well as Al/P3HT/
Au junctions having one aluminum contact were pre-
pared. Note that the additional native AlO, layer on the
aluminum surface acts as a tunneling barrier, leading to
drastically reduced current densities (vide infra).

As shown in Figure 4b, the rectification ratio (RR) of
the diode (at 3 V) increases from RR ~ 1 for symmetric
contacts in Au/P3HT/Au junctions, to a value of 2 x 10°
for Au/DTC-1/P3HT/Au junctions. In the latter case,
an ideal diode behavior is observed, with a negligible
scattering of current densities among multiple junc-
tions (Figure 4a, main graph). For Au/C8/P3HT/Au
junctions, no asymmetry in the J—V curves is found,
but Jis lower by 1 order of magnitude compared to Au/
P3HT/Au reference junctions. Diodes with the structure
Al/P3HT/Au, having asymmetric contacts, show a RR of
~2 x 10* with the same polarity as in case of Au/DTC-
1/P3HT/Au junctions, but with J attenuated by a factor
of ~10° (relative to Au/P3HT/Au).

These results can be rationalized in terms of two
contributions: (1) the effect of tunnelling barriers on
the magnitude of J and (2) the rectification arising
from the energy level alignment/misalignment at
the two contacts. First, the attenuation of J depends
on the thickness of the molecular/oxide layer at the
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Figure 4. (a) Diode characteristics from junctions with the structure Au/DTC-1/P3HT/Au (the layer structure is shown in the
upper right inset). In the left inset, J—V characteristics from the structure Al/P3HT/Au are presented for comparison. The
standard deviation of J (at +3 V) from the mean is 2% for Au/DTC-1/P3HT/Au junctions and 20% for Al/P3HT/Au junctions. The
lower inset shows the crossbar structure mounted on a chip carrier. (b) Semilog plot showing the averaged J—V curves for Au/
SAM/P3HT/Au and Al/P3HT/Au junctions, as well as for Au/P3HT/Au reference junctions (black data points). At positive bias,
the black, blue, and red curves obey the trap-free space charge limited current (SCLC) injection behavior. The Al/P3HT/Au
junction (green data points) obeys Ohm's law below 0.8 V, whereas it shows a steep increase at V¢ = 0.8 V. The transition
marks the trapped filled limit** related to the presence of traps in the oxide layer (Supporting Information, Figure S5).
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metal/P3HT interface. P3HT is known to forms crystals
having both the polymer chain axis and the 7z-stacking
direction of the polymer in the plane of the film, at least
if the regioregularity of P3HT is >91%.3° This holds
even more if P3HT has been spin-coated on alkylated
surfaces,®® as they preferentially interact with the hexyl
chains of the P3HT backbone. The presence of alkyl
chains in C8 and DTC-1 monolayers supports this inter-
action, but also increases the tunneling distance be-
tween the P3HT crystals and the Au surface, causing a
reduction of J (compared to Au/P3HT/Au junctions) as
observed in Figure 4b. For junctions with one aluminum
contact (Al/P3HT/Au), J dramatically drops by a factor of
10%, in quite good agreement with the known depen-
dence of the electrical resistance on the oxide thickness
of aluminum (~1 decade/nm),” because AlO, is known
to be ~3 nm thick. Note that whereas most metals are
subject to oxidation, severely limiting current injection,
DTC monolayers can be made as thin as 6 A (see
Figure S3), which minimizes the impact of tunnelling
barriers on device performance.

In the following, we will consider in detail the effects
arising from energy level alignment/misalignment at
the contacts. Figure 5 shows the relevant energy level
diagrams based on our spectroscopic data for Au/C8
and Au/DTC-1 interfaces, and based on literature for
the P3HT/Au interface. The work function of crystalline
Au is 5.3 eV, whereas for Al with a native oxide layer
it is reported to range from 3.2 eV*® to 3.9 eV.2 Upon
P3HT spin-coating, the work function of Au is known to
be reduced to ~4.0 eV.*® This work function reduction
is mainly related to the push-back effect,' that is, to
the suppression of the electron density tail at the
metal surface, although an additional interface dipole
arising from charge transfer at the P3HT/Au interfaces
was reported.*® For Au substrates coated with C8 and
DTC-1 SAMs, the work functions are reduced to 4.1 and
3.2 eV, respectively (Figure 2b and Table 1). These shifts
result from a combination of the push-back effect
and the interface dipole created by the chemisorbed
monolayer. With an ionization potential (IP) of 4.6 eV
for P3HT films, that we determined by adding the work
function of the Au/C8/P3HT substrate (® = 4.0 eV) to
the highest occupied molecular orbital (HOMO) thresh-
old of P3HT (¢, = 0.58 eV, see Figure S2) and that is
found to be in line with recently reported values for
P3HT films measured on flat substrates (IP = 4.7 eV),*'
an energy diagram as shown in Figure 5a can be drawn.
Here, we have assumed for P3HT a band gap of 2.2 eV*
(from electrochemical measurements) and a hole in-
jection barrier of ~0.58 eV (as obtained from UPS data,
see Figure S2a). Having these figures in mind, P3HT is
regarded as a hole conductor both in Au/P3HT/Au and
in Au/C8/P3HT/Au junctions, in particular as the hole
injection barrier obtained for the Au/C8/P3HT inter-
face is almost identical to the value reported for the
Au/P3HT contact (¢, = 0.6 eV). 353
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Figure 5. (a) Energy level diagram illustrating the band
alignment in Au/C8/P3HT/Au and (b) Au/DTC-1/P3HT/Au
junctions as obtained from UP measurements. The band
structure at the P3HT/Au interface (right side), ie., the
values denoted by an asterisk, are taken from literature
(see text). Ohmic injection into the HOMO (LUMO) levels
of the organic semiconductor occurs if the Fermi level E¢
is nearly aligned with the semiconductor hole (electron)
transport levels.” The alignment at the left electrode is con-
trolled by the interface dipole A arising from the molecular
dipole layer.

On the basis of the above analysis and on the
scheme shown in Figure 5a, no asymmetry is expected
for J—V curves from Au/C8/P3HT/Au devices (Figure 4b).
However, the DTC-1 monolayer induces an extraordina-
rily large VL shift (A = —2.1 eV), moving the lowest
unoccupied molecular orbital (LUMO) of P3HT (i.e., the
electron transport level), toward the Fermi level of Au
and therefore creating a Schottky barrier for hole injec-
tion from the left contact into P3HT (Figure 5b). At
forward bias, the Fermi level of the right (left) electrode
is lowered (raised), and holes (electrons) can be injected
from the right (left) electrode. As for Au/P3HT/Au junc-
tions, in this case space charge limited currents (SCLC)
occur, expressed by the square law J &~ egqu(V?/d?).**
The SCLC regime is observed at positive bias in Figure 4b
(for a detailed curve analysis see Figure S6). At reverse
bias, the Fermi energy is raised (lowered) at the right
(left) electrode. Thus, at both contacts Schottky barriers
for electrons and holes are introduced, blocking charge
injection into the semiconductor (negative bias range
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in Figure 4b). Finally, for Al/P3HT contacts, an energy
level diagram similar to that shown in Figure 5b (for the
Au/DTC-1 interface) applies. This means that at forward
bias hole (electron) injection is possible from the right
(left) contact, whereas at reverse bias both contacts are
Schottky-barriers. Consistently, Al/P3HT/Au and Au/
DTC-1/P3HT/Au junctions show a comparable asymme-
try in the J—V characteristics, despite the pronounced
difference in absolute current magnitude due to the
additional oxide layer for Al/P3HT interfaces. Note that
only for AlI/P3HT/Au junctions a characteristic signature
for trap state filling is observed, attributed to defects
at the AlO,/P3HT interface (Figure 4b). The nearly ideal
diode behavior for Au/DTC-1/P3HT/Au junctions, on the
contrary, indicates low trap densities resulting from
the highly defined/ordered metal/polymer interface.
A detailed analysis of the J—V characteristics is found
in the Supporting Information.

A remarkable property of DTC-based polymer
diodes is their significant lifetime under regular J—V
cycling, as well as their high stability and reproduci-
bility over the test period in our laboratory. Monolayer-
based P3HT diodes produced reliable data over more
than 3 years (see Figure S7), whereas junctions with
the structure AI/P3HT/Au had an average lifetime
of ~3—4 weeks, before breakdown occurred due to
electrical shorts. As shown in Figure 4a, a standard
deviation (SD) of ~2% is determined for Au/DTC-1/
P3HT/Aujunctions, whereas Al/P3HT/Au diodes show a
significantly higher SD in the range of 20%. The high SD
is attributed to structural defects of the AlO, layer,
chemical reactions, and contaminants at the Al/P3HT
interface. DTC based monolayer/polymer contacts
offer specific structural advantages that are highly
relevant in view of device performance, for example,
(i) the covalent, bidentate bonding of DTCs to noble
metals, offering a higher stability than other mono-
layers and chemisorbed polymers, (ii) the stabilizing
and blocking action of dense monolayers at metal
surfaces, that prevent chemical reactions,*® the forma-
tion of gap states (traps),*® shorts from metal filaments,
and ion diffusion into the organic semiconductor, (iii)
the dispersive attractive interaction among the alkyl
chains of the SAM and of the polymer, that increases

METHODS

Device Preparation. Template stripped gold (TSG) surfaces for
spectroscopic investigations are prepared using known proce-
dures (Supporting Information). For electrical measurements,
100 um wide bottom electrodes are realized by the vacuum
evaporation of 5 nm Cr and 50 nm Au on a Si wafer. Dithio-
carbamates are either isolated as salts and self-assembled from
solution or grown by immersing metal substrates into solutions
of carbon disulfide and the organic amine. The dithiocarbamate
monolayers 1—9 are formed under inert conditions immersing
the substrates into a 1 mM ethanolic solution (argon saturated)
of the respective compound for ~24 h 3105152 sybsequently,
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the adhesion and structural order at the Au/polymer
interface®® (besides enabling the facile removal of
adventitious contaminants from alkyl-modified sur-
faces, e.g., during spin-coating), (iv) the well-defined
structure and molecular orientation within the SAM,
resulting in a homogeneous potential profile across
the interface and, as a consequence, in more reliable
and reproducible electrical device characteristics, and
(v) the selective deposition of dipole layers on noble
metal electrodes rather than on other (undesired)
device areas (e.g., gate oxides in OTFTs).

CONCLUSION

We have shown that DTC dipole layers extend the
work function of noble metals to very low values,
enabling electron injection into the LUMO of organic
semiconductors as well as the precise adjustment of the
interface energetics by molecular design. The lack of
oxide layers and the high degree of structural order at
the metal/monolayer interface reduces both the trap
density and the ohmic resistance at metal/semiconductor
contacts, thus improving device performance. Even
though DTCs are applicable to a smaller range of metals
than polymeric surface modifiers,® they are structurally
and chemically highly defined, which is important in
view of device reproducibility (in particular as the
polymers used Zhou et al.® in are known to contain
water, residues from catalysts, and additives*’).

In view of organic optoelectronic applications,
DTC adlayers can be adopted in all device architectures
where the interface energetics needs to be adjusted in
between the bottom contact and the semiconductor,
for example, in top emitting OLEDs (especially inverted
top emitting OLEDs, where the bottom contact is the
cathode),”’*® in n-type OFETs (bottom source and
drain contacts),”* in organic solar cells?® (for maximiz-
ing Voo), or in printed organic circuits. In the latter case,
metal oxidation and/or contamination during the
printing process (often carried out under ambient
conditions) can be prevented. As the electrode mod-
ification using SAMs involves a simple solution-phase
deposition process, the method is in line with the
requirements from industry for the manufacturing of
low cost, organic printed electronic devices.

P3HT is spin-coated from a trichlorobenzene solution to form
a 100 nm thick film with a root-mean-square roughness of
~20 nm. Top electrodes are deposited by the evaporation of
55 nm of Au with the shadow mask rotated by 90°. The chips are
mounted onto 10 mm x 10 mm chip carriers, and crossbar
electrodes are bonded with Al-wires with a diameter of 25 um.

UP Spectroscopy. UP spectra are obtained using a He | light
source (hv = 21.22 eV). The light is incident at an angle of 55°
from the sample normal and the photoelectrons are collected
by an energy dispersive hemispherical analyzer at a takeoff
angle of 90°. The analyzer is set to a pass energy of 5 eV,
providing an instrumental resolution of about 0.14 eV. Binding
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energies are referenced to the Fermi level of a clean, argon ion-
etched Au surface and defined as positive for occupied states
below the Fermi level.

XP Spectroscopy. XP spectra are recorded with a Kratos Axis
Ultra instrument using an Al Ka. (1486.6 eV) line as a source. With
an X-ray monochromator and a pass energy of 40 eV for the
analyzer an instrumental resolution of ~0.5 eV is achieved.

DFT Calculations. Single molecule calculations are done at the
BLYP theory level employing a double numerical basis set with
polarization functions (DNP). For core electrons, density func-
tional semicore pseudopotentials (DSPP) are employed. DFT
calculations with periodic slab models are done using the PBE
functional. To include dispersion forces, a hybrid semiempirical
solution following a scheme from Tkatchenko and Scheffler
is used (see Supporting Information). All calculations are
done with the program Dmol* (Accelrys) using a convergence
tolerance of 10> Hartree.

Electrical Characterization. Electrical data are acquired under
high vacuum (HV) conditions (base pressure, 10~ mbar) and at
room temperature using a modified optical cryostat (Oxford
Optistat CF-V) and a custom built, automated data acquisi-
tion system driven by a Hewlett-Packard/HP 4142B Modular
DC Source/Monitor. The automated collection of a predefined
number of traces (35 for each cross-point) over different voltage
ranges (+0.5, £1, £2, £3 V) for all junctions in sequence is
carried out. To remove crosstalk, top electrodes are cut such
that single rows can be addressed. Thus, 10 cross-points for
each sample are measured resulting in 350 traces/array. Each
|-V trace is acquired using a bias interval of 50 mV and an
elapsed time of 120 ms for each voltage step, corresponding to
a scan rate of 0.42 V/s. Averaged curves represent the mean of
all single traces from multiple junctions excluding those junc-
tions that are shorted. The samples are kept in HV for several
days before characterization in order to reduce H,O and O,
content in the device.
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